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PREFACE

This book is the outgrowth of a course in vacuum-tube design given
for many years at Stanford University to senior and graduate students in
electrical engineering and physies. It is concerned with the determina-
tion of vacuum-tube characteristics in terms of the electron action within
the tube. The book attempts to bridge the gap between the physical
laws that lie behind the eleetron behavior and the external characteristics
of the tubes themselves.

It is hoped that the point of view taken will be acceptable to both
physicists and engincers.  The development of the physical laws involved
is indicated, after which emphasis is placed upon their deseription and
utilization. Although this book cannot pretead to give much design
information, the attempt has been to include enough of the basic relations,
physical data, and significant references to make it a useful reference
gource to vacuum experimenters and tube designers.

Vacuum tubes may seem a rather special subject to which to restriet
the material in a book. Actually this is not so. In preparing the book
s0 much material was collected that the contents had to be restricted to
first-order cffects. It is felt that although engineers and physicists work-
ing with vacuum tubes are primarily concerned with the utilization of
already developed tubes, the successful application of these tubes is
greatly enhanced by a knowledge of their limitations and an understand-
ing of the origin of their characteristics. This is particularly true since
there are many occasions when it is desired to use tubes under conditions
different from those specified by the manufacturer. Under these condi-
tions it is imperative to know how far one may depart from recommended
operating conditions without exceeding some design limitation of the
tube. This, in turn. requires a knowledge of how the tube operates.

Circuits and tube applications are so completely covered in the text-
book and periodical literature that no effort has been made to include
information on these subjects.  Only in the case of ultra-high-frequency
tubes where the tube cannot be completely separated from the cireuit
have circuit considerations been included.

The author is indebted to many people for assistance rendered in the
Preparation of this book. He is particularly indebted to Dr. F. . Ter-

Vil



viii PREFACE

man, dean of the Stanford School of Engineering, who was a constant
source of inspiration and encouragement, and who made many valuable
suggestions and gave much direct assistance in checking the work., The
author is also indebted to Prof. Paul Kirkpatrick, head of the Physics
Department at Stanford, for suggestions on the material of Chaps. 3 to
6 and 9; to Prof. I.. Marton for suggestions on the material of Chaps. 13
to 15 and 20; and to C. V. Litton for much information and suggestions
relative to Chap. 21. He is indebted to Evelyn G. Sarson, who typed a
large part of the manuseript in its final form. O. O. Pardee and Will
Harman assisted in the correction of the entire work. Lastly, the author
is more than a little indebted to his wife, who personally typed much of
the manuseript and was a source of constant assistance.

Karr R. SPANGENBERG
Paro Avro, CALIF.
January, 1948
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CHAPTER 1
INTRODUCTION

VACUE“ tubes are found as basie or auxiliary eclements in numerous
technical devices now in use. They are indispensable in communication
svstems and industrial control. Their development has facilitated
a.dvances in the fields of power and transportation. Without the
vacuum tube we should be back in the days of the gravity-cell telegraph
and the ringer telephone.

Tn the United States the number of vacuum tubes in use is several
times the number of human beings and household pets.  The 50,000,000
radio sets manufactured in the United Svates in the year 1947 alone
contained more vacuum tubes than the adult population of the country.
Associated with the 25,000,000 telephones and 120,000,000 miles of tele-
phone and telegraph wire in the United States are many more vacuum
tubes. Various industrial devices include almost ag many more. The
United States uses nearly half the world’s total of vacuum tubes.

One may conclude that there are many vacuum tubes in use. They
must be of some importance. They are.

1.1. Devices Using Vacuum Tubes. This hook is more concerned
with the properties and functions of vacuum tubes than with the systems
utilizing these properties. ITowever, it is well to be reminded of the
extent of vacuum-tube applications and the degree to which we are
dependent upon them. The following devices are totally dependent
upon vaccum tubes.

Radio Receivers. These are too well known to require much deserip-
tion. They range from portable receivers the size of a brick and capable
of receiving local broadeast stations to large-size all-wave receivers
capable of picking up a signal stronger than the noise level from any
point on the globe. Even the smallest receivers use 4 or 5 vacuum tubes.
The average home receiver has about 7 tubes.  An all-wave receiver may
have 20 or more tubes.

Radio Transmitters. Transmitters range from portable walkie-talkie
sets to large power-broadeast and short-wave stations. In output power
they vary from 0.1 watt to hundreds of kilowatts. In frequencey they
may range from 100 ke to 60,000 me. The short-wave transmitters are
capable of producing an audible signal at any point on the earth’s surface.

1
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Transmitters may use voice or code. They may incorporate static-
elimination or secrecy features in their operation. A small transmitter
may use only a few vacumm tubes. The largest transmitters may use
50 or more tubes.

Long-distance Wire Telephones., The connections between telephone
stations on the same continent are effected by wire transmission lines
rather than by radio. When the distance between telephone stations is
large, it is necessary to amplify the speech energy about every 16 miles
for cables and every 50 miles for open-wire lines. FEach speech amplifier
contains several vacuum tubes and amplifics the speech power from about
10 microwatts to about 1 milliwatt, a power amplification of 100. Thus
a telephone call from San Francisco to New York passes through 30 or
more speech amplifiers,

Television Systems. Television systems achieve the modern miracle of
reproducing a visual scene at a point remote from the original. This is
done entirely with vacuum tubes and electrical-circuit elements. No me-
chanical devices are needed. In its present stage of development the
reproduced picture as viewed from 6 ft on an 8-in. cathode-ray-tube
screen is as good as a motion picture seen from the first row of the balcony,
Each television transmitter contains hundreds of vacuum tubes, including
a special camera tube. Every television receiver contains 20 or more
tubes, including a special viewing tube.

Measurement Devices. FElectronic measurement devices are too
numerous to mention. Quantities that can be measured, besides all the
electrical quantities, are color, weight, light intensity, odor, time interval,
and many others. In fact, it can be said that any quantity which can
be measured at all can probably be measured by electronic means.

Industrial Conirol. The number of electronic industrial-control
devices is legion. They include counting circuits, sorting systems, illu-
mination-control systems, welding-control devices, and liquid- and
gaseous-flow regulators. Typical devices are those which automatically
regulate temperature or humidity. All these devices have their primary
dependence upon the vacuum tubes in them.

In addition to the above devices, which are totally dependent upon
vacuum tubes, there are many others that have acquired a stron g depend-
ence upon clectronic devices. Thus all commercial flving makes constant
use of radio communications to keep posted on the weather and on
terminal traffic and to keep ground stations posted on plane positions
as well as to guide the planes directly. The invasion of other fields by

electronics has already been considerable and is bound to be greater in
time to come. -

1.2. Functions of Vacuum Tubes. Although the applications of
vacuum tubes are almost infinite, the specific functions that vacuum tubes
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by virtue of their own properties are relatively few. It is

erform : ] > rels L
B damental functions and their combinations that give rise

these few fun

numerous applications. ! ulk
3 t,l;elist of the functions of vacuum tubes 1s bound to be an arbitrary

one since the tube cannot funetion by itself ?\'it-h out au.fassoc'iu.t;e::l cfl;ilé g_
However, some of the jobs that-. vacuum tubesf G per om’: 11(;L E])f 155
mental that they may b(? c‘ons%frlered properties of the tube itseli, 1
. gsociated cireults.
pen"(li‘;r;t};fi;?ii):l functions that may be performed by vacuum tubes are
hsuﬁe?ﬂ?}‘iﬁ:ﬁéﬁo-ﬂ-. Vacuum tubes are able ’r..o. c.on.\*er‘t’ z;llternsitﬁing .CUI'I:E’:IltS
to direct currents. This is known as “rectification. l{et-tlh?a.t-mn ‘1.5 an
inherent property of vacuum tubes because current can flow in only one
irecti source of electrons.

dlrefftlgrtsifri‘siicaizml wave of voltage is :ipplivd‘ to a vacuum tube of the
right type, current will flow in only one (_'lll‘E‘.(‘.-’llOl’l, giving rise to a succes-
sion of half-wave pulses all of the same polarity. [Itis poss}blrf! to connect
another like tube to insert half-wave pulses of the same polarity betwnun
the pulses of the first tube. The average of these pul;f.es constitutes a
direct current; the other frequency components are rejected by a filter
circuit. _

Rectification is important because clectronic devices Up{eratc‘best on
direct current, while power is usually gencrated and transmitted in alter-
nating form. It is thus necessary to convert, or rectify, the a-c power to
d-c power, )

Amplification. The amplification of voltage or power is the out-st-ar.ld-
ing function that vacuum tubes are able to perform. With the exuoptpn
of the mechanical torque amplifier, no other device can do anything
like it. Strictly speaking, the vacuum tube does not amplify power but
rather controls the flow of a relatively large amount of power from one
source with a small amount of power from another source. The British
use the expression “electric valve’ for certain types of electron t1.1bes.
This term is really better than ours, for it indicates the nature of the
amplifying action.

Oscillation. The generation of highfrequency alternating currents,
or oscillation, is another remarkable function that vacuum tubes can
perform. Oscillation is obtained by causing part of the output of an
amplifier to excite the amplifier and thus make the device self-excited
and self-sustaining. Tubes can be built that will produce oscillations
at frequencies as low as 1 cycle per sec, while other tubes can be built
that will oscillate at frequencies as high as 60,000 me per see.

Frequency Conversion. Vacuum tubes are able to shift the freque.ncy
of a wave. This they are able to do by an electrical ‘“beat’ action.
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Thus a wave of a given frequeney can be mixed with a wave of another
frequency in & vacuum-tube, and among the products of the interaction
is found the difference of the two frequencies. If one of the original
waves had certain effects associated with it, these same effects are
associated with the difference frequency. The beat action results from
the nonlinear characteristics of the vacuum tube.

Modulation. The transmission of intelligence by radio waves or by
certain types of wire telephony requires the use of frequencies higher than
those audible. It is necessary to superimpose the audible frequencies
upon the higher transmitted frequency. This superimposition is known
as “‘modulation.”  Modulation is best performed by vacuum tubes.

Basically, modulation takes the form of varying some property of the
r-f wave at the audible rate. The commonest form of modulation varies
the amplitude of the r-f wave in accordance with the intelligence to be
transmitted. This is known as “amplitude modulation.” Frequency
modulation is also common.

Detection. Detection is the inverse of modulation and is sometimes
known as “demodulation.” Tt is the process of extracting the intelligence
from the modulated wave. In the case of amplitude modulation the
detection may be effected by rectifying the r-f wave and then utilizing
the average value of the rectified wave, since it follows the amplitude varia-
tions in magnitude. Detection of modulated radio signals is best per-
formed by vacuum tubes over most of the range of radio frequencies.

Light-image Production. Tt is possible for vacuum tubes to convert
part of their output energy into visible light. This is done in cathode-
ray tubes in which a stream of electrons is caused to hit a fluorescent
sereen, causing light to be emitted. The cathode-ray tube can be used
for viewing wave forms and for doing many other wonderful things,
including the reproduction of visual scenes. The fundamental property
involved here is the conversion of electrical energy into visual energy.

Photoelectric Action. Vacuum tubes can be made that will convert
light energy into elcctrical energy. This is possible by virtue of the
photoclectric effect, which is the emission of electrons from certain sur-
faces when illuminated with visual energy. The liberated electrons con-
stitute an electrie current whose measure is related to the frequeney and
intensity of the exciting light. Tubes making use of this principle are
known as “photoelectric tubes.” The photoelectric tube is one of the
tubes most extensively used in industrial-control systems.

The above paragraphs have given a bird’s-eye view of the funetions
of vacuum tubes. The reader is probably familiar with all the above
funections, which are now commonly encountered in everyday life. The
rest of the book is devoted to the description and explanation of the
characteristics of the vacuum tubes themselves.

P ——

CHAPTER 2
BASIC TUBE TYPES

THE electronic engineer has about a dozen fypes .of vacuum t}.llm.he
can call upon for his high-frequency um‘.l. industrial-control ecircuits.
This is a surprisingly small number of distinct tube types. The smal,ll
number of types is balanced, however, by the large number f’f forms in
which each type may appear, as determined by the required power
capacity and frequency range. ! .

The purpose of this chapter is to list the basie types an‘d t.ht_eu' funda-
mental characteristics as a prelude to a detailed study of their charae-
teristics and the physical laws from which these are derived.

2.1. Vacuum Diode. The vacuum diode is a two-clectrode vacuum
tube. One electrode acts as an b
emitter of electrons and is called
the “ecathode.” The other clec-
trode acts as a collector of clee-
trons and is called the “anode”
or “plate.” The emitter may be
either directly or indirectly
heated. In physical form the
vacuum diode may vary from a
small metal tube to a large glass I | i / | |
rectifier tube. I ! ' i

The current-voltage charac- /
teristics of a typical diode are ok | | ! ]
shown in Fig. 2.1. The current 0 2 Plate it ge
follows a threc-halves-power law B
of voltage over the normal range
of operation. At high values of | |
plate voltage or at low values of heater current the plate current tends
to be limited by the cathode emission and to increase only very slowly
with plate voltage.

The most useful property of the diode is that it passes current only

I one dircetion. This property makes the diode useful as a detector
and as g rectifier for d-c power supplies.
s}
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2.1.—Plate-current—plate-voltage
characteristies of a diode.
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2.2. Vacuum Triode. A vacuum triode is a three-electrode tube con-
taining an emitting electrode called the ‘““cathode,” a control electrode
called the “grid,” and a current-collecting electrode called the ““anode’
or “plate.”

The emitting electrode may be an indirectly heated oxide cathode,
an oxide-coated filament, or a filament of tungsten or thoriated tungsten.

The control electrode, usually in the form of a grid of fine wire, sur-
rounds the emitter and is in turn surrounded by the plate in the common-
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F1a. 2.2.—Plate-current—plate-voltage characteristies of a triode.

est form of triode. By virtue of its proximity to the cathode the grid is
able to influence the electrostatic field at the cathode to a greater extent
than can the plate, and thus it is able to control the flow of current from
the cathode. The grid is usually operated on a slight negative potential
s0 that the electrons will pass between the grid wires without hitting the
wires themselves.

Some typical characteristics of a triode illustrating the variation of
plate current with plate voltage for various fixed values of grid voltage
are shown in Fig. 2.2. The plate current increases if either grid or plate
voltage is increased. The increase in plate current for a given increase
in grid voltage is always much larger than the increase in plate current
for the same increase in plate voltage.

symbol ).
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The relative effectiveness of the plate and grid potentials in controlling

the plate current is known as the amplification factor of the tube (mu;

The amplification factor is the mazimum agpliﬁca_tion that
can be obtained by using the tube as an amphﬁer..‘ W'.lt-h triodes the
ﬁseful amplification is about two-thirds of the amplification factor.
Study of the family of curves of Fig. 2.2. shows that all the curves
are alike in shape and further are somewhat similar to t-h.e c.hz?ract-erlstlc
This is true in that the plate current of a triode is found to

of a diode. $ ; e
as the three-halves power of an equivalent voltage which is

vary nearly
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the sum of the plate voltage divided by mu and the grid voltage.

Triodes have their greatest use as power amplifiers. They are also
used extensively in control applications wherever a small voltage is
wanted to control an appreciable amount of current.

2.3. Screen-grid Tube. The screen-grid tube is a four-clement
vacuum tube. The four elements are cathode, control grid, screen grid,
and plate. The eclectrode construction is similar to that of the triode
except that an extra grid of mesh a little coarser than that of the control
grid is inserted between the control grid and the plate.

The screen-grid tube is the historical predecessor of the pentode.
Its invention was the result of an effort to overcome a limitation of t‘he
triode. Triodes do not work well as amplifiers of high frequencies, for
the high interelectrode capacity between plate and grid causes the tube

to regenerate and oscillate. In the screen-grid tube the capacity between
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the control grid and plate is reduced by inserting the extra grid, known
as the “screen grid,” between these elements. The insertion of the
screen grid and its operation at a constant potential succeeded in produc-
ing the low control-grid— plate capacity desired but caused distortions in
the plate-current—plate-voltage characteristics, for the new electrode
arrangement permitted secondary electron flow between plate and sereen
grid. This detrimental effect was overcome in the pentode by the addi-
tion of a coarse-mesh suppressor grid between sereen grid and plate.

The screen-grid tube is usually operated with cathode near ground
potential, control grid at a small negative potential, and screen grid and
plate at a medium and high positive potential, respectively. Some
typical sereen-grid-tube plate-current—plate-voltage characteristics are
shown in Fig. 2.3. The dips in the low-voltage portion of the eurves are
the result of secondary electron current flowing from plate to screen.
The low slope of the high-voltage portion of the curves results from the
fact that the cathode is sercened from the plate by the sereen grid as
well as by the control grid, and hence the magnitude of the plate current
is inereased only a little by an increase in plate voltage. Screen-grid
tubes have been rendered virtually obsolete by the development of the
pentode and some special tetrodes not subject to the tremendous dis-
tortions of current characteristies by sccondary emission.  Screen-grid
tubes may be used as a-f and r-f amplifiers. They are also oceasionally
used in laboratory apparatus in which it is desirable to utilize the negative
resistance characteristic which is available at the points on the current
characteristics where the slope is negative,

2.4. Pentode. The pentode is a five-element high-vacuum tube.
The five electrodes, in the order in which they occur in the tube, are
cathode, control grid, sereen grid, suppressor grid, and plate. In normal
operation the cathode is operated near ground potential, the control grid
at a small negative potential, the sereen grid at a relatively large positive
potential, the suppressor grid at cathode potential, and the plate at the
screen potential or a more positive potential.

Some typical plate-current—plate-voltage curves of a pentode are
shown in Fig. 2.4. In these it is seen that the insertion of the suppressor
grid at cathode potential between sereen grid and plate has eliminated the
distortions in the characteristic observed in the case of the sereen-grid
tube. This it does by causing a negative potential gradient at both the
screen grid and plate, which suppresses the secondary electrons from these
electrodes. The slope of the plate-current characteristic for high plate
voltages is even less than in the sercen-grid tube, for there is another
sereening grid between plate and cathode in the pentode.  The result of
this high screening action is to make the amplification factor of the
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pentode extremely high, of the order of 1,000 or more, and to give the
tube a high effective resistance in the plate circuit. The pentode is,
in fact, very nearly a constant-current device. The variation of plate
current with grid voltage, which is measured by a factor known as the
“grid-plate transconductance” or, more commonly, the “mutual con-
ductance’ of the tube, is about the same as in the triode. Only about
one-tenth of the high amplification factor of the pentode can berealized
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Fia. 2.4.-—Plate-current—plate-voltage characteristics of a pentode.

in amplifier operation. However, the reduced plate—control-grid
capacity makes the pentode a better tube in voltage-amplifier applications.

The pentode is a versatile tube. It ean be connceted to give diode,
triode, and screen-grid as well as pentode action. It is available in
constant- and variable-mu forms. It is probably the most extensively
used tube in low-power applications. There are probably more pentodes
in use today than any other type of electron tube. A cutaway drawing
of a pentode showing the electrode structure is given in Fig. 2.5.

2.5. Beam-power Tube. The beam-power tube is a special type of
tetrode. It is designed so that the electrons move from cathode to
plate in dense sheets. This effect is achieved by making the control
grid and sereen grid of the same pitch and aligning the grid wires. The
electrode structure of the tube iz shown in Fig. 2.6.
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The effect of the dense current sheets between the sereen grid and

plate is to depress the potential between these two electrodes within the
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Fic. 2.5.—Cutaway picture of a single-ended metal-envelope pentode.

tube because of the high concentration of negative charge. The poten-
tial between screen grid and plate is depressed enough so that secondary
electron flow from plate to grid is suppressed without the aid of a sup-
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pressor grid. Thus the tube represents anot her solution to the problem
of overcoming the distortions in the current characteristics of the ordi-
nary sereen-grid tube.

The plate-current-—plate-voltage characteristics of a beam-power tube
are shown in Fig. 2.7. It is seen that these characteristics are free of the
dip in the shoulder due to sccondary electron flow. The distinctive
features of the beam-power tube’s chara cteristies as contrasted with the
pentode characteristics are that the plate current rises much more rapidly
at low plate potentials and the condition of complete transmission of

Beam-forming plate ..
Cathode ___

Grid - -

Soreens. o

e
Tig. 2.6.—Cutaway view of the clectrode arrangement in a
beam-power tube, (Courtesy of RCA.)

current to the plate is reached at a lower plate potential. The plate
current rises rapidly because the high space-charge density blocks the
flow of electrons to the plate at low plate potentials, and this blocking
action stops quite abruptly as the plate potential is increased. In the
beam-power tube, complete transmission of current passed by the screen
grid to the plate occurs when the plate potential has risen to about
20 per cent of the sereen-grid potential, whereas in the pentode the trans-
mission is not complete until the plate potential has risen to about 50 per
cent of the screen-grid potential. This results from the behavior of the
individual electrong, which, in the heam-power tube, are more uniform in
direction and velocity than in the pentode, in which the electrons are
strongly deflected by the suppressor grid.

The beam-power tube ig made in small and medium-size metal tubes
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and in a medium-size glass tube. The beam-power tube is used in many
ways. It is extensively employed as an audio-power amplifier tube and
also as a r-f amplifier and oscillator tube.

2.6. Cathode-ray Tubes. The cathode-ray tube is in a class by itself
among the vacuum tubes. Tt makes use of the geometrical form rather
than the intensity of its electron stream and converts the energy of its
electron stream into a visual indication. Tn its commonest application
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Fra, 2.7.—Plate-current— plate-voltage characteristies of a beam-power tube.

the cathode-ray tube uses its electron beam to show the shape of an
applied voltage wave as a light trace upon a fluorescent screen. The
cathode-ray tube is an eleetronie oscilloscope that produces on a screen
a light spot that can be deflected in two dimensions.

The cathode-ray tube is generally housed in a large glass envelope
shaped like an Erlenmeyer flask. In the neck of the glass envelope is
located a set of eleetrodes known as the “electron gun.” This gun serves
to produce a circular beam of electrons that is fired at the large end of
the envelope, which is covered with a fluorescent material.  Also housed
in the neck of the envelope are deflecting devices that serve to bend the
beam in horizontal and vertical directions. The fluorescent sercen on
the inside of the large end of the envelope gives off light at the point at
which the electron beam strikes.
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In physical size the ordinary cathode-ray tubes range from 10 to
90 in. in length and have fluorescent sereens from 3 to 5 in. in diameter.
The tubes operate with a beam-accelerating potential between 800 and
10,000 volts. The electrode arrangement in a typical cathode-ray tube
is shown in Fig. 2.8.

Cathode-ray tubes are principally used to observe electrical wave
forms. They may also be used to compare frequencies, plot the B-I1
curves of iron, and plot the current-voltage characteristics of vacuum
tubes. They are extensively employed as indicators of elapscd-time
intervals in ionosphere height-measuring devices and radar sets. They
are built in a special form known as the ‘“kinescope’ for use as television

g

Fra. 2.8—Typical eleetrode arrangement in a cathode-ray tube. K, eathode; G,
control grid; TT, accelerating electrode; F, focusing clectrode: A, final accelerating
electrode; O, limiting apertures; B, vertical deflecting plates; (7, horizontal deflecting
plates.

viewing tubes. They have so many uses as measuring and testing devices
that no radio or electronic laboratory worthy of the name is without
one.
2.7. Klystron. The klystron iz a newcomer to the group of vacuum
tubes in use today. Itis a special ultra-high-frequency tube that is capa-
ble of generating, detecting, and amplifying radio waves ranging in fre-
quency from 600 to 30,000 me (50 to 1 em).

The principle of operation of the klystron amplifier differs from that
of other vacuum tubes. It makes use of a velocity-modulation prineiple
that causes a stream of cleetrons, which initially has a uniform ecurrent
density, to form in bunches. It is the periodic bunch impact that excites
the output resonator, from which energy is extracted. This use of a beam
Passing through gaps in closed cavity resonators built into the tube made
1t possible for the klystron to overcome the transit-time limitations that
the conventional negative-grid tubes encounter at high frequencies.

A cutaway drawing of an early type of klystron is shown in Fig. 2.9,
The heam of electrons used in the tube is generated in a cathode at one
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end of the tube. The electrons liberated from this cathode are acceler-
ated toward the main body of the tube, where they pass through a tube
and then through a set of grids in a cavity resonator. In passing through
this first resonator some of the electrons are speeded up and some slowed
down by an alternating axial electrie field. This action, called ““velocity
modulation,” ecauses the electrons to form in bunches by the time they
pass through the grids of the second resonator, and it is the bunch

SYMBOL

impact here that converts the kinetic energy of the clectrons into high-
frequency electromagnetic energy of the sccond, or catehing, resonator,

A klystron tube may be used as an oscillator by feeding part of the
output from the output resonator back to the input resonator. The
tube will oscillate when the total phase shift around the circuit composed
of the input resonator, the electron beam, the output resonator, and the
coupling line back to the input resonator is some integral multiple of
360deg. Because of this phase requirement it is found that the oscillating
action is voltage selective; 7.e., the tube will oscillate at certain voltages
but not at others since the phase-angle equivalent of the transit time of
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the electrons along the beam is involved. In Fig. 2.10 is shown a curve
of klystron output versus beam voltage. This shows how the tube

oscillat