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CHAPTER 1
INTRODUCTION TO ELECTRON TUBES

LEARNING OBJECTIVES

Learning objectives are stated at the beginning of each chapter. These learning objectives serve asa
preview of the information you are expected to learn in the chapter. The comprehensive check questions
are based on the objectives. By successfully completing the OCC/ECC, you indicate that you have met
the objectives and have learned the information. The learning objectives are listed below.

Upon completion of this chapter, you will be able to:

1

State the principle of thermionic emission and the Edison Effect and give the reasons for electron
movement in vacuum tubes.

Identify the schematic representation for the various e ectron tubes and their e ements.

Explain how the diode, triode, tetrode, and pentode el ectron tubes are constructed, the purpose of
the various elements of the tube, and the theory of operation associated with each tube.

State the advantages, disadvantages, and limitations of the various types of electron tubes.

Describe amplification in the electron tube, the classes of amplification, and how amplification is
obtained.

Explain biasing and the effect of bias in the electron tube circuit.

Describe the effects the physical structure of atube has on el ectron tube operation and name the
four most important tube constants that affect efficient tube operation.

Describe, through the use of a characteristic curve, the operating parameters of the el ectron tube.

INTRODUCTION TO ELECTRON TUBES

In previous study you have learned that current flows in the conductor of a completed circuit when a
voltage is present. You learned that current and voltage always obey certain laws. In electronics, the laws
still apply. Y ou will use them continuously in working with electronic circuits.

One basic difference in electronic circuits that will at first seem to violate the basic laws is that
electrons flow across a gap, a break in the circuit in which there appears to be no conductor. A large part
of the field of electronics and the entire field of electron tubes are concerned with the flow and control of
these electrons "across the gap." The following paragraphs will explain this interesting phenomenon.

THERMIONIC EMISSION

Y ou will remember that metallic conductors contain many free electrons, which at any given instant
are not bound to atoms. These free electrons are in continuous motion. The higher the temperature of the
conductor, the more agitated are the free electrons, and the faster they move. A temperature can be
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reached where some of the free electrons become so agitated that they actually escape from the conductor.
They "boail" from the conductor’s surface. The processis similar to steam leaving the surface of boiling

water.

Heating a conductor to a temperature sufficiently high causing the conductor to give off electronsis
called THERMIONIC EMISSION. Theideaof electronsleaving the surface is shown in figure 1-1.
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Figure 1-1.—Thermionic emission.

Thomas Edison discovered the principle of thermionic emission as he looked for ways to keep soot
from clouding his incandescent light bulb. Edison placed a metal plate inside his bulb along with the
normal filament. He left a gap, a space, between the filament and the plate. He then placed a battery in
series between the plate and the filament, with the positive side toward the plate and the negative side
toward the filament. Thiscircuit is shown in figure 1-2.
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Figure 1-2.—Edison's experimental circuit.

When Edison connected the filament battery and allowed the filament to heat until it glowed, he
discovered that the ammeter in the filament-plate circuit had deflected and remained deflected. He
reasoned that an electrical current must be flowing in the circuit-EVEN ACROSS THE GAP between
the filament and plate.

Edison could not explain exactly what was happening. At that time, he probably knew less about
what makes up an electric circuit than you do now. Because it did not eliminate the soot problem, he did
little with this discovery. However, he did patent the incandescent light bulb and made it available to the
scientific community.

Let's analyze the circuit in figure 1-2. You probably already have a good idea of how the circuit
works. The heated filament causes electrons to boil from its surface. The battery in the filament-plate
circuit places #0SI TIVE charge on the plate (because the plate is connected to the positive side of the
battery). The electrons (negative charge) that boil from the filament are attracted to the positively charged
plate. They continue through the ammeter, the battery, and back to the filament. You can see that electron
flow across the space between filament and plate is actually an application of a basic law you already
know—UNLIKE CHARGESATTRACT.

Remember, Edison's bulb had a vacuum so the filament would glow without burning. Also, the space
between the filament and plate was relatively small. The electrons emitted from the filament did not have
far to go to reach the plate. Thus, the positive charge on the plate was able to attract the negative
electrons.

The key to this explanation is that the electrons were floating free of the hot filament. It would have
taken hundreds of volts, probably, to move electrons across the space if they had to be forcibly pulled
from a cold filament. Such an action would destroy the filament and the flow would cease.

The application of thermionic emission that Edison made in causing electrons to flow across the
space between the filament and the plate has become knowrEdsl 8@N EFFECT. It is fairly simple
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and extremely important. Practically everything that follows will be related in some way to the Edison
effect. Be sure you have a good understanding of it before you go on.

Q1. How can a sheet of copper be made to emit € ectrons thermionically?
Q2. Why do electrons cross the gap in a vacuum tube?
THE DIODE TUBE

The diode vacuum tube we are about to study is really Edison’s old incandescent bulb with the plate
in it. Diode means two elements or two e ectrodes, and refers to the two parts within the glass container
that make up the tube. We have called them filament and plate. More formally, they are called
CATHODE and PLATE, respectively. Sometimes the filament is called aHEATER, for obvious
reasons-more on this later.

Within afew years after the discovery of the Edison effect, scientists had learned a great deal more
than Edison knew at the time of his discovery. By the early 1900s, J.J. Thomson in England had
discovered the electron. Marconi, in Italy and England, had demonstrated the wireless, which wasto
become the radio. The theoretical knowledge of the nature of electricity and things electrical was
increasing at arapid rate.

J.A. Fleming, an English scientist, was trying to improve on Marconi’s relatively crude wireless
receiver when his mind went back to Edison’s earlier work. His subsequent experiments resulted in what
became known asthe FLEMING VAL VE (the diode), the first major step on the way to el ectronics.

OPERATION OF THE DIODE TUBE

Before learning about Fleming's valve, the forerunner of the modern diode, let’'slook at Edison’s
original circuit. Thistime, however, well draw it as a schematic diagram, using the symbol for a diode
instead of a cartoon-like picture. The schematic is shown in figure 1-3.
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Figure 1-3.—Schematic of Edison's experimental circuit.

Note that thisisrealy two series circuits. The filament battery and the filament itself form a series
circuit. Thiscircuit is known as the filament circuit.



The path of the second series circuit is from one side of the filament, across the space to the plate,
through the ammeter and battery, then back to the filament. This circuit is known as the plate circuit.

Y ou will note that a part of the filament circuit is a so common to the plate circuit. This part enables
the electrons boiled from the filament to return to the filament. No electron could flow anywhereif this
return path were not completed. The electron flow measured by the ammeter is known as plate current.

The voltage applied between the filament and plate is known as plate voltage. Y ou will become
familiar with these terms and with others that are commonly used with diodes and diode circuits aswe
progress.

Diode Operation with a Positive Plate

Fleming started with a two-element tube (diode) similar to Edison’s and at first duplicated Edison’s
experiment. The results are worth repeating here. Look at figure 1-3 again.

With the plate POSI TIVE relative to the filament, the filament hot, and the circuit completed as
shown, the ammeter detected a current flowing in the plate circuit. Because current isthe samein all parts
of aseriescircuit, we know that the same current must flow across the space between filament and plate.
We know now that the electrons boiled from the heated filament are NEGATIVE and are attracted to the
POSITIVE plate because UNLIKE CHARGES ATTRACT.

Diode Operation with a Negative Plate

Fleming’s next step was to use asimilar circuit but to reverse the plate battery. The circuit is shown

in figure 1-4.
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Figure 1-4—Diode with a negative plate.

With the plate NEGATIVE relative to the filament, the filament hot, and the circuit completed as
shown, the ammeter indicated that ZERO current was flowing in the plate circuit.

Fleming found that the NEGATIVE charge on the plate, relative to the filament, CUT OFF the flow
of plate current as effectively asif a VAL VE were used to stop the flow of water in a pipe.
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Y ou have al of the facts available that Fleming had. Can you give an explanation of why the diode
cuts off current when the plate is negative?

Let’s put the facts together. The filament is hot and electrons boil from its surface. Because the
filament isthe only heated element in the diode, it isthe ONLY source of e ectrons within the space
between filament and plate. However, because the plate is NEGATIVE and the electrons are
NEGATIVE, the electrons are repelled back to the filament. Remember that LIKE CHARGES REPEL.
If electrons cannot flow across the space, then no electrons can flow anywhere in the plate circuit. The
ammeter therefore indicates ZERO.

It might seem to you that el ectrons flow from the negative plate to the positive filament under these
conditions. ThisisNOT the case. Remember that it takes a heated element to emit electrons and that the
filament isthe only heated element in the diode. The plateis cold. Therefore, electrons cannot |eave the
plate, and plate-to-filament current cannot exist.

Thefollowing isasummary of diode operation as we have covered it to this point:
Assumethat all parts of the circuit are operable and connected.

* PLATE CURRENT FLOWSWHEN THE PLATE ISPOSITIVE.

e PLATE CURRENT ISCUT OFF WHEN THE PLATE ISNEGATIVE.

* PLATE CURRENT FLOWSONLY IN ONE DIRECTION-FROM THE FILAMENT TO
THE PLATE.

Measuring Diode Voltages

Asyou know, it isimpossible to have a voltage at one point, because voltage is defined as a
DIFFERENCE of POTENTIAL between two points. In our explanation above we referred to plate
voltage. To be exactly right, we should refer to plate voltage asthe VOL TAGE BETWEEN PLATE
and FILAMENT. Plate voltages, and othersthat you will learn about soon, are often referred to asiif they
appear at one point. This should not confuse you if you remember your definition of voltage and realize
that voltage is always measured between two points. M1 and M2 in figure 1-5 measure plate voltage and
filament voltage, respectively.

Epri Esec Ip
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Figure 1-5.—Alternating voltage on the plate.
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The reference point in diode and other tube circuits is usually a common point between the
individual circuits within the tube. The reference point (common) in figure 1-5 is the conductor between
the bottom of the transformer secondary and the negative side of the filament battery. Note that one side
of each voltmeter is connected to this point.

Q3. Namethetwo series circuitsthat exist in a diode circuit.
Q4. Beforeadiode will conduct, the cathode must be what polarity relative to the plate?
Diode Operation with an Alternating Voltage on the Plate

After experimenting with a positive plate and a negative plate, Fleming replaced the direct voltage of
the battery with an alternating voltage. In our explanation, well use atransformer as the source of
aternating voltage. The circuit is shown in figure 1-5.

Note that the only real differencein this circuit from the previous onesis the transformer. The
transformer secondary is connected in series with the plate circuit—where the plate battery was
previously.

Remember from your study of transformers that the secondary (output) of a transformer always
produces an alternating voltage. The secondary voltage is a sine wave as shown in the figure.

You'll remember that the sine wave is a visual picture, a graph of the change in alternating voltage as
it builds from zero to a maximum value (positive) and then drops to zero again as it decreases to its
minimum value (negative) in the cycle.

Assume that the polarity across the secondary during the first half-cycle of the input ac voltage is as
shown in the figure. During this entire first half-cycle period, the plate's polarity wviO® TIVE.
Under this condition, plate current flows, as shown by the ammeter.

The plate current will rise and fall because the voltage on the plate is rising and falling. Remember
that current in a given circuit is directly proportional to voltage.

During the second half-cycle period, plate's polarity wilNE&ESATIVE. Under this condition, for
this entire period, the diode will not conduct. If our ammeter could respond rapidly, it would drop to zero.
The plate-current waveformy)lin figure 1-5 shows zero current during this period.

Here is a summary of effects of applying alternating voltage to the plate of the diode:

1. Diode plate current flows during the positive half-cycle. It changes value as the plate voltage rises
and falls.

2. The diode cuts off plate current during the entire period of the negative half-cycle.
3. Diode plate current flows iRUL SES because the diode cuts off half the time.

4. Diode plate current can flow in only one direction. It is always a direct current. (In this case
PULSATING DC—one that flows in pulses.)

5. In effect, the diode has caused an alternating voltage to produce a direct current.

The ability to obtain direct current from an ac source is very important and one function of a diode
that you will see again and again wherever you work in electronics.
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The circuits that we have discussed up to this point were chosen to show the general concepts
discovered by Edison and Fleming. They are not practical because they do no useful work. For now, only
the concepts are important. Practical circuitry will be presented later in this chapter as you learn specific
points about the construction, limitations, and other characteristics of modern diode tubes.

Q5. Anac voltageisapplied across a diode. The tube will conduct when what alternation of acis
applied to the plate?

Q6. What would be the output of the circuit described in question 5?
DIODE CONSTRUCTION

Diode tubes in present use are descendants of Fleming's valve. There is afamily resemblance, but
many changes have been made from the original. Diodes are both smaller and larger, less powerful and
more powerful, and above all, more efficient and more reliable. The search for greater efficiency and
reliability has resulted in many physical changes, afew of which will be covered in the next paragraphs.

Most of what is said here about construction and materials will be true of all eectron tubes, not just
diodes.

Filaments

Modern filamentsin AL L tubes last longer, emit greater amounts of electrons for agiven size, and
many operate at alower temperature than in the early days. Most improvements have resulted from the
use of new materials and from better quality control during manufacture.

Three materidsthat are commonly used as filaments are tungsten, thoriated tungsten, and
oxide-coated metals.

Tungsten has great durability but requires large amounts of power for efficient thermionic emission.
Thoriated-tungsten filaments are made of tungsten with avery thin coat of thorium, which makes a much
better emitter of electrons than just tungsten. Oxide-coated filaments are made of metal, such as nickel,
coated with amixture of barium and strontium oxides. The oxide coat, in turn, is coated with a one-
molecule-thick layer of metal barium and strontium. Oxide coating produces great emission efficiency
and long life at relatively low heat.

A major advance in electronics was the elimination of batteries as power sources for tubes. Except in
electronic devices designed to be operated away from the ac power source, alternating current is used to
heat filaments.

Voltage may be supplied by a separate filament transformer or it may be taken from a filament
winding that is part of a power transformer. The actual voltage may vary from 1 volt up and depends on
the design of the tube. Common filament voltages are 5.0, 6.3, and 12.6 volts ac. Filaments may be
connected in series with other tube filaments or may be in parallel with each other. Thisis determined by
the equipment designer.

Cathodes

As was mentioned previously, a more formal name for the electron-emitting element in atube is the
CATHODE.

Cathodes in all tubes, not just diodes, are of two general types, either directly heated or indirectly
heated. Each has its advantages and disadvantages.
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DIRECTLY HEATED.—The filament that has been discussed so far is the directly heated cathode.
Directly heated cathodes are fairly efficient and are capable of emitting large amounts of electrons. Figure
1-6 shows this type and its schematic symbol.

“+— SUPPORT
4—FILAMENT
DIRECTLY
HEATED
SCHEMATIC CONSTRUCTION

Figure 1-6.—Cathode schematic representation.

An added advantage of thistype of filament is the rapidity with which it reaches el ectron-emitting
temperature. Because this is almost instantaneous, many pieces of electronic equipment that must be
turned on at infrequent intervals and be instantly usable have directly heated cathode tubes.

There are disadvantages. Because of its construction, parts of the filament are closer to the plate than
other parts. This resultsin unequal emission and aloss of efficiency. Another disadvantage occurs when
dc isused to heat afilament. The filament represents a resistance. When current flows through this
resistance, a voltage drop occurs. The result isthat one side of the resistance, or filament, is more negative
than the other side. The negative side of the filament will emit more e ectrons than the positive side;
which, again, isless efficient than if the filament has equal emission acrossiits entire surface.

When ac is the source of filament power, it causes a small increase and decrease of temperature as it
rises and falls. This causes a small increase and decrease of emitted electrons. This effect is not too
important in many diode circuits, but it is undesirable in other tube circuits.

INDIRECTLY HEATED.—Figure 1-7 shows this type of cathode and its schematic symbol.
Indirectly heated cathodes are always composed of oxide-coated material. The cathode is a cylinder, a
kind of sleeve, that encloses the twisted wire filament. The only function of the filament is to heat the
cathode. The filament is often called a heater when used in this manner.

CATHODE ~ | OXIDE-COATED
CATHODE SLEEVE
HEATER —»
HEATER
FILAMENT
SCHEMATIC CONSTRUCTION

Figure 1-7.—Indirectly heated cathode schematic.
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Some schematics do not show heaters and heater connections. Heaters, of course, are still present in
the tubes, but their appearance in a schematic adds little to understanding the circuit. The heater is not
considered to be an active element. For example, atube with an indirectly heated cathode and a plateis
still called adiode, even though it might seem that there are three elements in the tube.

Because indirectly heated cathodes are relatively large, they take longer to heat to €l ectron-emitting
temperature. Once up to temperature, however, they do not respond to the small variations in heater
temperature caused by ac fluctuations. Because of the inherent advantages, most tubes in use today have
indirectly heated cathodes.

Q7. Besidestungsten, what other materials are used for cathodes in vacuum tubes?
Q8. What isthe advantage of directly heated cathodes?
Plates

Edison’s plate was just that-a plate, aflat piece of metal. Plates are no longer flat but are designed in
many different shapes. Figure 1-8 shows two diodes, one with a directly heated cathode, the other with an
indirectly heated cathode. Each plateis cut away to show the internal position of elements and the plate
shapes.

PLATE

/\ CATHODE

/

FILAMENT HEATER

Figure 1-8.—Cutaway view of plate construction.

Plates must be able to hold up under the stress of heat created by the flow of plate currents and the
closeness of hot cathodes. They need to be strong enough to withstand mechanical shocks produced by
vibration and handling.

Some typical materias used for electron tube plates are tungsten, molybdenum, graphite, nickel,
tantalum, and copper.

Tube Bases

The base shown in figure 1-9 has two functions. First, it serves as the mounting for tube elements.
Second, it serves as the terminal points for the electrical connections to the tube elements. Thisis
accomplished by molding or otherwise bringing pins (or prongs) through the base. The internal ends of
these pins are connected to tube el ements. The pins themsel ves are mal e connections.
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Figure 1-9.—Diode construction.

The base must be mechanically strong and made of an insulating material to prevent the tube
elements from shorting.

Because they require relatively frequent replacement, most tubes are designed to plug into sockets
permanently mounted in the equipment. Tube pins and sockets are so designed that tubes cannot be
plugged inincorrectly.

Tube sockets must make secure mechanical and electrical contact with tube pins, must insulate pins
from each other, and must provide terminals to which circuit components and conductors are connected.

Each element of atubeis connected to apin inits base. To trace a circuit easily and efficiently, you
must match elements with their pin numbers. Thisinformation is available in tube manuals and
equipment schematics. Figure 1-10 shows these numbers on one example of a diode symbol. Y ou will
a so note the designation V 1 beside the tube. Electron tubes are often identified in schematic diagrams by
the letter V and a number.
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Figure 1-10.—Identification of tube elements.

Now, to use the information in the symbol, you need to know the system used to number tube pins
and socket connections.

Figure 1-11 shows five common pin configurations as viewed from the bottom of each tube or
socket. Thisisimportant. In every case, pins and pin connections on sockets are numbered in a clockwise
direction—WHEN VIEWED FROM THE BOTTOM.

3 4
2 3
2 5
4 5
1 4 1 6
3 \ 6

4 PRONG 6 PRONG

2 7
4
3 S 1 8
2 6 OCTAL
1 7

7 PIN MINIATURE 9 PIN MINIATURE

Figure 1-11.—Pin Identification; all tubes are viewed from the bottom.

In each of the five picturesin figure 1-11, thereis an easily identified point from which to start
numbering. In the 4-prong and 6-prong tubes, the point is between the two larger prongs. In the octal tube,
the point is directly down from the keyway in the center of the tube. In the 7-pin and 9-pin miniatures, the
point isidentified by the larger distance between pins.

Q9. Name two functions of the base of a vacuum tube.
The Envelope

The envel ope of atube may be made of ceramic, metal, or glass. Its major purposeis to keep the
vacuum in and the atmosphere out. The main reason for thisis that the heated filament would burn up in
the atmosphere. There are other reasons for providing a vacuum, but the important thing isto realize that
atube with aleaky envelope will not function properly.
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The silver spot you will sometimes see on the inside surface of the glass envelope of a vacuum tube
isnormal. It was caused by the "flashing" of a chemical during the manufacture of the tube. Burning the
chemical, called the GETTER, helpsto produce a better vacuum and eliminates any remaining gases.

ELECTRICAL PARAMETERSOF DIODES

Thousands of different tubes exist. While many of them are similar and even interchangeable, many
have unique characteristics. The differencesin materials, dimensions, and other physical characteristics,
such as we have just covered, result in differing electrical characteristics.

The electrica parameters of adiode, and any tube, are specific. In the process of discussing these
parameters, we will state exact values. Voltages will be increased and decreased and the effects measured.
Limiting factors and quantities will be explored and defined. The discussion will be based on ssimplified
and experimental circuits.

It isimportant for you to realize that practically all of the parameters, limitations, definitions,
abbreviations, and so on that we will cover in these next paragraphs will apply directly to the more
complex tubes and circuits you will study later. Diode parameters are the foundation for all that follows.

Symbols

Y ou have learned to use | etters and | etter combinations to abbreviate or symbolize electrical
quantities. (The letters E, I, and R are examples.) We will continue this practice in referring to tube
quantities. Y ou should be aware that other publications may use different abbreviations. Many attempts
have been made to standardize such abbreviations, inside the Navy and out. None have succeeded
completdly.

Table 1-1 lists electron-tube symbols used in the remainder of this chapter. The right-hand column
shows equivalent symbols that you may find in OTHER texts and courses.

Table 1-1.—Symbols for Tube Parameters

SYMBOLS OTHER
THISTEXT MEANING TEXTS
E, PLATE VOLTAGE, D.C. VALUE
Eu PLATE SUPPLY VOLTAGE, D.C, B+
E, GRID BIASVOLTAGE, D.C. VALUE E,
E.. GRID BIAS SUPPLY VOLTAGE, D.C. C-
& INSTANTANEOUS PLATE VOLTAGE
e INSTANTANEOUS GRID VOLTAGE
e A.C. COMPONENT OF GRID VOLTAGE
e A.C. COMPONENT OF PLATE VOLTAGE (ANODE)
I, D.C. PLATE CURRENT
R, D.C. PLATE RESISTANCE
R, GRID RESISTANCE
Ry CATHODE RESISTANCE
R, LOAD RESISTANCE

Plate Voltage-Plate Current Characteristic

Y ou know that a positive voltage on the diode plate allows current to flow in the plate circuit. Each
diode, depending on the physical and electrical characteristics designed into the diode, is able to pass an
exact amount of current for each specific plate voltage (more voltage, more current-at |east to a point).
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The plate voltage-plate current characteristic for a given diode is a measure of exactly how much plate
voltage controls how much plate current. Thisis often called the E, - |, characteristic.

TheE,; - |, characteristic for agiven diode, is determined by design engineers using mathematical
analysis and laboratory experiment. Y ou, as atechnician, will never need to do this. However, you will
use the results obtained by the engineers. Y ou will also use your knowledge of the diode as you analyze
equipment malfunction.

Assume that we have the circuit in figure 1-12. (The filament has the proper voltage-even though it
isn't shown on the diagram.) Our purpose isto determine just how a changing voltage on the plate
changes (or controls) the plate current. The method is asfollows:

®

VARIABLE
D.C. PLATE
VOLTAGE
SUPPLY

&/

Figure 1-12—Determining diode plate characteristic.

1. Starting with zero volts from our variable dc voltage source, increase the plate voltage (E;) in
steps of 50 volts until you reach 400 volts.

2. At aeach 50-volt step, measure the milliamperes of plate current (1) that flow through the meter.
Record the I, meter readings, step by step, so that you may analyze the results.

Assume that table 1-2 shows our results. While we could use the table, a more normal procedureisto
plot agraph of the values. Such agraphiscalled an E, - 1, CURVE and is shown in figure 1-13. Each
tube hasits own E, - |, curve, which is available in commercial tube manuals and in many equipment
technical manuals. Each curve will be different in some respects from every other curve. The shapes,
however, will be similar.

Table 1-2.—E, - I, Values Obtained by Experiment

E, |0 |50 100 | 150 |[200 |[250 |300 |350 |400
lb |0 |[.002 |.005 |.010 |.020 |.030 |.040 |.042 |.045
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Figure 1-13.—E; - |, characteristic curve.

TheE,; - I, curve in figure 1-13, although just an example, istypical of real plate characteristic
curves. You may learn certain characteristics that apply to both diodes and other tubes by studying it.

Firgt, look at the part of the curveto the left of point A. Becauseit isnot astraight line, it isreferred
to as NONL INEAR. Note that a change of 150 volts (0-150) caused a change of 10 mA of plate current
(0-10). In comparison with the straight-line part of the curve, between points A and B, thisisarelatively
small change in current. The smaller the change in current, the flatter the curve.

In explaining this NONL INEAR portion of the curve, let's go back just a bit to electron emission.
The electrons emitted by a cathode form a cloud around the cathode. This cloud is called the SPACE
CHARGE. The closer the space charge is to the cathode, the more densely packed it iswith electrons. In
our example, the lower plate voltages (0-150 volts) over this part of the curve exert apull on only the
outer fringe of the space charge where there are few dectrons. Thisresultsin relatively few electrons
flowing to the plate.

Now look at the center portion of the curve between A and B. Thisis known asthe LINEAR portion
becauseit is nearly a STRAIGHT LINE. Over this portion, a change of 50 volts E, causes a change of
10 mA I,,

The reason for the increased change in plate current for a given change of plate voltage also hasto do
with the space charge. With a higher plate voltage (over 150 volts), the attraction from the plate beginsto
influence the DENSER part of the space charge that has greater numbers of electrons. Therefore, a higher
current flows for a given voltage than in the nonlinear part. The curve becomes steeper. In our example,
this linearity continues to about 300 volts, point B.

Lastly, let'slook at the top portion of the curve. The plate current plotted here is produced by the
higher plate voltages. However, the amount of current change for a given voltage change is greatly
reduced. The reason for this again involves the space charge. At about 300 volts, amost al of the
electrons in the space charge are flowing to the plate. A higher voltage cannot attract more electrons
because the cathode cannot produce any more. The point where al (or ailmost al) available electrons are
being drawn to the plateiscalled PLATE SATURATION or just SATURATION. Thisis one of the
limiting factors of every tube.
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Y ou can see from the analysis that the most consistent control of plate current takes place over the
linear portion of the E; - I, curve. In most applications, electron tubes are operated in this linear portion of
the characteristic curve.

Plate Resistance (Rp)

One tube parameter that can be calculated from values on the E, - |, curve is known as plate
resistance, abbreviated as R;.. In a properly designed electron tube, there is no physical resistor between
cathode and plate; that is, the electrons do not pass through aresistor in arriving at the plate. Y ou may
have wondered, however, why the variable dc voltage source of figure 1-12 didn't blow afuse. Doesn't
the plate circuit appear to be a short circuit-a circuit without aload to limit the current?

Thefact is, thereis avery real, effective RESI STANCE between cathode and plate. It is not lumped
in aresistor, but the circuit may be analyzed asif it is. The plate resistance of a given tube, R, can be
calculated by applying Ohm’s law to the values of E, and I,,. Figure 1-14 isatypical diode E, - I, curve.
The plate resistance has been figured for R, under three different conditions, as follows:

Bt === Rp =322/
|
'E Rp = 500 '
p= [
= 401 - - - - - - |
- ; !
- : |
|
Rp = 800 ! .
104 F =2 ! |
| 1 |
1 | .
0 8 20 28

Ep IN VOLTS

Figure1-14.—The E, - | characteristic curve for a diode.

Remember that 1 mA = .001 ampere; therefore 40 mA =.040 ampere.

Solution:
Rp _Er
Ip
Ry = 20wvolts
040 amperes
F.p =500 ohms

The other two indicated values of R, were figured in the same way.
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Y ou should note thet thereis very little difference in plate resistance when the E, and |, values are
taken from the linear portions of curves. Check this out with values taken from the linear portion of figure
1-13.

R, (with acapital R) is the effective resistance offered to direct current.

PLATE RESISTANCE IN GAS DIODES.—Gas diodes are a type of tube that we have not yet
discussed. They are mentioned here only because of their plate-resistance characteristic.

Instead of a high-vacuum environment, some tubes have small amounts of gas introduced in the
envelope vacuum during manufacture. Argon, neon, helium, or mercury vapor are commonly used.

When a certain minimum voltage is placed on the plate, the gas molecules in the envelope ionize.
This happens by a process that will be explained when gas diodes are studied. The positive ions tend to
cancel some of the effects of the space charge that influence plate resistance in a vacuum tube. This
canceling reduces internal plate resistance to a relatively low, constant value. In applications that require a
large plate current, the low plate resistance of a gas-filled diode has an efficiency that cannot be
approached by a high-vacuum diode.

This and other characteristics of gas tubes will be covered later.
Q10.  Vacuum tubes are designed to operate in what portion of the E; - I, curve?
Q11. What value can be calculated from the values found on an E, - I, curve?
Plate Dissipation

When electrons are attracted from the space charge to the plate, they are accelerated by the
attraction. Their gain in speed gives them energy that causes them to strike the plate with a considerable
force. As the electrons strike the plate, this energy is converted to heat. The plate must be able to
withstand the associated increase in temperature. The maximum amount of power (watts) that a given
plate can safely dissipate (as heat) is calledPth&TE DI SSIPATION rating.

To find the amount of plate dissipation for a given tube under a particular set of plate conditions, use
the following equation:

Flate dissipation = Epx= Ip
For our current problem,

Plate dissipation = 20 volts »x.040 amperes
Flate dissipation = .8 watt

This is a relatively small wattage. It's probable that the plate of our example diode is not overheating.
A tube manual could tell us for sure.

Plate dissipation is a circuit loss that must be made good by the power source in a circuit. In our
example, this is the plate voltage supply.
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Peak Current Rating

The maximum instantaneous current that a tube can passin the normal direction (cathode to plate)
without damageis called the PEAK CURRENT RATING. Peak current rating is determined by the
amount of electrons available from the cathode and the length of time plate current flows.

Peak Voltage Rating

This is the maximum instantaneous voltage that can be applied to a tube in the normal direction
without a breakdown.

Peak I nverse Voltage Rating

Thisisthe maximum voltage that can be applied to atubein the reverse direction (plate negative
with respect to the cathode)-exceeding this will cause arc-over from the plate to the cathode and will
damage the tube. PIV, asthis is sometimes abbreviated, becomes very important in the rectifier circuit to
be discussed as alater major subject.

Transit Time

Things that happen in electricity and electronics are often explained as if they happen
instantaneoudly. Asfast as electricity acts, however, the truth is that cause and effect are separated by a
certain amount of time.

Each tube has afactor called TRANSIT TIME, which isthe time required for an individual electron
to move from the cathode to the plate. In certain applications involving high-frequency voltages, transit
time places alimitation on tubes. We will explain this limitation when we discuss the circuitsit affects.

Summary of Diode Parametersand Limitations

Y ou should now have a basic understanding of diodes, many of their characteristics, and some of
their limitations. One of the more important concepts that you should now understand is that most of
these characteristics influence each other. For example, practically al plate characteristics are
interrelated. Change one and the others change. Another example is heater voltage. Every tube parameter
affected by the cathode depends on proper heater voltage. Interrelationships such as these make
electronics both fascinating and, at times, frustrating.

Many of the limiting factors that we have discussed are the same ones found in other electrical
devices such as motors, stoves, toasters, and so on. Heating and overheating, insulation breakdown, and
excessive voltage and current are all limitations that you have noted before.

The point isthat you can and should apply just about everything you have learned about el ectricity to
electron tubes. Little is new except the environment.

Q12. Alarge negative voltage is applied to the plate of a diode, and a large positive voltage is
applied to the cathode. If the tube conducts, what tube parameter has been exceeded?

THE TRIODE

Diode electron tubes can be used as rectifiers, switches, and in many other useful applications. They
are still used in Fleming’s original application in some radio circuits. Y ou will learn more of these
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applications in other NEETS modules and later will see the diode in several pieces of electronic
eguipment.

Aswith all inventions, Fleming's diode was immediately the subject of much experimentation and
many attempts at improvement. An American experimenter, Dr. Lee De Forest, added another active
element to the diode in 1906. He was trying to improve the radio application of Fleming's diode. His new
tube was eventually called atriode.

DeForest’s triode was hot very successful as aradio "detector." (Detectors will be studied in alater
NEETS module.) However, in 1912, De Forest discovered that his original triode could AMPLIFY or
magnify very weak electrical impulses. It is because of the triode's ability to amplify that De Forest is
honored as one of the great radio pioneers.

The immediate application of the triode amplifier wasin telephone and radio. Both fields were
limited because electrical impulses (signals) became weaker and weaker as the distance from the signal
source increased. The triode, along with other developments of the time, made long-distance
communications possible. Looking back, we can now see that the amplifying tube was the real beginning
of modern e ectronics and influenced everything that followed. Let’s find out more about the idea of
amplification and how it is done in the triode.

You are already familiar with atype of amplification. In a previous NEETS module, step-up
transformers were discussed. Y ou should remember that an input voltage applied to the primary of a step-
up transformer isincreased in amplitude at the secondary by a factor determined by the step-up turns
ratio.

For example, if 5 volts were applied to the primary of a 1:3 step-up transformer, the secondary would
produce 15 volts. In other words, the input voltage was amplified by afactor of 3. When applied to
electronic circuits, these primary and secondary voltages are more often called signals, or input and
output signal, respectively. In electronics, the amplitude of an input signal must sometimes be increased
many times-often, hundreds or thousands of times!

Because of size and design limitations, transformers are usually not practical for usein electronics as
amplifiers.

DeForest’s first experiment with the diode was to place an additional metal plate between the cathode
and plate. He then placed an ac signal on the metal plate. When the circuit was energized, De Forest
found that the ammeter stayed on zero regardless of the polarity of the input signal.

What was happening was that the new element was blocking (or shadowing) the plate. Any electrons
attempting to reach the plate from the cathode would hit the new element instead. As the circuit didn't
work, it was back to the drawing board.

In his next attempt, De Forest decided to change the e ement between the cathode and the plate.
Instead of a solid metal plate, he used a wire mesh. Thiswould allow electronsto flow from the cathode,
THROUGH THE WIRE MESH, to the plate. Thistube circuit is shown in figure 1-15. In view (A) you
see De Forest’s circuit with 0 volts applied to the third element, (today called a control grid or
occasionally just the grid). Under these conditions, assume that the ammeter reads 5 milliamperes. With
no voltage applied to the grid, the grid has little effect on the electron stream. For all practical purposes,
the control grid is not there. Most electrons flow through the open mesh. The tube functions as a diode.
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Figure 1-15.—DeForest's experiment.

In view (B), you see De Forest's tube with +3 volts applied to the control grid. When De Forest
applied this voltage, he found that plate current, I, increased by alarge amount. (Well say it doubled to
simplify the explanation.) Y ou aready know that the only way to double the plate current in adiodeisto
increase the plate voltage by a large amount. Y et, De Forest had doubled plate current by applying only 3
volts positive to the control grid!

Thereason for thisisfairly easy to understand. It’s the old principle of "opposites attract." When the
control grid was made positive, € ectrons surrounding the cathode (negative charges) were attracted to the
grid. But remember, the grid is ametal mesh. Most of the electrons, instead of striking the grid wires,
were propelled through the holes in the mesh. Once they had passed the grid, they were attracted to the
positive charge in the plate.

Y ou might wonder why the grid would make that much difference. After all, the plate has 300 volts
on it, whilethe grid only has 3 volts on it. Surely the plate would have a greater effect on current flow
than a grid with only one one-hundredth the attractive potentia of the plate. But remember, in your study
of capacitors you discovered that opposites attract because of electrostatic lines of force, and that the
strength of electrostatic lines of force decreased with distance. In histube, DeForest had placed the grid
very close to the cathode. Therefore, it had a greater effect on current flow from the cathode than did the
plate, which was placed at a much greater distance from the cathode. For this reason, De Forest was able
to double the current flow through the tube with only +3 volts applied to the grid.

DeForest had certainly hit on something. Now the problem was to find out what would happen when
anegative potential was applied to the grid. Thisis shown in view (C) of figure 1-15. When De Forest
applied -3 volts to the grid, he found that plate current decreased to half of what it was when the grid had
no voltage applied. Thereason for thisis found in the principle of "likes repel." The negatively charged
grid simply repelled some of the el ectrons back toward the cathode. In this manner, the attractive effect of
the plate was decreased, and |ess current flowed to the plate.

Now De Forest was getting somewhere. Using his new tube (which he caled atriode because it had
3 elementsin it), he was able to control relatively large changes of current with very small voltages. But!
was it amplification? Remember, amplification is the process of taking a small signal and increasing its
amplitude. In De Forest’s circuit, the small input signal was 3 volts dc. What De Forest got for an output
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was avariation in plate current of 7.5 milliamperes. Instead of amplification, De Forest had obtained
"conversion,” or in other words, converted a signal voltage to a current variation. This wasn't exactly what

he had in mind. As it stood, the circuit wasn't very useful. Obviously, something was needed. After

examining the circuit, De Forest discovered the answer—Ohm's law. Remember E = | x R? De Forest
wanted a voltage change, not a current change. The answer was simple:

Ifyouwant  and you have simply add
E = I >< E

In other words, run the plate current variation (caused by the voltage on the grid) through a resistor,
and cause a varying voltage drop across the resistor. This is shown in figure 1-16.

5 MILLIAMPERES 10 MILLIAMPERE S 25 MLLIAMPERES

"

"
2

=il

Ly T 1= T
Ecc (A) Ece (B) Eee (C)

Figure 1-16.—Operation of the plate load resistor.

Thecircuit isidentical to the onein figure 1-15 except that now aresistor (called a plate-load
resistor, R,) has been added to the plate circuit, and a voltmeter has been added to measure the voltage
drop across R, .

Inview (A) of figure 1-16, the control grid isat O volts. Once again 5 milliamperes flow in the plate
circuit. Now, the 5 milliamperes must flow through R,.. The voltage drop is equal to:

E=1xR

E = (5 x 10’ amperes) x (10 x $®hms)
E = (5 x 10°) x (10 x 10)

E=5x10

E = 50 volts

Thus the voltage drop across the plate-load resistpis RO volts when no voltage is applied to the
grid. In view (B) of the figure, +3 volts is applied to the control grid. Once again plate current increases to
10 milliamperes. The voltage drop acrogsi®
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E=1xR

E = (10 x 1G amperes) x (10 x $@hms)
E = (10 x 1G) x (10 x 16)

E=10x10

E = 100 volts

By applying +3 volts to the grid, the voltage drop acrossv8s increased by 50 volts (from the
original 50 volts to 100 volts). In view (C), -3 volts has once again been applied to the control grid. Once
again plate current decreases to 2.5 milliamperes, and the voltage drop achagsRo 25 volts.

We have caused the voltage acros$dRrary by varying the grid voltage; but is it amplification?
Well, let's take a look at it. The grid voltage, or input signal, varies from +3 to -3 volts, or 6 volts. The
voltage drop across Raries from 25 volts to 100 volts, or 75 volts. In other words, the triode has caused
a 6-volt input signal (varying) to be outputted as a signal that varies by 75 volts. That's amplification!

Q13. What isthe primary difference between a diode and a triode?
Q14. Why doesthe grid have a greater effect than the plate on electron flow through a vacuum tube?

Q15. What component isused in a triode amplifier to convert variation in current flow to voltage
variation?

Let's summarize what you have learned so far:
» A relatively small change in voltage on the grid causes a relatively large change in plate current.

« By adding a plate-load resistor in series with the plate circuit, the changing plate current causes a
changing voltage drop in the plate circuit.

« Therefore, the small voltage change on the grid causes a large change of voltage in the plate
circuit.

» By this process, the small input signal on the grid has been amplified to a large output signal
voltage in the plate circuit.

We'll leave De Forest at this point. He showed that the control grid can, i€€ST ROL plate
current. He also showed that the changing plate current can create a changing plate voltage. To some
degree, his changing voltages and currents also changed the world.

INTRODUCTION TO GRID BIAS

We purposely left out several features of practical triode circuits from the circuits we just discussed.
We did so to present the idea of grid control more simply. One of these features is grid bias.

Let's take another look at the circuit in figure 1-15(B). We found that the positive charge on the grid
caused more plate current to flow. However, when the grid becomes positive, it begins to act like a small
plate. It draws a few electrons from the space charge. These electrons flow from the cathode across the
gap to the positive grid, and back through the external grid circuit to the cathode. This flow is known as
grid current. In some tube applications, grid current is desired. In others it is relatively harmless, while in
some, grid current causes problems and must be eliminated.
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Most amplifier circuits are designed to operate with the grid NEGATIVE relative to the cathode.
The voltage that causesthisis called aBIASVOL TAGE. The symbol for the bias supply is E.. One
effect of bias (there are several other very important ones) is to reduce or eliminate grid current. Let's see
how it works.

GRID BIASisasteady, direct voltage that is placed at some point in the external circuit between the
grid and the cathode. It may be in the cathode leg or the grid leg as shown in figure 1-17. It isalwaysin
series with the input signal voltage. In each of the circuitsin figure 1-17, E.. makes the grid negative with
respect to the cathode because of the negative terminal being connected toward the grid and the positive
terminal being connected toward the cathode. With identical components, each circuit would provide the
same hias.

Figure 1-17.—Basic biasing of a triode.

Battery biasis practically never used in modern circuits. Because of its simplicity, however, we will
useit in analyzing the effects of bias. We will present other, more practical methods later.

L et’s assume that the bias voltage in figure 1-17 is -6 volts. Let’'s also assume that the peak-to-peak
signal voltage from the transformer is 6 volts. Each of these voltage waveformsis shown in figure 1-18.
From past experience you know that voltagesin series ADD. Figure 1-18 has a table of the instantaneous
values of the two voltages added together. The waveforms are drawn from these values.
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Figure 1-18—Typical grid waveforms.

Because the bias voltage is more negative than the signal voltage is positive, the resultant voltage
(bias plussignal), Eg, isALWAY S negative. The signal, in this case, makes the grid voltage go either
MORE or LESSNEGATIVE, (-9 to -3) but cannot drive it positive.

Under these circumstances, the negative grid always repels electrons from the space charge. The grid
cannot draw current. Any problems associated with grid current are eliminated, because grid current
cannot flow to a negative grid.

Y ou have probably already realized that the negative bias also reduces plate current flow. (Negative
charge on grid-less plate current, right?) Thetrick here isfor the circuit designer to choose abiasand an
input signal that, when added together, do not allow the grid to become positive nor to become negative
enough to stop plate current.

Tube biasing is very important. Y ou will learn much more about it shortly. From this brief
introduction, you should have learned that grid bias

* isasteady, direct voltage that in most cases makes the grid negative with respect to the cathode;

® isin serieswith the signal voltage between grid and cathode;
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® actstoreduce or eliminate grid current;
* actstoreduce plate current from what it would be if no bias existed;
® isproduced in other ways than just by a battery; and

* isimportant for reasons other than those just studied.
OPERATION OF THE TRIODE

Thecircuit in figure 1-19 brings together all of the essential components of atriode amplifier. Before
analyzing the circuit, however, we need to define the term QUIESCENT.

©

IHPUT

+3 - su;HAL/\
1] : R|_
\/ i
_3 |
| GRIG I I

-3- MALTAGE | IHPUT
/\: SIGHAL
N

VOLTAGE TABLE

IHPUT SIGHAL (6 VOLTS AC. PEAK TO PE AK
E bh 300 WOLTS D.C. POWER SUPPLY
E ¢ -6 WOLTS D.C. BIAS BATTERY
OUTPUT SIGHAL |[100 WOLTS CHAHGING D.C.

+200

UNDER QUIESCENT CONDITIONS
(NO INPUT SIGNAL):

Ep = 200 VOLTS D.C. (PLATE VOLTAGE)
Ip =1 md (FLATE CURREHT ASSUMED)
IHPUT SIGHAL = ZEROQ WOLTS

GRID WOLTAGE = - 6 WOLTS

150 7

Figure 1-19.—Triode operation.

The term quiescent identifies the condition of acircuit with NO INPUT SIGNAL applied. With a
given tube, bias supply, and plate supply, an exact amount of plate current will flow with no signal on the
grid. Thisamount is known as the quiescent value of plate current. The quiescent value of plate voltageis
the voltage between cathode and plate when quiescent current flows.
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Simply, quiescent describes circuit conditions when the tube is not amplifying. The tube has no
output signal and isin akind of standby, waiting condition. Now let's go on to figure 1-19. With no input
signal, under quiescent conditions, assume that 1 milliampere of current flows through the tube, cathode
to plate. This current (1,) will flow through R, (load resistor) to the positive terminal of the battery. The
current flowing through R causes a voltage drop (IR) across R, equal to:

E= IP ® RL
E = 1x 10° amperes x 100 x 10?ohms
E = 100 wvaolts

Subtracting the voltage dropped across the plate-load resistor from the source voltage of 300 volts
gives you 200 volts (300 volts - 100 volts). Thus, the plate voltage (E;) is at 200 volts. The quiescent
conditions for the circuit are:

orid voltage = -6 volts
plate wvoltage (Ep) = +200 valts

These values are shown on the waveforms astime ain figure 1-19.

Y ou should notice that even though the grid is more negative (-6 volts) than the cathode, the tube in
the circuit is still conducting, but not as heavily asit would if the grid were at zero volts.

Now look at the input signal from the transformer secondary. For ease of explanation, we will
consider only three points of the ac sine wave input: point b, the maximum negative excursion; point c,
the maximum positive excursion; and point d, the zero reference or null point of the signal. At time b, the
input signal at the grid will be at its most negative value (-3 volts). Thiswill causethe gridto goto -9
volts (-6 volts + -3 volts). Thisis shown at time b on the grid voltage waveform. The increased negative
voltage on the control grid will decrease the el ectrostatic attraction between the plate and the cathode.
Conduction through the tube (I,) will decrease. Assume that it drops to .5 milliamperes.

The decreasein plate current will cause the voltage drop across the plate-load resistor (R,) to also
decrease from 100 volts, as explained by Ohm'’s law:

E=1Ipx Eg
E = .0005 amperes = 100,000 ohms

or

E = (.53 107 amperes) = (100 x 10%chms)
E =50 volts

Plate voltage will then rise +250 volts.

Ep =300 volts - 50 volts = 250 volts

Thisis shown on the output signal waveform at time b.

At time ¢, the input has reached its maximum positive value of +3 volts. Thiswill decrease grid
voltage to -3 valts (-6 volts + 3 volts). Thisis shown on the grid voltage waveform at time ¢. Thisinturn
will increase the el ectrostatic force between the plate and cathode. More electrons will then flow from the
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cathode, through the grid, to the plate. Assume that the plate current in this case will increaseto 1.5
milliamperes. Thiswill cause plate voltage (Ey) to decrease to 150 volts as shown below.

E= IP ® RL
E ={15x 10 amperes) x (100 x 10%chms)
E = 150volts

Ep=300volts - 150 volts
Ep= 150 volts

Thisis shown on the output waveform at time c.

At timed, theinput signal voltage decreases back to zero volts. The grid will return to the quiescent
state of -6 volts, and conduction through the tube will again be at 1 milliampere. The plate will return to
its quiescent voltage of +200 volts (shown at time d on the output waveform).

Asyou can see, varying the grid by only 6 volts has caused the output of the triode to vary by 100
volts. Theinput signal voltage has been amplified (or increased) by afactor of 16.6. Thisfactor isan
expression of amplifier VOLTAGE GAIN and is calculated by dividing the output signal voltage by the
input signal voltage.

Before going on to the next section, there is one more thing of which you should be aware. Look
again at the waveforms of figure 1-19. Notice that the output voltage of the amplifier is 180° out of phase
with the input voltage. You will find that this polarity inversion is a characteristic of any amplifier in
which the output is taken between the cathode and the plate. This is normal and should not confuse you
when you troubleshoot or work with this type of circuit.

Q16. Whyisthecontrol grid of atriode amplifier negatively biased?

Q17. For acircuit to be considered to be in the quiescent condition, what normal operating voltage
must be zero?

Q18. Atriode amplifier similar to the one shown in figure 1-19 has an Ey, -350 volts dc. The plate-
load resistor is 50 k€. Under quiescent conditions, 1.5 milliamperes of current conducts
through the tube. What will be the plate voltage (E,) under quiescent conditions?

Q19. A 2-volt, peak-to-peak, ac input signal is applied to the input of the circuit described in Q18.
When the signal is at its maximum positive value, 2.5 milliamperes flows through the tube.
When theinput is at its maximum negative value, conduction through the tube decreasesto .5
milliamperes.

a. What isthe peak-to-peak voltage of the output signal ?
b. What isthe phase relationship between the input and output signals?
FACTORSAFFECTING TRIODE OPERATION

The triode circuit you have just studied is a fairly simple affair. In actual application, triode circuits
are a bit more complex. There are two reasons for this. The first has to do with the triodes ability to
amplify and perform other functions. Triodes come in many different types. Each of these types has
different internal characteristics and different capabilities. Because of this, each triode circuit must be
designed to accommodate the triodes special characteristics. The second reason for the increase in
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complexity has to do with DISTORTION. Distortion occurs in atube circuit any time the output
waveform is not afaithful reproduction of the input waveform.

Polarity inversion and voltage gain of the output waveform are not included in this definition of
distortion. Some circuits are designed to distort the output. The reason and methods for this deliberate
distortion will be covered in alater NEETS module. For the most part, however, we desire that circuits
eliminate or reduce distortion.

Because the grid is close to the cathode, small changesin grid voltage have large effects on the
conduction of triodes. If alarge enough input signal is placed on the grid, atriode may be driven into
either plate-current cutoff or plate-current saturation. When this occurs, the tube is said to be
OVERDRIVEN. Overdriving is considered to be aform of DISTORTION.

L ook at time zero (0) in the waveforms of figure 1-20. Theinput signal (E;,) is at zero volts. Grid
voltage equals the bias voltage (-6 volts), and one milliampere of current is flowing through the tube
(quiescent state). Plate voltage (E;) is 200 volts.
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Figure 1-20.—Overdriven triode.

On the negative half of the input signal, the grid voltage is made more negative. This reduces plate
current which, in turn, reduces the voltage drop across R, . The voltage between cathode and the plateis
thereby increased. Y ou can see these relationships by following time "a" through the three waveforms.

1-28



Now, let’'s assume that this particular triode cuts plate current flow off when the grid reaches -24
volts. This point isreached at time b when E;, is-18 and the biasis -6 (-18 and -6 = -24). Plate current
remains cut off for aslong asthe grid is at -24 volts or greater.

With zero current flowing in the plate circuit, there is no voltage drop across R, . The entire plate-
supply voltage, Ey, (300 volts), appears as plate voltage between the cathode and the plate. Thisis shown
at time b in the output signal waveform. Between time b and time ¢, the grid voltage is greater than -24
volts. The plate current remains cutoff, and the plate voltage remains at +300. The output waveform
between time b and time ¢ cannot follow the input because the plate voltage cannot increase above +300
volts. The output waveform is "flattopped." This condition is known as AMPLITUDE DISTORTION.

When the grid voltage becomes less negative than -24 volts, after time c, the tube starts conducting,
and the circuit again produces an output.

Between time ¢ and time d, the circuit continues to operate without distortion. At time e, however,
the output waveform is again distorted and remains distorted until time f. Let’s see what happened.

Remember that every cathodeis able to emit just so many electrons. When that maximum number is
being emitted, the tubeis said to be at SATURATION or PLATE SATURATION. Saturation is reached
in atriode when the voltages on the grid and plate combine to draw al the el ectrons from the space
charge.

Now, as our grid becomes less negative (between time ¢ and time d), and actually becomes positive
(between time d and time €), the plate current increases, the voltage across R, increases, and the plate
voltage decreases.

Apparently when the grid voltage reached +12 volts at time g, the plate current reached saturation.
Maximum plate current (at saturation) results in maximum voltage across R, and minimum plate voltage.
Any grid voltage higher than +12 volts cannot cause further changesin the output. Therefore, between
time e and time f, the plate voltage remains at +100 volts and the waveform is distorted. Thisisalso
AMPLITUDE DISTORTION.

This has been an explanation of one cycle of an input signal that overdrives the tube. Y ou should
notice that, using the same circuit, a 50-volt peak-to-peak input signal caused a vastly different output
from that caused by the 6-volt peak-to-peak input signal. The 6-volt peak-to-peak signal did not overdrive
the tube. When the input signal was increased to 50-volts peak-to-peak, the tube was forced into cutoff
when the grid was driven to -24 volts, and into saturation when the grid was driven to +12 volts (the grid
voltage plusthe signal voltage.) During these periods, the tube could not respond to the input signal. In
other words, the output was distorted. A method commonly used to partially overcome distortion isto
vary the bias voltage on the grid. The point at which the tube goesinto cutoff or saturation can then be
controlled.

For this reason tube biasing is of great importance in most tube circuits.
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Q20. The waveforms shown below are the input and output of an overdriven triode.

A

INPUT\_/'\ OUTPUT

B

a. Dhistortion A at the autput is the result aof what condition?
b, Distortion B ai the outpul is the result of what condition?

TYPESOF BIASING

There are two main classes of biasingl<ED andSELF. In a tube circuit that uses fixed bias, the
grid-bias voltage is supplied from a power source external to the circuit. You are already familiar with
battery bias, which is one form of fixed bias. When fixed bias is used in a circuit, it can be represented as
either a battery (fig. 1-21, view A), or as a conductor connectedt(iee 1-21, view B). Fixed bias is
rarely used in electronics today. Therefore, we will not discuss it further.

SIG NAL?”

(A)

na—]

Ecc Ebb Ecc (B)

Figure 1-21.—Fixed bias: A. Battery B. Conductor

In circuits using self-bias, the bias voltage is devel oped across aresistor in the cathode or grid circuit
by tube current. There are two main methods of self-bias: cathode biasing and grid-leak biasing.

CathodeBias

In circuits using cathode bias, the cathode is made to go positive relative to the grid. The effect of
thisis the same as making the grid negative relative to the cathode. Because the biasing resistor isin the
cathode leg of the circuit, the method is called CATHODE BIASING or CATHODE BIAS. A triode
circuit using cathode biasis shown in figure 1-22.
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Figure 1-22.—Cathode bias.

The only difference between theillustrated circuit and the one used to demonstrate triode operation
isthe elimination of the battery, E.., and the addition of circuit components Ry, the cathode-biasing
resistor; Cy, the cathode ac-bypass capacitor; and a grid resistor (whose purpose will be explained | ater).

When the tube conducts, current flows from the battery through Ry to the cathode, through the tube
to the plate, and through R, to the positive terminal of the battery. The current flowing through Ry will
cause a voltage drop across Ry. The bottom of R, goes negative while the top goes positive. This positive
voltage at the top of R, makes the cathode positive relative to the grid.

Y ou may wonder what purpose Cy servesin thiscircuit. C, servesas an AC BYPASS. Without C,,
the bias voltage will vary with ac input signals. Thisis particularly troublesome in the higher frequencies
like those found in radio receivers. Ry, the cathode-biasing resistor, is used to devel op the biasing voltage
on the cathode.

Theinput signal will be developed across Ry. Y ou will read more about the circuit component later
in this chapter. Cathode-biasing voltage is developed in the following manner.

Aswe mentioned earlier, the bias voltage will vary with the input unless C,, the cathode bypass
capacitor, is used.

To understand how the bias voltage will vary with an ac input signal, disregard C for the moment
and refer to figure 1-22 again.

Notice that under quiescent conditions, the voltage drop at the top of Ry is+10 volts. Now let’s apply
the positive-going signal illustrated to the left of the tube. When the positive signal is applied, conduction
through the tube will increase. The only troubleisthat current through Ry will also increase. Thiswill
increase the voltage drop across Ry, and the cathode voltage will now be greater than +10 volts.
Remember, at this time the plate is going negative due to increased conduction through the tube. The
combination of the negative-going plate and the positive-going cathode will decrease the el ectrostatic
attraction across the tube and lower the conduction of the tube. This will reduce the gain of the tube.

When the negative-going signal is applied, conduction through the tube decreases. Current through
Ry decreases and the voltage drop across Ry decreases. This causes the cathode to go more negative,
which tends to increase conduction through the tube. A negative-going signal is amplified by decreasing
plate current and allowing the plate to go positive (remember the 180° inversion.) Thus, increasing
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conduction on the negative half-cycle decreases the gain of that half-cycle. The overall effect of alowing
cathode biasing to follow the input signal is to decrease the gain of the circuit with ac inputs.

This problem can be overcome by installing Cy. The purpose of C, isto maintain the cathode bias
voltage at a constant level. In common usage, the action of Cy isreferred to as "bypassing the ac signal to
ground.”

The action of Cy will be explained using figure 1-23. View A shows the circuit under quiescent
conditions. With some conduction through the tube, the cathode and the tops of R,and Cy are at +10
volts.

+ Epp +Epp +Epp
Ip

uy

0V *V CAPACITOR - Y CAPACITOR
CURRENT CURRENT
+ 10V 10V 4 20V —r s 10V BV + 10V
Cy Ck Ck
Ry R
-E -E -E
(A) bb bhb (©) bh

Figure 1-23.—Effect of the bypass capacitor.

In view B, the positive-going signal is applied to the grid. This causes increased conduction through
the tube, which attempts to drive the cathode to +20 volts. But notice that the top of C, is still at +10 volts
(remember capacitors oppose achangein voltage). The top plate of Cy is, in effect, 10 volts negative in
relation to the top of Ry. The only way that C, can follow the signal on the top of R, (+20 volts) isto
charge through the tube back to the source, from the source to the lower plate of Cy. When C, charges
through the tube, it acts as the source of current for the cathode. This causes the cathode to remain at +10
volts while the capacitor is charging.

View C of the figure shows the same signal. Under these conditions, conduction through Ry will
decrease. Thiswill cause a decrease in current flow through Ry. Decreased current means decreased
voltage drop. Thetop of Ry will try to go to +5 volts. C, must now go more negative to follow the top of
Ry. To do this, current must flow from C, through Ry, to thetop plate of G.. This discharging of C, will
increase current flow through Ry and increase the voltage drop across Ry, forcing the top to go more
positive. Remember, the voltage drop is due to current flow through the resistor. (The resistor could care
lessif the current is caused by conduction or capacitor action.) Thus, the cathode stays at +10 volts
throughout the capacitor-charge cycle.

Thereis one point that we should make. C, and Ry arein pardléel. You learned from previous study
that voltage in aparallel circuit is constant. Thus, it would seem impossible to have the top of Ry at one
voltage while the top plate of C, is at another. Remember, in el ectronics nothing happens instantaneously.
There is always some time lag that may be measured in millionths or billionths of seconds. The action of
Cy and Ry that was just described takes place within thistime lag. To clarify the explanation, the voltages
used at the components R, and C,, were exaggerated. Long before a 10-volt differentia could exist
between the tops of Ry and C,, C, will act to eliminate this voltage differential.
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The capacitor, then, can be said to regulate the current flow through the biasresistor. Thisactionis
considered as BY PASSING or eiminating the effect of the ac input signal in the cathode. For all
practical purposes, you can assume that ac flows through the capacitor to ground. But, remember, ac only
appearsto flow across a capacitor. In reality the ac signal is shunted around the capacitor.

There are two disadvantages associated with cathode biasing. To maintain bias voltage continuously,
current must flow through the tube, and plate voltage will never be able to reach the maximum value of
the source voltage. This, in turn, limits the maximum positive output for a negative input signal
(remember the 180° inversion). In addition, maximum plate voltage is decreased by the amount of
cathode-biasing voltage. What this means is that you can't get something for nothing. If the cathode is
biased at +20 volts, this voltage must be subtracted from the plate voltage. As an example, consider a
triode with a 10,000 ohm plate resistor and a +300 volts dc source voltage. If a current of 2 milliamperes
flows through the tube under quiescent conditions, 20 volts are dropped across the plate-load resistor. The
maximum plate voltage is then 300 volts - 20 volts = 280 volts dc. Now, consider the 20-volt dropped
across the cathode resistor. Plate voltage becomes 280 volts - 20 volts = 260 volts. To understand this a
littte more thoroughly, look at figure 1-24. In view A, the source voltage is 300 volts dc. There are two
ways that this voltage can be looked at; either the plate is at +300 volts and the cathode is at 0 volts
(ground), or the plate is at +150 volts and the cathode is at -150 volts. In electronics, it is common
practice to assume that the plate is at +300 volts while the cathode is at 0 volts. To simplify this
discussion, we will assume that the plate is at +150 volts, and the cathode is at -150 volts. The potential
difference between the plate and the cathode is 300 volts. If a plate-load resistor is installed, as shown in
view B, 20 volts are dropped by RThe potential difference between the plate and the cathode is now
280 volts. In view C, Rhas now been placed in the same circuitdi®ps 20 volts. Therefore, the effect
of cathode biasing is to reduce the maximum positive signal that the circuit can produce. In this case, the
maximum positive signal has been reduced by 20 volts. Despite these disadvantages, cathode biasing has
two main advantages. It is simple and economical.

E= gL
oo $Ep=130V
Epp mk Epp =
300V = 300V =
150V 130V
E=2wf k

(A) (B) (C)

Figure 1-24.—L oss due to cathode biasing.
Grid-Leak Biasing

The second type of self-biasing to be discussed is GRID-LEAK BIAS. Asthe nameimplies, bias
voltage is developed in the grid leg portion of the circuit. Bias voltage in this type of biasing is derived by
allowing the positive input signal to draw grid current through a circuit made up of aresistor and a
capacitor. There are two types of grid-leak bias commonly in use: SHUNT TYPE and SERIES TYPE.
Because shunt type grid-leak biasing is the simplest, we will discussit first. Figure 1-25 depicts a
simplified triode circuit using the shunt-type grid-leak biasing. Before we begin the explanation of shunt
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grid-leak biasing, thereis one thing you should bear in mind. Because the biasis derived from the
positive input signal through capacitive action, the input signal must go through several positive
aternations before the final operating bias voltage is achieved. We will explain why thisis so in the
following discussion.

View A of figure 1-25 shows the circuit under quiescent conditions. Y ou will notice that the circuit
is similar to the one we used to explain the action of atriode. The only additions are the grid resistor, R,
coupling capacitor, C,, and resistance rgk. Resistance rgk doesn't exist as a physical component, but it is
used to represent the internal tube resistance between the triode’s cathode and grid. Electricaly, rgk is
quite small, about 500 chms. Under quiescent conditions, some conduction occurs through the tube. Some
electrons will strike the wires of the grid, and asmall amount of GRID CURRENT will flow through Ry
to ground. Thiswill cause the right-hand plate of C, to go slightly negative. This sight negative charge
will, inturn, keep the grid of the tube dightly negative. This limits the number of electrons that strike the
grid wires.

CHARGE CIRCUIT DISCH ARGE CIRCUIT
(C) (D)

Figure 1-25.—Shunt grid-leak biasing.

In view B of thefigure, the first positive aternation of a series of ac aternations, E;, is applied to the
circuit. The positive-going voltage causes the |eft-hand plate of C.to go positive. The left-hand plate must
lose electrons to go positive. These electrons leave the left-hand plate of C. and travel to the input source
where they will be coupled to ground. From ground, current flows through Ry causing a negative (bottom)
to positive (top) voltage drop across Ry. In effect, the ac signal has been coupled across the capacitor.
Because of this, capacitors are said to passthe ac signal while blocking dc. (In readlity, the ac signal is
coupled around the capacitor.) In view C of the figure, the positive-going voltage at the top of Ry will be
coupled to the grid causing the grid to go positive. The positively charged grid will attract electrons from
the electron stream in the tube. Grid current will flow from the grid to the right-hand plate of C.. Thiswill
cause the right-hand plate to go negative. (Electrostatic repulsion from the right-hand plate of C. will
force eectrons from the left-hand plate of C,, causing it to go positive.) The electrons will flow through
the signal source, to ground, from ground to the cathode, from the cathode to the grid, and finally to the
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right-hand plate of C.. Thisisthe biasing charge cycle. Y ou may wonder why the charge current went
through the tube rather than through Ry. When the grid goes positive in response to the positive-going
input signal, electrostatic attraction between the grid and cathode increases. This, in turn, reduces the
resistance (rgk) between the grid and cathode. Current always follows the path of least resistance. Thus,
the capacitor charge path is through the tube and not through R,

When the first negative alternation is applied to the circuit (view D), the left-hand plate of C, must
go negative. To do this, electrons are drawn from the right-hand plate. The electrons travel from the
right-hand plate of C, through Ry causing a voltage drop negative (top) to positive (bottom), from the
bottom of Ry, through the source, to the left-hand plate of C.. C. will discharge for the duration of the
negative aternation. BUT C. can only dischar ge through Ry, which isa high-resistance path,
compar ed to the charge path. Remember from your study of capacitorsthat RC time constants and the
rate of discharge increase with the size of R. C; can therefore charge through the low resistance of rgk to
its maximum negative value during the positive half-cycle. Because C. discharges through Ry (the high
resistance path), it cannot completely discharge during the duration of the negative half-cycle. Asaresult,
at the completion of the negative aternation, C. still retains part of the negative charge it gained during
the positive aternation. When the next positive alternation starts, the right-hand plate of C. will be more
negative than when the first positive alternation started.

During the next cycle, the same process will be repeated, with C. charging on the positive alternation
and discharging a lesser amount during the negative alternation. Therefore, at the end of the second cycle,
C. will have an even larger negative chargethan it did after the first cycle. Y ou might think that the
charge on C. will continue to increase until the tube is forced into cutoff. Thisis not the case. Asthe
negative charge on the right-hand plate of C. forces the grid more negative, €l ectrostatic attraction
between the grid and cathode decreases. This, in effect, increases the resistance (rgk) between the cathode
and the grid, until rgk becomes, in effect, the same size as R,. At this point, charge and discharge of C,
will equal one another and the grid will remain at some negative, steady voltage. What has happened in
thiscircuit isthat C. and Ry, through the use of unequal charge and discharge paths, have acted to change
the ac input to a negative dc voltage. The extent of the bias on the grid will depend on three things: the
amplitude of the input, the frequency of theinput, and the size of Ry and C.. Thistype of biasing hasthe
advantage of being directly related to the amplitude of the input signal. If the amplitude increases, biasing
increases in step with it. The main limiting factor isthe amount of distortion that you may be willing to
tolerate. Distortion occurs during the positive alternation when the grid draws current. Current drawn
from the electron stream by the grid never reaches the plate; therefore the negative-going output is not a
faithful reproduction of the input, while the positive-going output (during the negative input cycle) will be
afaithful reproduction of theinput. Thisis similar to the situation shown in the flattopped portion of the
output signal in figure 1-20.

The SERIES GRID-LEAK BIAS circuit shown in figure 1-26 operates similarly to the shunt grid-
leak circuit. When the first positive aternation is applied to the left-hand plate of the grid capacitor, C,,
the left-hand plate must lose electrons to go positive with the input. Electrons will leave the left-hand
plate and flow through Ry, causing a negative (left-hand side) to positive (right-hand side) voltage drop.
From the right-hand side of R, the electrons will flow to the right-hand plate of Cg4. The positive voltage
developed at the right-hand side of Ry will be coupled to the grid. As the grid goes positive, it will draw
current, causing C, to start to charge through the low resistance path of the tube. During the negative
alternation of the input, Cy will discharge through the high resistance path of R,. Once again it will not be
completely discharged at the end of the negative aternation, and the capacitor will continue on its way
toward charge equilibrium.
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Figure 1-26.—Series grid-leak biasing.

In summary, grid-leak bias causes the grid to draw current when the input signal goes positive. This
grid current (which is a negative charge) is stored by the coupling capacitor (C,,) which will keep the grid
at some negative potential. It isthis potential that biases the tube.

Q21. What type of bias requires constant current flow through the cathode circuit of a triode?

Q22. When acircuit uses cathode biasing, the input signal can cause variations in the biasing level
How is this problem eliminated?

Q23. Inacircuit using grid-leak biasing, the coupling capacitor (C.) charges through a low
resistance path. What resistance is used in this charge path?

Q24. Grid-leak biasing in effect rectifies the input ac signal. What feature of the circuit is used to
accomplish this rectification?

OPERATING CLASSIFICATIONSOF TUBE AMPLIFIERS

While the discussion of amplifierswill be covered in detail in later NEETS modules, some discussion
of the classes of operation of an amplifier is needed at this point. Thisis because their operation classis
directly determined by the bias voltage of the tube.

The classification of amplifiers by operation is based on the percentage of the time that the tube
conducts when an input signal is applied. Under this system amplifiers may be divided into four main
classes: A, AB, B, and C.

CLASSA OPERATION

An amplifier biased into Class A operation, isonein which conduction through the tube occurs
throughout the duration of the input signal. Such an amplifier is shown in figure 1-27, view A. Thisisthe
same type of circuit with which you are already familiar. Notice when you compare the input to the
output that the tube is always conducting, and that the entire input signal is reproduced at the outpui.
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Figure 1-27.—Classes of amplifier operation.
CLASSAB OPERATION

The Class AB amplifier is one in which the tube conducts for more than half, but less than the entire
input cycle.

View B of figure 1-27 depicts an amplifier biased into CLASS AB operation. Notice that in this
application, grid bias has been increased to -9 volts. We will assume that the tube reaches cutoff when the
voltage on the grid is -10 volts. Under these conditions, when the input reaches -10 volts, the tube will cut
off and stay cut off until the input goes above -10 volts. The tube conducts during the entire duration of
the positive aternation and part of the negative alternation. If you remember back in the discussion of
distortion, we pointed out that this represents distortion. In some amplifiers, faithful reproduction of the
input is not an important requirement. Class AB amplifiers are used only where this distortion can be
tolerated.

CLASSB OPERATION

A CLASS B biased amplifier is one in which the tube will conduct for only half of the input signal
duration. Thisis done by simply biasing the amplifier at cutoff. View C of figure 1-27 depicts aclass B
biased amplifier.

Asyou can see, the tube conducts on the positive alternations. As soon astheinput signal voltage
reaches 0 valts, the tube cuts off. The tube will remain cut off until the input signal voltage climbs above
zero volts on the next positive alternation. Because the tube conducts during the entire positive
alternation, but not on the negative alternation, the tube conducts for only half the input cycle duration.
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CLASSC

CLASS C amplifiers are biased below cutoff, so that the tube will conduct for less than half of the
input signal cycle duration. View D of figure 1-27 depicts a Class C amplifier. Notice that the tubeis
biased one-half volt below cutoff. The tube will only conduct on that part of the positive alternation that is
above +.5 volts. Therefore, the tube conducts for less than one-half cycle of the input. Again, this class
can be applied only where severe distortion can be tol erated.

TUBE CONSTANTS

In the discussion of triodes, we only considered the effects of the externa circuit on the passage of
current through the tube. The behavior of the electron stream in a conducting tubeis also influenced by
the physical structure of the tube. The effects that the physical structure of atube has on the tube's
operation are collectively caled TUBE CONSTANTS. Four of the most important of these tube
constantsare: TRANSIENT TIME, INTERELECTRODE CAPACITANCE,
TRANSCONDUCTANCE, and AMPLIFICATION FACTOR.

TRANSIT TIME

Unlike electron flow in a conductor, €lectronsin a vacuum tube do not move at the speed of light.
Their velocity is determined by the potential difference between the plate and the cathode. The amount of
time the electrons take to travel from the cathode to the plateiscalled TRANSIT TIME. Asaresult of
this time difference, the appearance of asignal at the end of atubeis not followed instantaneously by a
change in current flow in the tube. Under normal conditions, the effect of this small time lag between the
input signal and a change in tube current is unnoticed. However, at frequencies such as those used in radar
equipment, thisis not the case. Transit time at these frequencies has a very marked effect on tube
operation. It isamajor factor that limits the use of a given tube at higher frequencies.

Q25. Match each amplifier characteristic listed below with its class of amplification.
a. Current flows through the tube for one-half cycle.
b. Current flows through the tube for less than one-half cycle.
c. Current flows through the tube for the entire cycle.
MU AND TRANSCONDUCTANCE

In your study of triodes so far, you have seen that the output of atriode circuit is developed across
the tube. The output is caused by the voltage dropped across R, due to current flow from tube conduction.
In all the demonstrations of gain, we assumed that R, was held constant and current through the tube was
varied. In this manner we achieved a voltage gain. If the resistance of R, is changed by the designer, the
gain of atriode circuit can be either increased or decreased. Thisisfairly easy to understand. Assume that
acircuit is composed of atriode with a plate-load resistor of 100 kohms. If a+2 volt signal causes 2
additional milliamperes to conduct through the tube, the voltage drop across R, (the output) will be:
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E=IxEK

E=1Ipx Eg

E = (2% 107 amperes) x (100 x 10%p0hms)
E =2 x 100 volts

E =200 wolts
Coain = n.utp ut
Input
Chain, = 200 volts
2 wolts
Crain = 100

Thus, the gain of the circuit is 100. If the plate-load resistor is reduced to 50 kohms and the input is
kept at +2 volts, the gain will be reduced to:

E = (2% 10% amperes) = (50 x 10%ohms)
E = 2 x 50vaolts

E = 100 wolts
Chain = 100 walts

2 wolts
(Crain = 50

Asyou can see, voltage gain depends on both the tube characteristics and the external circuit design.
The voltage gain is ameasure of circuit efficiency, not tube efficiency.

The actual characteristics of atube are measured by two factors: mu(pn) orAMPLIFICATION
FACTOR; andTRANSCONDUCTANCE or g, The amplification factor (represented as ) of a tube is
equal to the ratio of a change in plate voltage to the change in grid voltage required to cause the same
change in plate current. This is expressed mathematically as

_AEp
#TAE

1

While this may sound complicated, it really isn't. Look at figure 1-28. Here you see in view A a
triode with a +1 volt input signal. At this grid voltage, current through the tube is at 1 milliampere. If the
input voltage is raised to +3 volts, current through the tube increases to 2 milliamperes. The change in E
(AEy) is then 2 volts. This is shown in view B. Suppose that the grid voltage is returned to +1 volt, and the
plate voltage is increased until the ammeter in view C reads 2 milliamperes of plate current. At this point
plate voltage is measured. Plate voltage had to be increased by 100 volts (350-250) to get the same
change in plate current (1 mA). The change in plate voltagg$ i then 100 volts. The amplification
factor (p) of just the tube is then equal to
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Figure 1-28.—Obtaining gain and transconductance.

Asyou can see, mu is ameasure of the ability of atube to amplify. By comparing the mu of two
different types of tubes, you can get an idea of their efficiency. For example, assume you have two
different tubes, one with amu of 50, and the other with amu of 100. If you place each tube in a circuit
whose input varies by 2 volts, you can expect the following changes in plate voltage.

Tube 1;
M= —&Ep
&Eg

LE, =p X AE,
AR, =50 # 2 volts

A, =100 volts
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Tube 2:

i
= X
HeRX AR
AE, =p % AE,

&Ep =100 2 wolts

AE, =200 wolts

Thus, you can expect twice the change in plate voltage from tube 2 as from tube 1 for the same input
voltage. Therefore, tube 2 will have twice the gain of tube 1.

Transconductance

Transconductance is a measure of the change in plate current to a change in grid voltage, with plate
voltage held constant. The unit for conductance is the mho (siemens), pronounced "moe."
Transconductance is normally expressed in either micromhos or millimhos. Mathematically,
transconductance is expressed by the formula:

Ay

.%111=&E—g

Examine figure 1-28, views A and B, again. In view A, the input voltage is +1 volt. At +1 volt E,,
the plate current is equal to 1 milliampere, with a plate voltage of 250 volts. In view B, the input voltage
(E,) is raised to +3 volts. AE ,, as before, is equal to 2 volts. This increase in grid voltage causes plate
current to increase to 2 milliamperes. The change in plate current (Al,) is then equal to 1 milliampere.
Thus, transconductance (g,,) is equal to:

Imilliampere
2 wolts

o =5 millimho
o1 500 wmhos

Remember that the voltage gain of a circuit is measured by the ratio of the change in plate voltage to
the change in grid voltage. Because plate voltage is developed across a resistor, the more current varies
with a given input signal, the greater will be the output (E =1 x R). If you have two tubes, one with a gm
of 500 mmhos & the other with a gm of 500 umhos, you can estimate the relative gain of these two tubes.
Assume that the circuit in which you wish to use one of these tubes has a load resistor of 100 kohms and
that AE, will be 2 volts. The voltage gain of these two circuits will be:
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Tube 1:

aly
gm__ﬁEg
Al =AE ) xom

Al =2%.5 millmho

AL, =Imilliampere

AE, = Al ¥R

AE, =(1x 107} ampere) » (100 x10° ohrns )
AR, =100 volts

. tput
(rain = ouipu

input

_ 100 volts _sp

Zrain
2 wolts

Tube 2:

Al
Em__&Eg
Aly, =AE, *gm

Al =2 volts %5 millmho

P
Al =10 milliampere

AE, = Al xRy

AE, =(10x107° ampere) x (100 x10° ohms)
AR, =1000 volts

. output
(raln = P

input

_ 1000 wolts

(raln
2 wolts

=500
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As you can see, tube 2 is 10 times the amplifier that tube 1 is.

026.  The plate voltage of a tube will vary 126 volts when a 3-volt ac signal is applied to the control
grid. What is the gain of this tube?

027.  Ifthe mu of a tube is 85 and the signal at the control grid is 4 volts ac, the plate voltage will
vary by what amount?

028.  Transconductance is a measure of the relationship between what two factors?

029. A tube has a transconductance of 800 mmhos & a load resistor of 50 kohms. When control grid
voltage varies by 6 volts, the plate voltage will vary by what amount?

INTERELECTRODE CAPACITANCE
As you know, capacitance exists when two pieces of metal are separated by a dielectric.

You should also remember from your studies that a vacuum has a dielectric constant of 1. As the
elements of the triode are made of metal and are separated by a dielectric, capacitance exists between
them. This capacitance is called interelectrode capacitance, and is schematically represented in figure
1-29.

f— - - -

A
Cpg =

| f—

|
|
* -
|
|

ca

Figure 1-29.—Schematic representation of interelectrode capacitance.

Notice that there are three interelectrode capacitances involved in a triode. The capacitance between
the plate and grid, designated C,,, is the largest, because of the relatively large area of the plate, and
therefore has the greatest effect on triode operation. The grid-to-cathode capacitance is designated Cy,.

The total capacitance across the tube is designated C.

As we said earlier, C,, has the greatest effect on the tube operation. This is because this capacitance
will couple part of the ac signal from the plate back to the grid of the tube. The process of coupling the
output of a circuit back to the input is called FEEDBACK. This feedback affects the gain of the stage. It
may be desirable in some applications. In others, the effects must be neutralized. The effects of C, are
greater at higher frequencies where X, is lower.
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DEVELOPMENT OF THE TETRODE

Interel ectrode capacitance cannot be eliminated from vacuum tubes, but it can be reduced. The
easiest method found to reduce interelectrode capacitance is to split the capacitance between the grid and
plate (C,g) into two capacitors connected in series. Thisis done by placing an extragrid, called the
SCREEN GRID, between the control grid and the plate. Thisis shown in figure 1-30.

SCREEN
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©)7

CONTROL
GRID
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Figure 1-30.—Effect of the screen-grid on Interelectrode capacitance.

Remember from your study of capacitance that connecting capacitors in series reduces the total
capacitance to a value smaller than either of the capacitors. This is mathematically summed up as follows:

T=G1><GE
o1+ C2

The addition of the screen grid has the effect of splitting Cg into two capacitances (C1 and C2)
connected in series. Therefore, the total interelectrode capacitance between the control grid and the plate
is greatly reduced.

OPERATION OF THE BASIC TETRODE CIRCUIT

Figure 1-31 depicts a basic tetrode circuit. While the circuit may look complicated, it isn't. You are
aready familiar with most of the circuit. Only three components have been added: the screen grid, the
screen grid dropping resistor, and the screen grid bypass capacitor (Cgy).
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Figure 1-31.—Basic tetrode circuit.

The problem now is: at what voltage and polarity should the screen grid be operated? If the screen
grid were operated at a potential that would make it negative in relation to the control grid, it would act as
a negative screen between the plate and control grid. Asaresult, gain would be reduced. If the screen grid
were operated at plate potential, it would draw current from the electron stream when the tube conducts.
Because of this, the value of Ry is normally selected to cause the screen grid to be positive in relation to
the control grid, but not as positive as the plate.

Despite this precaution, the screen grid still draws some current from the electron stream. Any signal
applied to the control grid will appear at the screen grid inverted by 180° from the input signal. This is
undesirable, as it reduces the gain of the tube. Consider the effect if the control grid goes positive.
Conduction through the tube increases, and since the screen grid is in the electron stream, it will draw
some current. This causes the screen grid to go toward negative potential (less positive). The effect then,
is to place a negative-going electrode between the plate and positive-going control grid. The plate
becomes patrtially screened by the negative-going screen grid, and again, gain will decrease. Because the
signal at the screen grid is always 180° out of phase with the control grid, its effect will always be to
oppose the effect of the control grid.

To overcome this, a bypass capacitog) S connected between the screen grid and ground. The
addition of this capacitor will shunt, or pass, the ac variations on the screen grid to ground while
maintaining a steady dc potential on the screen grid. In other wagasp@es all of the undesired effects
mentioned in the previous paragraph.

One very useful characteristic of the tetrode tube is the relationship between the plate and screen
grid. The screen grid will lessen the effect that a decreasing plate potential (negative-going signal) has on
conduction through the tube. In a triode, when the grid goes positive, the plate goes negative. This
decreases electrostatic attraction across the tube and tends to decrease the gain somewhat.

In a tetrode, the screen grid has the ability to isolate the effect that ac variations on the plate have on
the electron stream.

The positively charged screen grid will accelerate electrons across the tube even though the plate is
negative going. As long as the plate remains positive in relation to the cathode, it will draw off these
accelerated electrons. As a result, conduction through the tube when the plate is going negative will not
be decreased. This is another big advantage of screen-grid tubes.

1-45



TETRODE CHARACTERISTICS

Because the screen grid isin the electron stream, it will always draw some current. The current
drawn by the screen grid will be lost to the plate. This means that the transconductance of atetrode, which
is based on the amount of plate current versus control-grid voltage, will be lower in tetrodes than in
triodes. The formulafor transconductance of atriode,

must be adjusted for screen-grid current, and becomes

_ Aly — Al

TTE

1

Asyou can seg, the transconductance for atetrode can never be as high asthat of atriode of similar
construction.

While lowered transconductance in atetrode is an undesirable characteristic, it is not the reason that
tetrodes have found little acceptance in electronics. The factor that severely limits the operation of
tetrodesis SECONDARY EMISSION.

Because the screen grid is positively charged, electrons traveling from the cathode to the plate are
accelerated. Electrons are accel erated to such an extent that they didodge e ectrons from the plate when
they strikeit. Thisis similar to the manner in which a high-velocity rifle bullet fired into a pile of sawdust
throws sawdust about. Some of these electrons are fired back into the tube, where they tend to accumulate
between the screen grid and the plate. This effect is most pronounced when the signal at the control grid is
going positive and conduction through the tube isincreasing. The plate in this situation is going negative
in answer to the control-grid signal. This causes the electrons accumulating between the plate and screen
grid to be attracted to the screen grid. The current that is drawn by the screen grid islost to the plate and
gainisdecreased. Gain is aso decreased in another way. The negative charge accumulated by secondary
emission causes some of the electrons (from the cathode) to be repelled from the plate, which further
reduces gain.

Another undesirable characteristic of tetrodes associated with secondary emission is that the outputs
are NOI SY. What this means is that small sporadic signals appear on the main output signal, as shown in
figure 1-32. When electrons are knocked from the plate, they represent losses of plate current and
corresponding positive pulses on the output. Electrons falling back to the plate represent increasesin plate
current and cause negative-going pul ses to appear in the outpuit.
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TRIODE TETRODE

Figure 1-32.—Noise in a tetrode circuit.
For these reasons tetrodes are only used in very specialized applications of electronics.
Q30. How doesthe addition of a screen grid in a tetrode reduce inter el ectrode capacitance?

Q31. What undesirable effect does the screen grid in a tetrode create?

THE PENTODE

The problem of secondary emission associated with the screen grid of atetrode has been reduced
by—you guessed it, the addition of another grid.

This third grid, called 8UPPRESSOR GRID, is placed between the screen grid and the plate. The
suppressor grid is normally connected either internally or externally to the cathode and bears the same
charge as the cathode. This is shown in figure 1-33. Because of its negative potential (relative to
individual electrons), any electrons that are emitted by the plate, through secondary emission, are repelled
back toward the plate.

Figure 1-33.—Basic pentode circuit.
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Y ou might think that a grid with a negative potentia placed close to the plate would interfere with
the electron stream. However, thisis not the case. Because the suppressor grid is negatively charged, it
will not draw grid current. Additionally, the wide spacing within the mesh of the suppressor and its
location between two positive elements of the tube ensures that the suppressor grid's effect on the electron
stream will be minimum. Only the electrons emitted by secondary emission from the plate are affected by
the suppressor grid.

Because pentodes do not suffer from secondary emission, they have replaced the tetrode in most
applications.

Q32. Thesuppressor grid isadded to a tetrode to reduce what undesirable characteristic of tetrode
operation?

Q33.  On the diagram below, name the elements of the vacuum tube and their potentials relative to dc
ground.

SUMMARY

This chapter hasintroduced you to the four basic types of vacuum tubes. The following is a summary
of the main points of the chapter.

THERMIONIC EMISSION is caused when metallic substances are heated to high temperatures.
Electrons liberated by thermonic emission provide the conduction currents of vacuum tubes.

A DIODE VACUUM TUBE is composed of two elements: the cathode and the plate.
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The CATHODE isthe electron-emitting element of atube. Cathodes are usually composed of
special materials that are heated either directly or indirectly.

*—-SUPPORT
4—FILAMENT
DIRECTLY
HEATED
SCHEMATIC CONSTRUCTION

DIODE OPERATION depends upon current flow through the tube. Because the cathode is the only
€l ectron-emitting element in the tube, current can only flow in one direction, from the cathode to the
plate. For current to flow, the plate must be positive relative to the cathode. When the plate is negative
relative to the cathode, current cannot flow within the tube.

1-49



AMMETER
@

bb

|
1
+

SUPPLY

The CHARACTERISTIC CURVE for an e ectron tubeis agraphic plot of plate current (I,) versus
plate voltage (E,). From this, dc plate resistance can be computed by the formula:

FACTORSTHAT LIMIT VACUUM TUBE OPERATION are plate dissipation, maximum
average current, maximum peak-plate current, and peak-inverse voltage.

DIODE RECTIFIERS take advantage of the fact that diodes will conduct in only one direction.
When ac voltages are applied to diodes, conduction occurs only on the alternation that makes the plate
positive relative to the cathode. Because of this, the output current consists of one polarity. Because it
flows in pulses rather than continuoudly, it is called pulsating dc.

Epri Esec Ip
N_M N M,
v 2

i«
C>

DIODE CONSTRUCTION isthe basic construction plan of most vacuum tubes. Thetubeis
constructed of the following parts: filament and/or cathodes, plates, envelope, and base.
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A TRIODE ishasicaly adiode with a control grid mounted between the plate and the cathode. The
control grid gives the triode the ability to amplify signals.

Ebh Ebb

The OPERATION OF A TRIODE depends on the ability of the control grid to either increase or
decrease conduction through the tube in response to an ac input signal. The output voltage is devel oped
across the tube between the cathode and plate because of the voltage drop across the plate-load resistor
changing as the plate current responds to the input signal.

TUBE BIASING isthe process of placing adc voltage, usually negative, on the grid. Bias has
several functionsin circuit design. Biasing may be divided into two types: fixed and self. Tubes using
fixed bias have a dc voltage applied to their control grids from an external source such as a battery. Self-
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biasing voltages, on the other hand, are derived from current conducting through the tube. The most
common types of self-biasing are cathode biasing and grid-leak biasing.

The CLASS OF OPERATION OF AN AMPLIFIER is determined by the bias applied to atriode.
An amplifier operating as class A conducts continually through the duration of the input cycle. Class AB
operation occurs when the amplifier conducts for more than half but less than the entire duration of the

input cycle. A class B amplifier conducts for only 50% of the input cycle. The class C amplifier conducts
for less than half of the input cycle.

TRANSIT TIME isthetime required for electrons emitted by the cathode to reach the plate.
Because transit time in a vacuum tube is considerably less than the speed of light, vacuum tube operation
is affected at high frequencies.

INTERELECTRODE CAPACITANCE iscreated by the naturally occurring capacitance between
elementsin a vacuum tube. One effect of interel ectrode capacitance isto feed back a portion of the output
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of atriode to the input. This effect is a prime-limiting factor in applying triodes. It isamajor reason why
triodes are seldom used—especially at the higher frequencies.

MU AND TRANSCONDUCTANCE are measures of tube efficiency. Mu (1), or amplification
factor, is a measure of the amount that plate voltage varies in relation to variation of the input voltage.
Mathematically, mu (W) is expressed as

_ AEp
H AR

q

TRANSCONDUCTANCE, on the other hand, is a measure of the amount of variation of plate
current caused by a variation of the input signal. Mathematically, it is expressed as:

Al

om = ——
E'J

TETRODES were developed to compensate for the effects of interelectrode capacitance. Placing a
positively charged screen grid between the control grid and plate has the effect of adding a capacitor in
series with the capacitance that exists between the control grid and plate. This reduces total capacitance
below the value of either capacitor as shown by applying the formula:

T=G1><GE
o1+ C2
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TRIODE TETRODE

SECONDARY EMISSION of dectrons from the plate is caused by the acceleration of € ectrons by
the screen grid. This causes the performance of atetrode to be degraded. In addition to reduced amplitude,
the output signals become noisy.

PENTODES do not suffer from the effects of secondary emission. Thisis because a negatively
charged suppression grid placed between the screen grid and plate forces any electrons emitted back to
the plate.

ANSWERS TO QUESTIONS Q1. THROUGH Q33.
Al. Byheatingit.
A2. Because the negatively charged electrons are attracted to the positively charged plate.
A3. Filament and plate.
A4.  Negative.
A5. Positive.
A6. Pulsating dc.
A7. Thoriated-tungsten and oxide-coated metals.
A8. They reach operating temperatures quickly.
A9. It servesasamounting for the tube elements and as the terminal connection to the circuit.
A10. Thelinear portion.
All. Plateresistant R,.
Al2. Peak Inverse Voltage (PIV).
Al13. Thetriode contains athird element called the control rid.

Al4. Becauseitiscloser to the cathode.



A15.
A16.
Al7.
A18.
Al9.

A20.

A21.
A22.
A23.
A24.
A25.

A26.
A27.
A28.
A29.
A30.

A31.
A32.

A plate load resistor R_
To prevent them from drawing grid current.
Theinput signal

+ 275 volts.

a. 100 volts.

b. 180° out of phase.

a. Cutoff.

b. Saturation.

Cathode biasing.

Through the use of a bypass capacitor
rkg, the cathode to grid resistance.

Unequal charge and discharge paths of the coupling capacitor C

a. Class B.

b. ClassC

c. Class A.

42.

340 volts.

The changes in plate current and grid voltage.
240 volts.

The interelectrode capacitance (cpg) is divided between two series capacitances; thus, cpg is
greatly reduced.

Secondary emission, and noise.

Secondary emission.
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A33.
a. Plate, positive.
b. Suppressor grid, negative.
c. Cathode, can be negative, positive, or at dc ground potential, depending on biasing type.

d. Control grid, negative.
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