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Foreword

HE tremendous research and development effort that went into the

development of radar and related techniques during World War 11
resulted not only in hundreds of radar sets for military (and some for
possible peacetime) use but also in a great body of information and new
techniques in the electronics and high-frequency fields. Because this
basic material may be of great value to science and engineering, it seemed
most important to publish it as soon as security permitted.

The Radiation Laboratory of MIT, which operated under the super-
vision of the National Defense Research Committee, undertook the great
task of preparing these volumes. The work deseribed herein, however, is
the collective result of work done at many laboratories, Army, Navy,
university, and industrial, both in this country and in England, Canada,
and other Dominions.

The Radiation Laboratory, once its proposals were approved and
finances provided by the Office of Scientific Research and Development,
chose Louis N. Ridenour as Editor-in-Chief to lead and direct the entire
project. An editorial staff was then selected of those best qualified for
this type of task. Finally the authors for the various volumes or chapters
or sections were chosen from among those experts who were intimately
familiar with the various fields, and who were able and willing to write
the summaries of them. This entire staff agreed to remain at work at
MIT for six months or more after the work of the Radiation Laboratory
was complete. These volumes stand as a monument to this group.

These volumes serve as a memorial to the unnamed hundreds and
thousands of other scientists, engineers, and others who actually carried
on the research, development, and engineering work the results of which
are herein described. There were so many involved in this work and they
worked so closely together even though often in widely separated labora-
tories that it is impossible to name or even to know those who contributed
to a particular idea or development. Only certain ones who wrote reports
or articles have even been mentioned. But to all those who contributed
in any way to this great cooperative development enterprise, both in this
country and in England, these volumes are dedicated.

L. A. DuBriDGE.







Preface

HI1S volume of the Radiation Laboratory Series attempts to cover

the basic principles underlying the operation of klystrons and planar
grid tubes as oscillators and amplifiers. It has been the desire of the
authors to present the technical and theoretical aspects of this field as
completely and as rigorously as possible, even though this meant the
exclusion of a great deal of descriptive material, and has certainly added
to the difficulty of a first reading. Nevertheless it was felt that the
greatest need for a book on this subject at the present time was for one
from which the fundamental principles for the design and understanding
of microwave vacuum tubes could be obtained. No attempt has been
made to describe how a vacuum tube is actually constructed. Rather
the emphasis has been placed on presenting the fundamental material
which the tube designer or tube user must have at his command.

Because the radio-frequency work of the Radiation Laboratory was
concentrated almost entirely in the frequency region above 3000 Mc/sec,
this book naturally tends to emphasize the operation of tubes in that
region. However the basic principles are the same at lower frequencies
although as a general rule the electrical and mechanical requirements
become more difficult to attain as higher frequencies are approached.
Certainly it is the authors’ hope that this is a book on the principles of
operation of particular types of tubes, and not a treatise on the generation
of oscillations in a particular frequency band.

The wartime development of microwave radar and communications
was based on three important types of amplifier and oscillator tubes: the
multicavity magnetrons, the klystron family of tubes, and the planar
grid tubes (also called lighthouse tubes and disk-seal tubes). The
extraordinarily rapid engineering development of the multicavity magne-
tron as a transmitting tube is certainly one of the great advances of the
war and is discussed elsewhere in the Radiation Laboratory Series. The
present volume attempts to complete the story, and to cover in particular
the development of microwave receiving tubes, local oscillators, and
signal amplifiers. The use of klystron and planar grid tubes as trans-
mitting oscillators, and in a few cases transmitting amplifiers, is not
neglected. But up to the present their greatest use has been in receivers.
It seems hardly necessary to caution the reader that the future develop-
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ment of microwave receiver tubes will hardly be limited to the two types
discussed here. One need only recall the announcement in June of this
year of the development first at Oxford University and later at the Bell
Telephone Laboratories of the traveling-wave tube, which may well
revolutionize our idea of amplifier design.

This volume has been written in parts based on tube types and con-
gtruction, a division in form rather than in use or purpose. Following
four introductory chapters discussing tube types and functions and basic
electronic and circuit phenomena common to all types of tubes there is a
part on planar grid tubes and a part on klystrons. This division has
seemed desirable to the authors since it has made the purely mathe-
matical developments more logical than would have been the case if the
division in function had been followed. This arrangement should reduce
the number of cross references, and make the reading more straight-
forward. Aside from a few special cases of r-f circuits which are used
solely for microwave vacuum tubes, no attempt has been made in this
book to discuss the general properties of distributed constant circuits,
since these problems have been discussed thoroughly elsewhere in this
series.

Except for the important work of H. V. Neher and his group, most
of the effort at Radiation Laboratory on microwave receivers went into
the design of circuits, and the corollary tube testing and specification.
We have drawn freely upon the work of other organizations both in
England and in this country, and in particular upon the work of the
Bell Telephone Laboratories, the General Electric Company, and the
Sperry Gyroscope Company. Since the bulk of the wartime work has
just been declassified and remains unpublished, it has been necessary
to refer to internal organization reports, which are not available generally.

With the increasing awareness of engineers and physicists of the
relative merits of various systems of units, it has become the duty of the
preface writer to mention and defend the system chosen for the book at
hand. The present volume uses the MKS system for reasons no more
cogent than (1) this system is becoming more and more popular among
engineers, and is making headway even among physicists; (2) amperes,
ohms, and volts are units which the tube designer naturally uses.

We should like to express our thanks to Professor Eugene Feenberg,
now at Washington University in St. Louis, Mr. Edward Barlow, and
Pr. Marvin Chodorow, of the Sperry Gyroscope Company for many
helpful comments and criticism of the manuscript. We are indebted
to our former colleagues Dr. Milton Gardner, now at the University
of California, and Mr. M. C. Waltz, now at the Bell Telephone Lab-
oratories, for a great deal of help in preparing the information for
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this volume. In particular we wish to thank Dr. W. G. Shepherd, of
the Bell Telephone Laboratories, who has read the entire manuscript
and has helped us greatly by his criticism.

AwBeErT G. HILL.

CAMBRIDGE Mass.,
July, 1946,
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CHAPTER I
INTRODUCTION

By J. B. H. Kurer

During the last twenty years or so the development of radio communi-
cation and of allied techniques such as radar and television has involved
the use of higher and higher frequencies. During most of this period this
trend has resulted from the need for more channels in the useful frequency
spectrum; on the other hand, in such notable instances as the develop-
ment of radar, the usz of higher frequencies arises from the need for highly
directional antenna systems of reasonable size. Whatever the reason
behind the upward extension of frequencies in any particular case, the
pace has been set by the progress achieved in development of electron
tubes capable of generating higher frequencies efficiently and reliably.

1.1. Electron Tubes at Very High Frequencies.—In tubes of con-
ventional design the upper limit of the useful frequency range is fixed
by one or more of the following factors: (1) the inductance of the leads
to the tube elements, (2) the transit time of the electrons in the space
between electrodes, (3) the losses by radiation from the tube structure
and connecting leads, and (4) the necessity for small structures with
limited capabilities for heat dissipation. Careful attention to these
points has permitted great progress in the design of conventional tubes
for frequencies up to hundreds of megacycles per second. The micro-
wave region has been exploited, however, primarily by the use of unortho-
dox methods of vacuum tube construction and new principles of vacuum
tube operation; these have mitigated or entirely eliminated the unde-
sirable effects of the first three difficulties mentioned above, and the higher
efficiencies resulting have tended to diminish the importance of the
fourth.

The most universal difference between microwave tubes and those of
conventional design is that the former incorporate cavity resonators (or
at least are so constructed that they can form portions of cavities) and
50 avoid the effects of lead inductance and radiation losses. The prop-
erties of cavity resonators are considered in Sec. 1-3 and in more detail
in Chap. 4.

An additional point of comparison arises in connection with the elec-
tronic principles that are utilized in microwave tubes. Since the same
basic laws of electronic phenomena apply at all frequencies, quite different

3



4 INTRODUCTION [Sec. 1-2

aspects of these basic laws are utilized at high and at low frequencies.
For one thing, the important interaction of an electron stream with a
high-frequency circuit takes place not after the electron has been col-
lected on an electrode, but rather when the electron is in an “interaction
gap” between vacuum-tube electrodes of the high-frequency circuit;
the interaction of electrons and electromagnetic fields is basic, the col-
lection of electrons very minor. As a still more drastic departure in
electronic behavior, the finite transit time of electrons—which has a
deleterious effect as triode operating frequencies are increased—is
actually utilized as an essential element in the generation of microwave
power ip the klystron and magnetron. These and other features of elec-
tronic phenomena at microwave frequencies are discussed in Chap. 3.

The construction of most microwave tubes is so different from that
of conventional radio tubes that the sole remaining point of similarity is
the standard tube base used for the d-c connections of most klystrons
and microwave triodes. All in all, these methods of construction and
the principles of operation of these new tubes have been so successful that
during the wartime period the frequency spectrum available for radio
communication and allied applications was multiplied to at least thirty
times its prewar extent. Furthermore, this development made it possi-
ble, for example, to direct radiated energy into a searchlight beam of the
order of magnitude of one degree in width with an antenna small enough
to be installed in an aircraft. Before going into details of the relevant
vacuum tube questions involved here, however, it will be necessary to
discuss briefly some basic points about the microwave frequencies.

1.2. Microwave Region. Frequency Range—At the outset it is well
to emphasize that the microwave region (or centimeter-wave region) is
characterized by the techniques employed and does not have precise
frequency limits. In a sense it is not so much a spectral band as a frame
of mind. The distinctive characteristics are the use of distributed-
constant circuits enclosed by conducting boundaries in contrast to the
lumped-constant elements familiar in lower frequency applications.
Ordinary circuit components (condensers, coils, and resistors) are useless
as lumped elements in the microwave region since they are usually so
large in comparison with the wavelength that they cannot be considered
as purely capacitive, inductive, or resistive elements.

In the official designations for portions of the radio frequency spec-
trum, the “very high frequencies”” include the region from 300 to 3000
Mec/sec (wavelength from one meter to 10 ¢cm), and the term ‘‘super
high frequencies” is applied to the region above 3000 Me/sec. This
division is rather awkward since the boundary is artificial, but fortu-
nately the term ‘“‘microwaves” has been left out of the definitions, and
so can be used as suggested here.
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Cavity resonators may be used at frequencies in the 100 Mec/sec
region or lower, the only objection being their bulk; waveguides have
been used below 600 Mc/sec. On the other hand, oscillators with unen-
closed circuits employing more or less lumped elements have been built
for frequencies exceeding 1000 Mc/sec. It is impossible, as these ex-
amples show, to set a definite lower limit to the frequency range of the
microwave region; nevertheless, in any specific case, it is easy to tell at a
glance whether microwave techniques are being employed. For prac-
tical purposes, the microwave region, as defined by techniques, may be
considered to start at about 1000 Mc/sec and to extend indefinitely—
to more than 30,000 Mc/sec, and preferably until it merges into the infra-
red region. For most of the specific illustrative cases that occur at later
points in this book, the frequencies lie between 1000 Mc/sec and 30,000
Me/sec (wavelengths between 30 cm and one cm).

Properties of Microwaves.—Second only to the obvious advantage of
offering more room for services requiring wide frequency bands, the most
important property of the microwaves is their short wavelength. Itisa
basic principle in physical optics that radiation in a directed beam can
arise only from a structure that is large in comparison to the wavelength.
Therefore, in order to get narrow beams without resorting to very large
antennas, it is necessary to use short waves.

The propagation of microwaves is practically limited to line-of-sight
distances. Some energy, however, penetrates below the horizon because
of scattering and diffraction effects. Under the right meteorological
conditions, atmospheric refraction may be strong enough to guide micro-
wave radiation along the surface of the earth to many times the horizon
distance.

Microwaves are reflected strongly from bodies of water or from most
metal structures, and are reflected to varying degrees by land masses
and by other structures. Because of this fact, it is common to find a
direct ray, and one or more reflected rays, at a given remote point. Such
multipath transmission results in an interference pattern in space; any
minor change in path lengths, amounting to a half wavelength or so,
causes severe fading.

Special Features of Microwave Receivers.—As is explained in later
chapters, satisfactory r-f amplifier tubes for the microwave region are not
yet available; where the maximum sensitivity is required in a receiver
it is necessary to use the superheterodyne principle. The nonlinear ele-
ment (or mixer) is almost always a point-contact rectifier (usually a tung-
sten point pressing on a silicon crystal); although crystal mixers always
give a conversion loss they are preferable to existing vacuum tubes.
With the multigrid tubes used as converters at lower frequencies, it is
usual to get amplification as well as mixing; with the microwave con-
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verters, on the other hand, the power at the ‘““beat’” or difference fre-
quency available for amplification in the i-f amplifier is less than the
incoming signal power. Offsetting the conversion loss to some extent, the
crystal mixer contributes remarkably little noise in itself.

At moderately high frequencies the useful sensitivity of a radio
receiver is ordinarily limited by extraneous noise that originates outside
the receiver. The principal sources of extraneous noise are atmospherie
electrical phenomena (such as distant thunderstorms) and discharges or
transients in electrical machinery. In a “noisy’’ location a receiver with
high sensitivity will be useless for reception of very weak signals, but in
a ‘“‘quiet” location the full sensitivity may be useful. The situation is
markedly different at very high frequencies, however. As the frequency
is raised, the extraneous noise becomes less and less important for two
reasons: (1) above the critical frequencies for ionospheric reflection only
those sources of noise within (approximately) line-of-sight distances can
be effective, and (2) the ordinary transients in electrical equipment do
not contain components in the extreme high frequency range. On the
other hand, as the frequency is raised the receiver itself tends to become
“noisier,”’ that is, a larger portion of the total noise is generated in the
early stages of the amplifier. In the microwave region (and to a large
extent at frequencies in the ultrahigh-frequency range), it is no longer
true that the environment limits the useful sensitivity of a receiver;
rather the limit is set in the receiver itself by the noise generated therein.

Noise Figure.—This generation of noise has led to the introduction of
the concept of the noise figure,! by means of which the performance of a
real receiver is measured in terms of that of a theoretically perfect receiver.
The concept is by no means limited in application to radio receivers at
very high frequencies; analogous criteria could be applied to many other
devices—galvanometers, for example.

In an ideal receiver the only source of noise (within the receiver) is
the thermal agitation noise associated with the input impedance. The
magnitude of this noise power can be calculated from thermodynamic
reasoning, given the limiting bandwidth of the receiver, Af; the noise
power is kT Af watts, where T is the absolute temperature of the input
impedance and % is Boltzmann’s constant, 1.38 X 1072 watt-seconds per
degree absolute. An actual receiver may have many additional sources
of noise contributing to the total output noise. For any device it is,
thus, easy to assign a ‘“‘noise figure”’—that is, the ratio of the actual
noise output power to the noise that would have been obtained if only
the input impedance were contributing noise. Alternatively, the noise
figure is the ratio to k7T Af of the minimum input signal for which the

L For a full discussion see H. T. Frits, ‘“ Noise Figures of Radio Receivers,” Proc.
I.R.E., 82, 418 (1944), and correction ibid. 32, 729 (1944).
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output signal and noise are equal. When several noisy devices are
cascaded, their contributions may always be referred to a common point
(normally the input terminals) by making allowances for the gain. The
noise figure is commonly expressed in decibels; for an ideal device the
noise figure is unity, or zero db.

In a straight superheterodyne receiver the noise figure is determined
by the converter and the first (one or two) i-f amplifier stages. When an
r-f amplifier is used before changing frequency, the amplifier noise figure
is the controlling factor for the whole receiver, provided only that the
gain of the amplifier is sufficient to swamp the noise of the converter.

1-3. Microwave Techniques. Coaxial Lines and Warveguides—
Because of radiation losses, parallel wires and other open transmission
lines are never used (except as antennas) in the microwave region.
Instead, coaxial lines and waveguides areuniversally employved. Although
it may be said justly that a coaxial line is a waveguide, the use of the
two terms in a restricted sense is well established and also convenient
where 1t 1s desired to call attention to the presence or absence of a center
conductor.

A coaxial line may contain a low-loss dielectric to support the center
conductor; or instead of a solid dieclectrie it may have stub lines, short-
cireuited at a distance corresponding to § wavelength, to support the
center conductor. The latter method is favored when it is necessary to
handle large amounts of power over fairly long distances; where losses
are unimportant, as in low-level work with short runs, the solid dielectric
lines are convenient. A waveguide mayv be a hollow conductor of any
cross-section, or even a solid rod of dieleetrie, provided the luteral dimen-
sions are not too small compared with the wavelength in air of the radia-
tion to be handled; a waveguide may be excited in many different
transmission modes.  With very few exceptions, however, practical wave-
guides are metallic tubes of rectangular cross-section; the larger (inside)
dimension lies between one-half and one air wavelength, which means
that the “dominant’ mode is the only one that can be propagated.
Compared with coaxial lines, a waveguide has the tremendous advantage
of requiring no support for a center conductor; it can handle much higher
powers without insulation failures, but it is dispersive—thai ix, the phase
velocity depends on the frequency.  This ean be troublesome when wide
frequency ranges are to be handled.

Cavity Resonators.—Tt is a familiar fact that a picee of coaxial line or
waveguide that is one-half wavelength long and is short-circuited at the
ends will hehave as a resonant circuit. As a result of the absence of
radiation and diclectric losses, together with the relatively large areas of
the conductors, the @ of such a resonant circuit may he very Lich in
comparison with typical coil-and-condenser combinations. It iz po=sibly
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less commonly realized that any region bounded by a conducting surface
will be a resonant cavity, and will possess an infinite number of resonant
frequencies corresponding to different modes of oscillation. Usually,
only the mode with the lowest resonant frequency is of interest, but it is
not safe to ignore the existence of the higher modes.

In ordinary lumped-constant circuits the behavior is determined by
the resistance, inductance, and capacitance. In the lumped-constant
approximation an alternative specification in terms of the resonant fre-
quency, the @, and the shunt resistance is equally valid although less
familiar. In microwave resonant circuits the latter representation is
still possible, indeed it is generally the most useful; on the other hand,
the R, L, and C picture is seldom, if ever, an accurate one. In general,
it is not possible to define an inductance or capacitance associated with
a part of a resonant cavity in an unambiguous manner; contradictions
are sure to appear sooner or later. This difficulty, which is at the heart
of the difference between lumped-constant and distributed-constant cir-
cuits, is important mainly in pointing out the dangers in taking simple
lumped-constant ‘“‘equivalent” circuits too seriously. Although often
useful in qualitative discussions, and sometimes capable of yielding
quantitative results, these ‘“equivalent” circuits for distributed-constant
circuits must be used very carefully.

Obviously, many types of resonant cavities are possible. For wave-
meters, in particular, higher modes in round waveguides are often
employed, since they may have higher Q’s than the simpler field con-
figurations. In electron tubes, however, the cavities must satisfy two
primary conditions: (1) the dimensions of the conducting walls must
correspond to the desired resonant frequency, and (2) there must be a
region in which there is strong interaction with an electron stream.
This second condition commonly means that the cavity must have a
region in which the electric field is relatively strong across a gap short
enough to be traversed by an electron in a fraction of a cycle. Hence
the resonators used in microwave tubes have regions (the interaction
gaps) which resemble ordinary condensers. As a result of this fact it is
often permissible to use the lumped-constant equivalent circuit repre-
sentation in discussing these resonators.

Reentrant Cavity Resonators.—The necessity for an efficient interac-
tion gap—one with a high r-f field extending over a short distance which
can be traversed by an electron beam—has led to the use of a form of
resonator (discussed in Chap. 4) consisting of a cylindrical box with a
central post reaching almost across from top to bottom. Extreme forms
of this resonator may be either a cylindrical pillbox with a vanishingly
short center post, or a coaxial line short-circuited at one end and provided
with an end plate close to the free end of the center conductor. The
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latter form may be considered as a short-circuited quarter-wavelength
line loaded by a capacitance (the interaction gap) at the open end. In
any case apertures or grids are provided at the interaction gap to permit
passage of the electron beam.

In the microwave region a tube can scarcely be considered apart from
its cavity, so the properties of resonators, @, shunt resistance, and length
of interaction gap will be mentioned frequently in succeeding chapters.
These four properties, with the resonant frequency, are determined by
the dimensions of the resonator and by the conductivity of the material
of which it is made. To a large extent microwave tube resonator design
is a compromise between the requirements for a high shunt resistance
and an efficient interaction gap.

1.4. Principal Tube Types.—There are three principal types of vacuum
tube that have been useful in the past in the microwave region: cavity
magnetrons, specially designed space-charge control tubes (mostly
triodes), and klystrons. (The latter are often called velocity-modulation
or velocity-variation tubes.)

Cavity Magnetrons.—The tremendous advance in microwave tech-
niques during the war had as its most important ingredient the invention
of the cavity magnetron. By the end of the war it was possible to build
magnetrons to deliver pulse powers in excass of a megawatt in the 3000
Mec/sec region or continuous powers approaching a kilowatt, The
magnetron is treated elsewhere in this series,! and this book is devoted
to other types of tubes useful in applications where the power require-
ments are more modest.

Special Space-charge Control Tubes.—In view of the difficulties experi-
enced with space-charge control tubes at high frequencies, the space-
charge control tubes logically take the form of disk-seal triodes.?2 This
class of tube, the best-known members of which are popularly called
“lighthouse tubes” because of their shape, has a planar structure in
contrast to the cylindrical forms common at lower frequencies. The
leads to the electrodes are brought out of the vacuum envelope through
disk seals (metal to glass) and the whole tube is designed for insertion in
aresonator. In thelighthouse tubes an oxide-coated cathode is mounted
on the end of a cylindrical post a few thousandths of an inch from a mesh
grid, and the anode is the end of a similar cylindrical post on the other
side of the grid.

Two examples of the lighthouse type of microwave triode are shown
(without the associated resonant circuits) in Fig. 1-1. In Fig. 1-2 one
of these tubes, the 2C40, is shown in cross-section. The plate connection
is the top cap, the grid is brought out to the intermediate disk, and the

1 8ee Volume 6 of the Radiation Laboratory Series.
2 E. D. McArthur, ““Disk-Seal Tubes,” Electronics, 98, February 1945.
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base shell provides the r-f cathode connection. When these tubes are
inserted in a coaxial-line resonator, the lead inductance is practically
eliminated since the vacuum tube electrodes are integral parts of resonant

Anode
Giass to .
metal seal Grid mesh
Az3.—Gid connection
IR ti——Evaporation shield
|™-Oxide Cathade
Heater L
R Cathode connection
Cathode Y Mica by-pass capacitor
eyelet KNP
Stem shield
Skirt

Octal base

Fi1g. 1:2.—Mechanical details of the 2C40 {tube.

cavities. At the same time this construction eliminates losses by radia-
tion. In order to reduce transit-time effects as much as possible, the
interelectrode spacings of microwave triodes must be made extremely
small; thus in the 2C40, one of the examples shown in the figure, the
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cathode and plate have a diameter of 4.6 mm, the cathode-to-grid spacing
is about 0.1 mm, and the grid-plate spacing is about 0.3 mm.

Figure 1-3 shows the 2C43 (one of the tubes of Fig. 1-1) mounted
inside a coaxial-line type of cavity resonator.

Microwave triodes thus represent the logical development of the con-
ventional triode to adapt it to operation at very high frequencies—a
development that is limited mainly by purely mechanical difficulties
inherent in maintaining the necessary close spacings in manufacture.

Klystrons.—Klystrons stand in sharp contrast to the lighthouse
tubes, which are the logical adaptations of low frequency design princi-
ples to microwave requirements; the klystrons! are the result of the

™ Plate line

Fi6. 1.3—Cutaway drawing of a cavity for the 2C43 tube.

utilizing of, instead of minimizing, comparatively long transit times. In
the two-resonator klystron amplifier, the simplest type for purposes of
discussion, a beam of electrons from a gun is first accelerated to a high
velocity. The beam then passes through the interaction gap of the input
resonator (sometimes called the “buncher’), where each electron receives
an additional acceleration (positive or negative) depending on the phase
and magnitude of the gap voltage during the passage of the electron.
The beam, now containing electrons of various velocities, next traverses a
“drift space’ in which the variations in velocity of the electrons give rise
to density modulation. Since the velocity of each electron depends on
the instart at which it crossed the buncher gap, an electron which was
accelerated will overtake one which started out earlier and was retarded,

tR. H. Varian and 8. F. Varian, “A High-Frequency Oscillator and Amplifier,”
J. App. Phys., 10, 321 (1939); D. L. Webster, “Cathode-ray Bunching,” J. App.
Phys., 10, 401 (1939); D. L. Webster, “ The Theory of Klystron Oscillations,” J. App.
Phys., 10, 864 (1939); A. E, Harrison, ‘“Klystron Technical Manual,” Sperry Gyro-
scope Co., Inc., Great Neck, Long Island, N. Y. 1944 (contains a good bibliography of
carly papers); J. R. Pierce, ““Reflex Oscillators,” Proc. I.R.E., 83, 112 (1945); E. L.
Ginzton and A. E. Harrison, ‘“Reflex-Klystron Oscillators,” Proc. I.R.E., 84, 97P,
(1946).
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and in this manner the electrons tend to form bunches in the beam.
The bunched beam passes through the interaction gap of the output
resonator (sometimes called the "‘catcher’); here the high frequency
component of the beam current, as represented by the bunches and
intervening regions of low density, drives the output resonator into oscil-
lation. This resonator and its output coupling act as a step-down trans-
former to deliver useful power to the load. If a portion of the output
power from such an amplifier is fed to the input resonator in the correct
phase, self-sustained oscillations will be obtained.

In the type of operation thus described, control over the density of
the electron stream is exercised not by direct density modulation in a
single cathode-grid control region, but rather by a more indirect process
oceurring in a control region composed of three parts: the region of d-c¢
aceeleration, the velocity-modulating input gap, and the drift space in
which velocity modulation is converted to density modulation. The
most basic advantage of this new method of modulation lies in the fact
that the initial (velocity) modulation is applied after d-¢ acceleration,
rather than before d-¢ acceleration as in the triode. Thus, although
there must be somewhat less than one cycle transit time through either
the cathode-grid region of the triode or the input gap of the klystron,
in the latter case the transit is made at high velocity. The requirements
on electrode spacings are thus greatly relaxed for the klystron, and the
upper limit of attainable frequencies is increased by at least an order
of magnitude.

In the discussion of klystrons in Chap. 9 and subsequent chapters it
will be seen that at first glance satisfactory klystron operation might be
expected with a very small input-gap r-f voltage and a long drift space;
more careful consideration shows that space-charge debunching forces
become harmful with a long drift space. The resulting short drift spaces
and sizable r-f gap voltages have as a consequence the need for cavity
resonators with high shunt impedances. In a general way this means
high-@ circuits, and the ensuing complications of keeping two or more
such eircuits in tune.

This question of tuning contributes strongly to the fact that of all
the various forms of klystrons by far the most common is the reflex
klystron oscillator; this tube differs from the other forms mainly in the
fact that a single resonator serves as both buncher and catcher. Instead
of traversing a straight drift space the beam is turned back on itself by
a retarding field, produced by a reflector electrode maintained at a
potential negative with respect to the cathode. The reflected beam
contains bunches, which result from the variation of transit time with
velocity in a process formally similar to that occurring in the two-reso-
nator klystron. The end result of the process of bunching in a retarding
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field differs by a phase factor of 180° from the field-free drift-space
bunching mentioned in the discussion of the klystron amplifier. The
faster electrons penetrate more deeply into the retarding field and there-
fore take longer to make a round trip; hence the electrons which made
their first transit through the interaction gap early and were accelerated
are overtaken by those which came later and were retarded. Oscillations
may be produced in the reflex klystron provided the bunches in the beam
return to the interaction gap at the proper phase to deliver energy to the
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Fre. 1-4.—Cross sections illustrating principal features of (a) the 2-cavity klystron and
(b) the reflex klystron.
resonator. This requirement can be met by adjustment of reflector
voltage or spacing.

The general construction of the reflex klystron oscillator and a two-
resonator klystron amplifier is indicated schematically in Fig. 1-4.
Figure 1-5 shows several commercial klystrons which furnish many of
the examples in later chapters.

1.5. Points of Comparison between Low-power Microwave Tubes.—
Although differing in structure and in principle of operation, microwave
triodes and klystrons have many characteristics in common. Among
these are the fields of application, the use of similar types of cavity resona-
tors, and the fact that the tubes usually have axial symmetry with one-
dimensional electron flow.
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Application.—By far the most common use of microwave triodes and
reflex klystrons has been as local oscillators in microwave receivers.
Other applications have been as signal generators or low-power trans-
mitters. The microwave triodes lend themselves well to pulse opera-
tion; but klystrons are also useful, particularly where the duty ratio is
high. Reflex klystrons are well adapted as frequency-modulated trans-
mitters, especially where large frequency deviations are required.

Fi1G. 1:-5.—Representative commercial klystrons: (@) the 417A reflex klystron; (b) the
410R two-resonator klystron; (¢) the 707B reflex klystron with external cavity; (d) the
707B reflex klystron without external cavity; (¢) the 723A /B reflex klystron with internal
cavity.

Klystrons and microwave triodes can be used as superregenerative
receivers, of course, but these receivers have not found wide application
in the microwave region.

Resonators.—It should be noted, as a point of similarity between the
klystrons and the microwave triodes, that the requirements of each of
these types lead to the use of the reentrant resonator which is discussed
in more detail in Chap. 4. For purely mechanical reasons, however,
the microwave triodes are ordinarily used in cavities which resemble
capacitance-loaded coaxial lines, usually not operated in the funda-
mental mode but in the three- or five-quarter-wavelength mode. Most
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of the klystrons have integral cavities of a simple form; the 707B, an
external-cavity type, is sometimes used also in a coaxial line resonator.

Symmetry.—Almost all microwave triodes and klystrons have struc-
tures that are figures of revolution about an axis.! The electron beam
is located on or near the axis of symmetry, and apart from focusing effects
the paths of the electrons are essentially one-dimensional. This permits
a considerable simplification of the theoretical treatment of the two
classes of tubes. Extremely simple theories, in which only rectilinear
motions in uniform fields are discussed, are able to furnish surprisingly
useful results.

Fundamenial Differences.—On the other hand there are deep funda-
mental differences between microwave triodes and klystrons; as discussed
earlier, these are concerned mainly with the manner of production of
density variations in the electron beam. This difference is often empha-
sized by classifying the two types as ‘‘space-charge control”’ tubes and
“velocity-variation” or “velocity-modulation” tubes respectively. In
the space-charge control tubes, the field at a virtual cathode (potential
minimum) is varied, usually by changing the potential of a grid; the
electron density in the beam traversing the output circuit is varied
correspondingly. Although there is, of course, a slight variation in
velocity of the electrons as the grid potential is changed, this is of no
practical consequence; the primary effect is density variation. In the
velocity-variation tubes, on the other hand, there are space-charge effects
which noticeably alter conclusions based on simple bunching theory;
but here, in turn, these space-charge effects are secondary.

Partly as a result of this fact that space-charge and velocity-variation
effects often are present in the same tube, it may be useful to employ a
different classification scheme depending on the velocity of the electrons
in the control region. Thus the space-charge control tubes may be
referred to as ‘‘low-velocity” types, since the control is applied to elec-
trons that are at rest or moving only very slowly. In the velocity-
modulation types the electrons are first accelerated to a high velocity
and then enter the input interaction gap, so it is natural to call them
“high-velocity’ tubes.

1.6. Plan of This Book.—Attention is devoted primarily to those
specific types that have been widely used during the war and are there-
fore comparatively well understood. These types are the lighthouse
tubes and the reflex klystrons. The amounts of space devoted to these
two types indicate very roughly their relative importance to wartime
applications; this ratio will very likely carry over into peacetime work.

1 Exceptions are some British double-gap single resonator tubes that have not
been widely used and therefore are not discussed in this book except in Sec. 2-4.



16 INTRODUCTION [SEc. 1-6

The book is divided into three main parts. The first is devoted to
general discussions of tube types and a survey of the fundamental prin-
ciples of resonators and electronics applicable to both categories of tubes.
The space-charge control or low-velocity types are discussed in the second
part, with most of the illustrative material referring to the lighthouse
tubes. The third part is concerned with the klystrons, with two chapters
on multiresonator tubes and the balance devoted to the reflex klystrons.




CHAPTER 2
SUMMARY OF MICROWAVE TUBE TYPES AND FUNCTIONS

By D. R. HaminToN

As noted in the preceding chapter, the main emphasis of this book is
upon reflex klystrons and microwave triodes. Numerous other types of
microwave tubes exist, however, and in order to clarify the background
and significance of the microwave triodes and reflex klystrons it is neces-
sary to discuss the principal features and characteristics of these other
tube types. This is most easily done by considering the various func-
tions which vacuum tubes might be expected to fulfill at microwave fre-
quencies; in this chapter the discussion of these functions is therefore
used as a means of introducing the subsidiary tube types, comparing
them with the tubes with which most of the remainder of the book is
concerned, and indicating why they are not of paramount importance.
At the same time this procedure serves to provide a bird’s-eye view of the
situation in the various possible microwave vacuum-tube applications,
and provides some indication of future trends in this field.

2:1. Mixers.—The type of mixer used in any microwave application
depends strongly on the requirements placed on this mixer. Thus, in
radar application the received signals are very weak and the noise prop-
erties of the mixer are of prime importance. At frequencies of 2500
Mec/sec and higher, crystal mixers have much lower noise than any
vacuum-tube mixer; this fact has resulted in the practically exclusive use
of crystal mixers in radar development in this frequency range. Such
mixers are discussed in detail in Vol. 16 of this series.

On the other hand, in the future there may well be applications in
which noise questions lose the transcendent importance which they have
in radar; this fact opens up the possibility of the use of thermionic mixers.
The most promising of such mixers have been the diodes. In designing
a diode mixer there apply the same considerations which have led to the
“lighthouse” type of construction for triodes, as discussed in Chap. 1.
The best diode so far developed has been the British CV58; at 3000
Mc/sec this tube used as a mixer has a noise figure of about 18 db, as
compared to 9 db for the better erystal mixers. The 2B22, an American
lighthouse diode, and the 2C40 lighthouse triode, give noise figures of

21-22 db when used as mixers at 3000 Mc/sec.
17
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Klystron mixers were constructed in the early days of microwave
development, before measurement techniques were refined to the degree
of giving accurate noise figures; they were found to be too noisy for radar
application.

Since thermionic microwave mixers have received very little attention
in recent years, and since comparatively little is known about them, they
will not be discussed further in this book.

2-2. Amplifiers.—In the development of wartime microwave radar
there was no great utilization or intensive development of microwave
aroplifiers. This was the result of two primary factors: the lack of a
good low-noise r-f amplifier for receiver work, and the excellence of the
cavity magnetron as a transmitter for pulse radar. The post-war broad-
ening of the types of microwave applications and the fuller utilization
of the available frequency ranges will result in a greatly increased need
for and development of microwave amplifiers in both the signal-amplifier
and power-amplifier categories.

As an illustration of this latter point there may be noted the announce-
ment, just as the manuscript for this book goes into final form, of the
development at the Bell Telephone Laboratories of the ““traveling-wave”’
amplifier, originally invented at the Clarendon Laboratory, Oxford,
England. Typical data quoted for an initial sample of this tube are as
follows: at a frequency of 3600 Mc/sec, a gain of 23 db, a bandwidth of
800 Mc/sec, output power 200 milliwatts, beam voltage 1600 volts, beam
current 10 ma. Thus, although it will be seen shortly that klystrons
and microwave triodes provide amplification suitable for many purposes,
it is apparent that current postwar development will markedly change
the amplifier situation from that to be described here.

In this postwar development, voltage or low-level amplifiers will be
required for the same reasons that have made their utilization so wide-
spread in receivers designed for the broadecast and familiar short wave
bands. Among the important advantages gained by using an r-f ampli-
fier at the input to a receiver are: reduction of local oscillator radiation
and image sensitivity in superhyterodyne receivers; isolation of receiver
circuits from detuning effects of an antenna (in microwave parlance this
would be called “pulling”’); and, especially where remote cut-off tubes
are used, reduction of eross modulation by nearby powerful transmitters
on neighboring channels. In radar receivers the greatest possible sen-
sitivity, determined by the noise figure, is required; in this respect the
amplifiers so far developed cannot compete with the crystal converter
at frequencies above about 1000 Mc/sec. In addition, it has been found
helpful in pulse radar to utilize automatic frequency control for keeping
the receiver correctly tuned to the radar transmitter; this tuning process
is tremendously complicated by an r-f amplifier. These considerations
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clearly do not apply to a communication system where, for example,
fixed frequency operation is necessary and the avoidance of interference
may be more important even than the noise figure. It thus seems that
the development of suitable amplifiers will be a major project in the
postwar era.

In transmitter practice the use of a master oscillator-power amplifier
arrangement is standard except at microwave frequencies. In the latter
instance, the cavity magnetron used as a self-excited osillator is capable
of generating enough power to make an amplifier following the oscillator
a rather undesirable complication. Although the frequency stability
of this arrangement is sufficient for the wide bands needed in pulse radar
it is not up to the standards customary in communication systems at
lower frequencies; in addition, the master oscillator-power amplifier pos-
sesses the advantage of providing clean modulation, that is, amplitude
modulation free of frequency modulation, or vice versa.

The further discussion of the requirements imposed upon amplifiers,
and the prospects of meeting these requirements, is broken up into
separate discussions of signal or voltage amplifiers, and power amplifiers.

Signal Amplifiers—The requirements placed upon a signal amplifier
for a specific receiver use depend upon the relative importance of noise
figure and amplifier gain. As the amplifier gain is increased, a point is
reached where the noise from the input stage of the amplifier swamps
the noise from any subsequent devices; beyond this point any additional
amplifier gain is welcome but not required, since the noise figure of the
r-f amplifier now determines the ultimate sensitivity of the entire receiver.

In addition to the noise and gain requirements imposed on a signal
amplifier, the requirements for bandwidth, stability, and ease of tuning
should be noted. The bandwidth must be great enough to accept the
desired modulation with a reasonable allowance for inexact tuning, and
the tuning must not be unduly sensitive to variations in temperature or
voltages. The device must be sufficiently free from regeneration to avoid
loss of bandwidth, or radiation of local-oscillator power fed back from
the output circuit. Relatively low gains, by usual radio engineering
standards, would be preferable to instability and the need for neutraliza-
tion of feedback.

Among the klystrons and microwave triodes in the 3000 Mc/sec fre-
quency range there are no commercially available amplifiers whose per-
formance approaches these requirements. There seems, however, some
promise of the eventual availability of such klystrons or triodes; hence
the present performance and future possibilities will be discussed in some
detail.

The behavior of microwave triodes as low-level amplifiers is discussed
in detail in Chap. 6. The most nearly appropriate microwave triode
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for low-level use at 3000 Mc/sec is the 2C40 lighthouse tube. It is seen
in Sec. 6-6 that typical noise figures for the 2C40 are 21 db at 3000 Mec/sec
and 16 db at 2000 Mc/sec. This is to be compared with a typical figure
of 10 db for a 3000 Me/sec receiver with a good commercially obtainable
crystal converter. It is immediately apparent that the 2C40 tube is not
useful as an r-f amplifier. It is of some interest, nevertheless, to note the
values of the gain-bandwidth product, for this amplifier. (Since gain
and bandwidth are both commonly desirable features, and since for a
given tube the gain-bandwidth product remains approximately constant
when either of these quantities is changed, the gain-bandwidth produet
is often referred to as the ‘“figure of merit”’ of the amplifier.) Measuring
bandwidth, Af, in Mc/sec, and meaning by the gain ¢ the power gain,
G Af has a value of approximately 20; adjusting load for maximum gain
gives, typically, @ =5 and Af = 4 Mc/sec for operation with plate
voltage 250 volts, plate current 30 ma. The gain would be approxi-
mately unity if no regenerative feedback were used.

The performance just quoted has been considerably improved upon
with experimental triode and tetrode amplifiers at 3000 Mc/sec. (See
Sec. 6:3.) The best performance obtained gave a noise figure of 9 db
with a power gain of 20, bandwidth 6 Mc/sec, or a figure of merit of 120.
This performance involves refinements in construction which have so far
prevented consistent production on a laboratory scale or any production
at all on a commercial scale.

Klystron amplifiers may be divided into two categories, the two-
resonator or single-stage type, and the three-resonator or cascade type;
in performance, the latter type is distinguished by its high gain. This
distinction is discussed below in connection with power amplifiers, and
in somewhat more detail in Chap. 10 (particularly in Sec. 10-8). Since
the distinction involves mostly matters of gain and bandwidth, it is not
basic to the present discussion. This comes about because klystrons
normally have high-impedance input circuits, in comparison to microwave
triodes; this in turn means that the important factor in klystron noise is
the shot excitation of the input circuit and the subsequent amplification
of this noise; any increase in gain merely increases signal and noise
equally. Just as in triodes, excessive noise has always been the limiting
factor which prevents the use of klystrons as r-f amplifiers; hence there
is little value, at this point, in distinguishing between single-stage and
cascade amplifiers.

Data are presented in Sec. 104 for a typical klystron amplifier in
which, just as in the 2C40 triode, no attempt has been made to design
for low-noise operation. In this tube the noise figure showed a minimum
value of 25 db at a beam voltage of 275 volts and beam current 2 ma;
at the same time the power gain was 6 and the bandwidth about 1.5
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Me/sec. This low gain is not characteristic of klystron amplifiers of the
cascade type, and resulted simply from the minimizing of noise figure
with respect to beam voltage in this particular tube; at the expense of
10 db in noise figure the gain was raised from 6 to 1000. As discussed in
Sec. 10-4, it appears possible to design for r-f amplifier service a klystron
in which noise is very greatly reduced below the above figure by a reduc-
tion in current, while at the same time maintaining high gain by a reduc-
tion in voltage. Such a tube would operate at less than 100 volts with
several tens of microamperes beam current. As in the case of the triode,
the prime difficulty to be overcome is the necessary refinement of con-
structional technique to allow the use of the small dimensions which
correspond to low voltages; but the klystron under discussion would not
rely upon uniformity of the cathode emission properties and, as is usual,
the constructional refinements are probably not as great as for the cor-
responding triode.

The fact that in the klystron there is a relatively large input r-f gap,
and the fact that the input cavity is not subjected to certain loading by
the presence of the cathode in this gap, contribute to giving the klystron
a normally higher gain and smaller bandwidth than the triode amplifier.
The gain-bandwidth product (as usual, a constant with respect to load-
ing changes) is, however, large under normal circumstances (1500 at
one point in the above-quoted example); one would not expect this
property to be changed too drastically in a low-noise amplifier.

Power Amplifiers—Noise, which is the most important feature in a
signal amplifier for receiver use, becomes quite unimportant in a power
amplifier intended for transmitter application. Bandwidth, ease of
modulation, frequency stability, output power, gain become more impor-
tant; the exact relative importance of these factors depends on the
application.

A number of lighthouse-like triodes are available as excellent power
amplifiers at 1000 Mec/sec. The most nearly satisfactory tube at
3000 Mc/sec has been the 2C43. This has been used primarily as a
pulsed oscillator; in ¢-w amplifier service it would probably be limited by
plate dissipation to powers of the order of one watt, which would not be
very useful. Methods of modulating such triodes have not been given
much study, primarily because of lack of urgent application.

As already noted, klystron amplifiers exist in two forms. Historically,
the earliest form of power-amplifier klystron was the two-cavity single-
stage type typified by the 410R, the characteristics of which are dis-
cussed in some detail in Sec. 10-7. This particular tube is characterized
(in c-w operation at 3000 Mc/sec) by 10 per cent efficiency, 18 watts
output power, power gain of 10 at maximum output, and power gain of
25 at small-signal operation. The bandwidth corresponding to these
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operating characteristics, as estimated from the circuit Q’s, is about
2.5 Me/sec.

Such values of gain are, however, insufficient for such applications
of the klystron power amplifier as the generation of microwave power at
quartz-crystal-controlled frequencies. In these applications, the fre~
quency of a crystal oscillator is multiplied in successive stages, the last
one of which is a frequency-multiplier klystron. Since the output power
of high multiplication frequency-multiplier klystrons is low (commonly,
a few tens of milliwatts), it is necessary to have a rather large power gain
in the klystron power amplifier which follows the frequency multiplier.
It was primarily for this purpose that the high-gain cascade power-
amplifier klystron was developed. The cascade amplifier which is
directly comparable with the type 410R is the type 2K35; at a beam
voltage of 2000 volts and with tuning and loading for maximum gain this
amplifier has a power gain of 600 at maximum output power, small-
signal power gain 1500, and bandwidth (again, calculated from known
Q’s) of 1.3 Me/sec.

Other klystron amplifiers (primarily cascade amplifiers) have been
developed at frequencies from 1000 to 5000 Mc/sec with output powers
ranging from 75 to 750 watts. Since there was no great wartime
demand for such devices, none of them has been manufactured in quan-
tity. The general characteristics of these tubes are quite similar to
those quoted for the two specific examples given above. These two
examples were cited primarily to indicate orders of magnitude and to
illustrate the basic difference between the two-resonator amplifier, which
has a figure of merit comparable to the triode (25 in this case), and the
cascade amplifier with a figure of merit of 800.

A price is paid, of course, for this increase in ¢ Af; primarily, the price
is a decrease in bandwidth and an increase in tuning inconvenience
in adding an additional high-Q resonator. This same increase of tuning
inconvenience occurs in going from the microwave triode, which has one
low-Q circuit, to the two resonator klystron. In either case, the presence
of more than one high-@ circuit makes a simultaneous tuning of these
circuits difficult and makes tuning adjustments sensitive to changes in
surroundings. This difficulty is greatly reduced if some gain is sacrificed
by use of stagger-tuning or additional loading; and a sacrifice of gain is
much more palatable in a cascade amplifier than in a single-stage ampli-
fier. These considerations of tuning also suggest that klystron amplifiers
are particularly adapted to fixed-frequency application.

A klystron power amplifier may easily be amplitude modulated by
modulation of the beam current, with no accompanying phase modula-
tion, although no klystron amplifiers have been constructed with high-mu
control grids for this purpose. Phase modulation may be obtained by
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modulating the beam voltage and thus the time of transit of the bunches
from the input circuit. If beam current modulation accompanies the
voltage modulation, amplitude modulation is present in the output signal.

2-3. Frequency Multipliers.—The ultimate standard of frequency at
conventional wavelengths has long been the quartz-crystal oscillator, by
means of which frequencies are referred back to the mechanical vibration
frequency of a quartz crystal. Much of the work that has been done on
frequency multipliers at microwaves has been motivated by the need for
microwave frequency standards, the output frequency of which is an
integral multiple of a quartz-crystal frequency. Such an arrangement
provides the best primary frequency standard at present; as a secondary
standard, the frequency multiplier has strong competition in arrange-
ments by which frequencies are controlled with reference to a standard
cavity.

A second and more transient application of frequency multipliers
has been their use as a source of signal-generator power in the initial
stages of exploring a new band of microwave frequencies. In several
instances when oscillators have not been immediately available at new
frequency bands, it has proved practical to obtain useful amounts of
power by frequency doubling or tripling from previously established
bands.

Frequency multipliers with output frequencies up to 1000 Mc/sec
have commonly utilized various combinations of triode doublers and
triplers. Frequency multipliers at higher output frequencies have
usually been either frequency-multiplier klystrons or arrangements
utilizing the nonlinearities of detecting crystals; but in at least one instance
the British have used a CV90 (planar triode), driven at 18 cm, to provide
useful output power at 6 cm. As between klystrons and detecting erys-
tals, the klystron is a more high-powered device which possesses the
capability of electronic control and may be modulated advantageously.
Muitipliers using detecting crystals do not involve the development of a
new vacuum tube, and hence are especially suited to use as emergency
signal generators at new frequencies.

Since very little work has been done on the use of microwave triodes
as frequency multipliers with output frequencies at 3000 Mec/sec or
above, further discussion will be confined to the utilization of klystrons
and erystals for this purpose.

Frequency Multiplication by Klystrons.—As is discussed in Sec. 9-2,
the basic feature that makes the klystron an excellent frequency multi-
plier is the presence of a driving-current waveform which has sharp dis-
sontinuities and which is, therefore, very rich in harmonics; this is
o marked contrast to the triode. The amplitude of the m* harmonie in
he klystron driving current should drop off, theoretically, as m=; in
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one experimentally observed case, as noted in Sec. 11-2, it appears to
decrease as m~% for 10 < m < 30. The harmonic content is high enough
so that practical applications have utilized frequency-multiplier klystrons
working on the twentieth harmoniec.

These applications have not, so far, involved quantity production.
Most of the work done on multiplier klystrons has been aimed at the
development of tubes which, in association with cascade-amplifier klys-
trons, would provide tens of watts of crystal-controlled power for c-w
transmitters. The nature of the klystrons developed for this purpose is
dependent on the gain of the amplifiers to which the output of the multi-
plier is fed, and is dependent on the tubes which are available for the
preceding stages of multiplication. In the present state of high-frequency
triode development, the optimum input frequency for a klystron multi-
plier is probably in the 750-1000 Mc/sec range; many of the earlier
klystron multipliers have an input frequency in the vicinity of 300 Mc/sec.
Such multipliers provide tens of milliwatts output power on the tenth to
twentieth harmonics, at efficiencies of the order of one-half per cent.
This output power provides sufficient drive for a high-gain cascade
amplifier.

The input r-f power required to drive a multiplier klystron is, how-
ever, quite appreciable, and may be of the order of watts for the tubes in
question. It has, therefore, been found economical in some cases to use
a second cascade amplifier at the output frequency. This allows a large
reduction in total d-¢ power consumption; it also allows loading and
stagger-tuning for increased bandwidth and stability.

Utilization of Reference Cavities as Frequency Standards.—While this
subject does not strictly come under the heading of ‘“frequency multi-
pliers,” it is nevertheless relevant as an alternative means of accurate
frequency control. Reference cavities derive their absolute calibration
from multiplied quartz-crystal frequencies as the primary standard; but
they appear, in many cases, to be rather more convenient than the latter
for use as practical secondary standards. This fact depends in large
measure on the circuits that have been developed for controlling the fre-
quency of an electronically-tuned oscillator with reference to a resonant
cavity; for further details on this subject the reader is referred to Chap. 2
of Vol. 11 of this series.

Frequency Multiplication in Detector Crystals.—The rectified current
that flows in a detector crystal possesses harmonics of the input frequency.
With proper circuit arrangements these harmonic current components
may be made to deliver appreciable power to a transmission line. A
typical arrangement for accomplishing this is shown in Fig. 2:1. The
input line to the crystal is so dimensioned that it supports only the low-
est coaxial mode at the frequency in question; it is then fitted with chokes
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which prevent any harmonic power from flowing into this line. The
output line, on the other hand, is a waveguide which transmits the har-
monic but does not transmit the

fundamental frequency. The ad-
justableshorts are necessary to adjust ( Harmonic waveguide;
the standing waves in the vicinity of Crystal '[ cutoff at fundamental

the crystal. Such an arrangement,
with optimum adjustment, has given % \% {E —=~Harmonic
10 mw output power at 20,000

Mc/sec with an input power of 100 _ >~ Chokes
mw at 10,000 Mc/sec. '
In some instances—as for refer- Fundamental

Fig. 2-1.—R-f circuit for frequency dou-

ence frequency standards—a much Dling in crystal detootor.

smaller amount of output power is

satisfactory. For such applications, silicon crystals have been used to
generate a few microwatts of power at 5000 Me/sec when driven by about
one watt of power at 100 Mec/sec.

2-4. Oscillators.—As has been already noted, the principal applica-
tion of the tubes with which this book is primarily concerned has been
as free-running oscillators. The various applications have placed rather
varied requirements on oscillator performance; hence the discussion will
be turned immediately to the tube types, without further generalization
about oscillators as a class in themselves.

Triode Oscillators.—One of the primary advantages of these oscil-
lators.is that they provide a signal which is stable in frequency without
the necessity for complicated regulation of the power supply. The
vacuum tube is in itself basically simple in form; but this fact is offset
by a number of complications which arise in connection with the external
circuit. Typical of microwave triodes which are adaptable for use up to
3500 Mec/sec are the 2C40 and the 2C43 lighthouse tubes; numerical
data for these two tubes will serve to indicate several characteristics of
triode oscillators. @

Of the two tubes mentioned, the 2C40 has the smaller dimensions and
therefore lends itself to low voltage applications such as a receiver local
oscillator or a bench signal generator. At 3000 Mec/sec and 250 volts
the 2C40 provides about 100 milliwatts output power at 2 per cent effi-
ciency. It may also be pulsed to 1500 volts with a peak output power
up to 150 watts. The 2C43 is intended primarily for higher-voltage
operation; at 3000 Mc/sec it operates with 20 to 25 per cent efliciency
when pulsed with a plate voltage of 3000 volts. These tubes are most
commonly used in an external ‘““reentrant’ eircuit which is described in
some detail in Chap. 7; this circuit provides a strong feedback from tank
circuit to input r-f gap, as is made necessary by the fact that at 3000
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Me/sec these triodes have a gain not much greater than unity when they
are operated as amplifiers with no feedback.

Little work has been done on the modulation of microwave triode
oscillators, aside from pulse modulation. Since the phase of the elec-
tronic transadmittance is determined by the finite electron transit time
in the grid-cathode and grid-plate regions, this phase varies with plate
voltage and a corresponding small variation of frequency with plate
voltage is present; but since the total transit time is small (only about
# radians at 250 volts plate voltage in the 2C40), a large voltage change
is required for a small frequency change. This is, in fact, one of the great
advantages of triode oscillators for many applications. Frequency modu-
lation by means of reactance tubes seems to have possibilities, but this
question has not been investigated in detail. Amplitude modulation of
microwave triodes is even more an unknown field. It is to be expected
that post-war applications will bring about a thorough exploration of
these modulation questions.

Two-~cavity Klystron Oscillators.—These are a simple generalization of
the klystron amplifier, with feedback provided from output to input
circuit. Since klystron amplifier gain is sizable, a much weaker feedback
is required than in triode oscillators, and the two circuits do not lose
their identity. Both circuits possess an inherently high @; hence the
adjustment of these two circuits to the same frequency, and their simul-
taneous tracking in any subsequent tuning, present practical difficulties
in tunable operation.

Early in the development of pulse radar there was some development
in Britain of two-resonator klystron oscillators as fixed-tuned pulsed
transmitters. Efficiencies of 20 per cent and peak output powers of tens
of kilowatts were obtained at 12 kv and 3000 Me/sec; but further devel-
opment was overshadowed by pulse magnetron development. Typical
c-w operation at lower voltages is provided by the type 410R, a general-
purpose tube which has external feedback and hence may be used also
as®n amplifier. This operates at 2000 volts and 3000 Mec/sec with
15 watts output power and 8 per cent efficiency, when loaded and tuned
for maximum efficiency. (See Chap. 11.)

Klystron oscillators in general are characterized by the existence of
discrete ‘‘modes of oscillation”; ““mode” is used here not in the coupled
circuit sense, but in the sense of denoting certain limited regions of elec-
trode voltage within which oscillation occurs. (In a two-resonator
oscillator this electrode voltage is the beam voltage.) Within a given
mode the frequency of oscillation changes continuously from one end
of the mode to the other as electrode voltage is changed; the total change
in frequency thus available between the two half-maximum-power points
of a mode is called the ““electronic tuning range’ for that mode.
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This feature lends itself to frequency modulation; the only disad-
vantage is that the modulation must be applied to a low-impedance elec-
trode. By variation of relative resonator tuning and feedback a given
ogcillator may be adjusted either for maximum efficiency and minimum
electronic tuning range (maximum stability) or for a lower efficiency and
a larger electronie tuning range. There are enough adjustable param-
eters available so that, in the latter case, the amplitude of oscillation
may be made practically independent of frequency over most of the elec-
tronic tuning range. Thus for the above example of the 410R, with
adjustment for maximum output power, the electronic tuning range
between half-power points is 5 Mc/sec; adjustment of feedback and rela-
tive tuning of the resonators reduces the output power to 8% watts but
allows electronic tuning over a range of 11 Mc/sec with only a 15 per
cent decrease in output power below maximum.

Reflex Klyston Oscillators.—The reflex klystron oscillator utilizes only
one resonant, circuit; in this feature, as already noted in Chap. 1, lies one
of its greatest advantages.

One consequence of this change to a single resonator is an efficiency
which is inherently lower than in the two-resonator oscillator. Thus
in the 723 family of reflex klystrons, the category manufactured in the
largest quantity during the war, the output powers for the most commonly
used mode at 300~volt operation range from 30 milliwatts at 9000 Mec/sec
to 150 milliwatts at 3000 Mc/sec, corresponding to efficiencies of 0.5 and
2.3 per cent respectively. These powers are, however, quite adequate
for receiver local-oscillator operation; and the input d-¢ power is small
enough so that the low efficiency is of no importance.

An additional consequence of the change from two to one resonator,
and one which is intimately related to the decrease in efficiency, is an
increase in electronic tuning range. Furthermore, electronic tuning
may now be accomplished by changing the voltage of the reflector, a
high-impedance electrode which draws no current. To continue with
numerical characteristics for the 723 family, electronie tuning range® of
approximately 45 and 30 Mec/sec are obtained at operating frequencies
of 9000 and 3000 Mec/sec; these tuning ranges require reflector voltage
changes of 20 and 33 volts respectively.

This electronic tuning behavior is the second great advantage of the
reflex klystron. Its most useful contribution in the past has been to
make possible automatic frequency control in radar receivers; by means
of continuous automatic control of the local oscillator frequency, the
receiver is constantly tuned to the transmitter. The electronic tuning
properties of the reflex klystron also make it very adaptable to frequency-
modulation communications work at microwaves. The reflex klystrons
which were developed for quantity production during the war were
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intended to be used as local oscillators; progress on other types initiated
at a later date has shown that performance with efficiencies of 6 or 8 per
cent, output powers of 10 watts, and percentage electronic tuning ranges
larger than those quoted above, is quite possible. This suggests strongly
the future use of reflex klystrons as frequency-modulated communica-
tions transmitters.

Secondary-emission Reflex Oscillators.—The reflex klystron will often
operate with the reflector at voltages positive as well as negative with
respect to the cathode. Under these conditions the normal process of
bunching is interrupted and some or most of the electrons collide with
the reflector instead of being reflected; any secondary electrons resulting
from this process will form a secondary beam which returns to the
resonator. The primary beam, when it strikes the reflector, will be
already amplitude-modulated by the usual velocity-modulation and
bunching action; and if the reflector is a strong secondary emitter, a
similarly amplitude-modulated and much intensified secondary beam will
be returned through the resonator.

This principle has been utilized in developing an oscillator which
operates at 3000 Mc/sec and 2000 volts, with output powers from 5 to
25 watts and efficiencies from 3 to 5 per cent.! The primary current is
controlled by a high-mu control grid; modulation of this grid voltage
produces output modulation which may be largely amplitude or largely
frequency modulation, depending on the particular operating point.

In view of the fact that the properties of secondary emitters are not
completely stable with respect to time, and since it appears that con-
ventional reflex klystrons with similar output powers and efliciencies and
cleaner modulation characteristics will shortly become available, it is
not anticipated that these secondary-emission oscillators will receive
extensive development. They will not be discussed further in this book.

Osctllator-buffer Klystrons.—As in low-frequency practice, it is often
useful to have a free-running oscillator separated from the eventual load
by”an intermediate buffer stage; such an arrangement will, for example,
prevent changes in the load from having any effect on the frequency of
oscillation. Such isolation may be obtained with the two-resonator
klystron oscillator by adding a third resonator through which the electron
beam passes after leaving the two resonators which constitute the free-
running oscillator. Any detuning of the third resonator, which is not
coupled to the first two, will have no effect on oscillation frequency.
On the other hand, if the length of the drift space between second and
third resonators is small, the harmonic content of the beam is not greatly

1C. C. Wang, “Velocity Modulation Oscillators with Secondary Emission

Current,” Engineering Report 185, Westinghouse Electric and Mfg. Corp., Bloomfield,
N.J, Oct. 10, 1944,
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altered as the beam passes from second to third resonator; and with
proper adjustment the maximum power obtainable by coupling a load
to the third cavity is nearly as great as the maximum obtainable (with
different adjustments!) from the second cavity. The prototype of the
oscillator-buffer klystron is the type 2K34, which is derived from the
type 410R in the manner described above.

Because of its basic connection with the two-resonator klystron oscil-
lator, the oscillator-buffer klystron is not further discussed in this book.

Floating-drift-tube Klystron Oscillators.—By fusing into a single two-
gap resonator the first and second resonators of a two-resonator klystron
oscillator—as, for example, by removing the conducting walls that sepa-
rate these two resonators—many of the circuit tuning problems which
beset the two-resonator oscillator are dispensed with. The resulting
oscillator should have the tuning convenience of the reflex klystron; at
the same time, by choice of gap dimensions when the tube is designed,
the ratio of input-gap to qutput-gap voltage may be adjusted to any
desired value and the oscillator may thus be given the electrical charac-
teristics of either the reflex or the two-resonator klystron. On the other
hand, the drift-tube must still be provided with mechanical and thermal
contact with the external tube envelope although there should be no
r-f electrical connection. This latter point introduces difficulties, such
as parasitic resonances in the various means used for supporting the
drift tube.

The most commonly known example of a floating-drift-tube oscillator
is the 2K40, formerly the 1280CT, which utilizes an external cavity and
is thus tunable over a wide frequency range up to 10,000 Mc/sec.

While this category of oscillator seems to have many advantages, it
has not received any extensive development; and since the operating
principles are straightforward modifications of those used with reflex and
two-resonator klystron oscillators, the floating-drift-tube oscillator will
not be further discussed in this book.

The Heil Tube.—This designation is applied to a klystron which is
closely related to the floating-drift-tube oscillator. A ribbon-like elec-
tron beam is maintained in this form by magnetic focussing and is passed
through a coaxial line, the axis of which lies in the plane of the electron
beam. The electrons of the beam thus enter the coaxial line in a direc-
tion perpendicular to the axis, passing from outer to inner conductor;
they then pass through the interior of the center conductor, during which
time they are shielded from any r-f fields which exist in the coaxial line;
and finally they pass from inner to outer conductor. The coaxial line
thus serves as input and output gap, and the interior of the center con-
ductor serves as field-free drift space. In one direction from the electron
beam the coaxial line is short-circuited at a point approximately a
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quarterwave away; in the other direction it leads, through appropriate
transformer section of line, to the external load.

When operated in the manner described, with a single one-way transit
of the coaxial line, performance is obtained which is comparable to that
of a reflex klystron operating at the same frequency, voltages, and transit
time. The oscillator may, however, be operated with the electron beam
reflected for multiple transits of the coaxial line. This gives rise, in a
typical case, to an increase in efficiency by a factor of four; but it also adds
considerable noise component to the output signal.

The development of Heil tubes has been limited to Standard Tele-
phones and Cables, Ltd., England; the initial tube type, from which many
others have followed, is the Type S22A. Since these tubes have not
been used at all in the United States, and since their principles of opera-
tion are basically similar to those of other klystrons, the Heil tubes will
not be further discussed in this book.

Monotrons.—This is a general name given to devices based upon the
principle that a d-c electron beam, passed once through a single resonant
cavity, may excite oscillations in this cavity.!

Oscillation may occur when the number of cycles transit time through
the resonator is between n and (n + %) cycles, where n is an integer.
The monotrons that have been constructed have had low efficiency;
and although they have certain interesting theoretical aspects, including
the possibility of high efficiency, no work has been done on them in
recent years. They are not discussed further in this book.

L F. B. Llewellyn and A. E. Bowen, ‘‘Ultra-high-frequency Oscillations by Means
of Diodes,” Bell System Tech. Jour., 18, 280 (1939). J. Marcum, “Interchange of
Energy between an Electron Beam and an Oscillating Electric Field,” J. App. Phys.,
17, 4 (1946).



CHAPTER 3
BASIC ELECTRONIC PHENOMENA AT HIGH FREQUENCIES

By J. K. Kxipp

A simple electronic device is composed of several circuits coupled by
an electron beam. At microwave frequencies the circuits are cavity
resonators. One part of each resonator is a gap that forms the capacitance
of the circuit; the remainder is a space that provides the inductance and
usually contains a loop, a probe, or a window for the introduction or
removal of r-f power.

Most microwave tubes have planar grid structure. In the usual
triode or tetrode the gap of the input circuit is formed by a plane cathode
and a parallel grid; the gap in the output circuit is formed by a plane
grid and a parallel anode. In klystrons the gaps are constructed of
parallel grids or of parallel plates containing one or more holes to allow
for the transmission of the beam; a common grid is the radial fin grid
illustrated in Fig. 4-1.

In addition to gaps formed by closely spaced grids, which are integral
parts of the circuits, the electronic portion of the tube can have regions
that are relatively free from r-f fields. Thus the tetrode has a grid-
separation region between input and output circuits; this region is formed
by the grid of the input terminal and the grid of the output terminal
and can serve to shield the input cireuit from the output circuit. In the
klystron an electron gun accelerates the electrons before they enter the
first gap. Between the two gaps of a two-cavity klystron there is a
drift space in which bunching occurs. A reflex oscillator has a reflector
region where electrons are reflected by a negative field and in which
bunching takes place.

The gaps of all such planar tubes are lined up along the axis of the
tube. The electron beam extends along the axis and passes through the
various regions. The resonator fields produce a number of effects in
the gaps. The gap voltage in the input terminal of a triode or tetrode
generates an r-f beam current that can be used to excite the output
circuit with a net gain of r-f power, the extra power being supplied by
the d-c fields. An r-f field is introduced by feedback at the first gap of a
two-cavity klystron oscillator, which modulates the high velocity of the
electrons of the beam; in the drift region this velocity modulation gener-
ates density modulation, and the resulting r-f current excites the output
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circuit. The net effect is that some of the d-¢ energy of the beam is
converted into r-f energy of the output circuit. In a reflex oscillator the
same effect is obtained with a single resonator by returning the electrons
to the gap after the initial velocity modulation has had time to generate
sufficient density modulation; feedback is unnecessary.

Since the gaps are regions in which the electric fields are strong, a
tube is so designed that the beam must pass through the gaps rather
than elsewhere in the resonators; thus large coupling between beam and
resonator is obtained. In addition, the use of narrow gaps shortens the
time spent by the electrons in the r-f fields. This short transit time is
desirable since a time of transit of any gap greater than half a cycle
considerably reduces the coupling between beam and resonator.

The basic phenomena occurring in circuits composed of cylindrical
reentrant cavity resonators—the type used in klystrons and microwave
triodes and tetrodes—are discussed in Chap. 4. One important char-
acteristic of such a circuit is that the response of the resonator (as meas-
ured, for instance, by the amplitude of the gap voltage) to the beam
regarded as a driving current can be represented by the use of a circuit
admittance, or impedance, which is determined by the nature of the
cavity and its connections. Moreover, the beam current that is effective
in driving the resonator is the current actually present in the gap. The
circulating current in the cavity is the sum of the conduction and dis-
placement currents in the gap. This sum of the electron current and the
time rate of change of the electric flux in the gap is the total current; it is
directly proportional to the magnetic field at the edge of the gap and
thereby determines the degree of excitation of the resonator fields.

The effect of the beam on the resonator has its counterpart in the
action of the resonator on the beam. The beam currents generated by
gap voltages are described with the use of electronic admittances and
impedances. The gap fields are effective during the entire transit of
the gap. The total current is space-constant in a uniform gap. The
driving current bears a simple relation to the total current and the gap
voltage.

In addition, there are a number of purely electronic effects that enter
into the description of the beam. The most striking of these are phe-
nomena associated with finite times of passage and velocity modulation.

3-1., Phenomena of Particular Importance at High Frequencies.—
In microwave tubes the important electronic effects arising from the
high frequencies used are all related in one way or another to the fact
that the time of passage of the beam electrons through any part of the
tube is at least comparable to, and in many cases much larger than,
the period of oscillation of the tube.

As examples, some possible three-centimeter tubes, with a frequency of



SEc. 3-1] PHENOMENA AT HIGH FREQUENCIES 33

10% ¢ycles/sec and a period of one ten-thousandth of a microsecond, might
be considered. In the input terminal of an r-f amplifier a gap spacing
of 2 X 107% cm might be used. The average velocity of electrons reach-
ing the grid would not be more than a few multiples of the mean thermal
velocity of electrons from the cathode, which is 1.65 X 107 cmn/sec at
1160° K. Hence the average time of transit is about the same as the
period of the r-f oscillation. In the output terminal of the amplifier,
the gap spacing might be 10~2 cm. The average velocity of the electrons
while in the gap might correspond to an effective beam potential of
300 volts, which is a velocity of 10° em/sec. The time of transit of the
output circuit would be one-tenth the period of oscillation. It is probable
that a gap spacing which is somewhat larger would be desirable in order
to reduce resonator losses. In klystrons effective gap spacings of
5 X 1072 ¢m are common, which at a beam potential of 300 volts have a
time of transit of one-half cycle. The length of the drift tube between
the gaps of a two-cavity klystron depends on the number of cycles of
drift time needed to produce the desired bunching. At 300 volts the
electrons drift ;'5 em per cycle. In the reflector region of the reflex
oscillator the depth of penetration is about £ cm per cycle spent in the
region; the extra factor of ¢ arises from the fact that the distance is
covered twice and the average velocity is one-half the velocity at entry.

Transit Angle—It is customary to express transit-time effects in
terms of the transit angle,

0 = 2nfT = T,

where f is the frequency of the oscillation, 7 is the transit time under dis-
cussion, and w = 2f is the angular frequency. If the transit time is one
cycle, the transit angle is 27 radians, or 360°.

Density Modulation and Beam-coupling Coefficient.—A beam composed
of electrons, all of which have the same velocity, contains only a d-¢
current if the charge density is uniform. If, however, the charge density,
at any instant of time, varies periodically down the beam, and if the
electric forces tending to change the electron velocities are negligible,
the entire periodic configuration of the beam moves along unchanged
with the electrons. The current passing through any plane perpendic-
ular to the axis undergoes periodic changes; the frequency is given by
the rate at which density maxima pass that plane. The phase differ-
ence between the currents at two parallel planes is the transit angle for
the passage of the electrons from the first to the second plane. Such a
beam is said to be ‘““density-modulated.”

Because of the finite gap transit time, the current of a density-modu-
lated beam has a spread in phase in the gap equal to the transit angle of
the gap. The driving current is the beam current that is effective in the
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interaction with the gap fields. In a uniform gap it is the average cur-
rent in the gap at any instant, provided the resonator is excited in the
principal mode; the average is a space average. Because of the phase
difference of the contributions of the different elements of the current,
partial cancellation takes place in the driving current. For a simple
density-modulated beam the driving current has the effective phase of
the current at the center of the gap and an amplitude reduced from the
amplitude of the density modulation by the beam-coupling coefficient

S~

sin o

9
2

I'eo

M =

The beam-coupling coefficient is unity for zero transit angle, decreases
to zero at 8 = 2r, becomes negative, and oscillates about zero with
decreasing amplitude for increasing §; see Fig. 3:3. The fact that the
driving current is zero at § = 2r is understandable because, for this
value of the transit angle, half the beam current in the gap is exactly
out of phase with the other half. As the number of cycles of transit time
is increased, there is a general trend such that less and less of the current
is left uncanceled, causing the beam coupling to fall off inversely with the
transit angle. In addition, the cancellation is periodically complete, and
the driving current is periodically zero.

Velocity Modulation.—Consideration is now given to the action of an
oscillating gap field on a beam whose charge density is uniform and
whose electrons initially (that is, on injection into the gap) have the
same velocity. If the gap transit angle is negligibly small, the electrons
make the transit in the instantaneous field, which is essentially static.
They gain or lose energy in an amount equal to the electron charge
times the instantaneous voltage across the gap. The beam emerges from
the gap uniform in density but velocity-modulated; that is to say, the
velocity of the electrons leaving the gap varies periodically with the fre-
quency of the gap voltage above and below the velocity of the electrons
on entering the gap.

If, on the other hand, the transit angle is not negligible—that is, if
the transit time of the electrons is comparable to the period of oscilla-
tion of the gap field—the electrons of the beam no longer move in a field
that is approximately static. Instead they move in a field that changes
during the time of transit of the gap. The energy change on emerging
from the gap is no longer given by an instantaneous potential difference.
However, if extreme values of the energy change are small compared
with the total energy of the electron, a voltage that is effective in the
energy change, and hence in the velocity modulation, has the phase of
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the field when the electron is at the center of the gap and an amplitude
sin (6/2)

6/2
by the beam-coupling coefficient. Since this factor enters in the modula-
tion of the beam, it is sometimes referred to as the “modulation coeffi-
cient.” That the same factor enters in the beam coupling as in the
velocity modulation is not surprising, since in each case an average of a
periodic quantity is effective.

During the passage of an electron through the gap the phase of the
gap voltage changes by an amount equal to the transit angle. If the
energy change is small, the average of the gap voltage during the time
of transit is effective. If the transit angle is 2, the electron spends one
complete cycle in the gap and is decelerated by the gap field for the
same length of time that is it accelerated; hence the effective gap voltage
is zero. As the number of cycles spent in the gap is increased, there is a
general trend to leave a shorter and shorter time for the net acceleration
or deceleration; in terms of voltages a smaller fraction of the total gap-
voltage amplitude is effective, and the modulation falls off inversely with
the transit angle. In addition it is periodically zero since the times of
acceleration and deceleration are periodically equal.

Generation of Density Modulation by Drift Action.—Two high-fre-
quency effects arising from the finite transit angles occurring in miero-
wave tubes have been described thus far: the reduction in coupling
between beam and resonator caused by partial cancellation in phase of
the gap current, and the reduction in modulation of the beam by the
gap voltage because of the change in the acceleration of the electrons
during their transit.

A third effect, that is fundamental to all klystron operation, is the
generation of density modulation within a beam that is velocity-modu-
lated. The density modulation is produced through drift action. Such
a process, which is called ‘“bunching,” is based on the fact that a beam
of electrons that are periodically slower and faster than the average will,
during the passage of time, tend to undergo density changes. Bunches
are formed about alternate groups of electrons having the average
velocity. Those groups form the centers of the bunches for which the
electrons in advance are moving more slowly than average and the elec-
trons to the rear are moving more rapidly than average. The resulting
density modulation has the periodicity of the velocity modulation; hence
the density modulation gives an r-f current of frequency equal to the
frequency of the voltage that produced the velocity modulation, as well
as the harmonics of this frequency. Tt is significant that, except for
complicating effects that are due to space charge, density modulation
tends to persist down the stream and does not, in itself, produce velocity

equal to the gap-voltage amplitude reduced by M = , that is,
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modulation; it is significant also that velocity modulation tends to per-
sist down the stream, though not unchanged, and generates density
modulation.

Influence of Electrons on Electrodes.—A fourth effect—one that is also
closely associated with the finite time of transit of electrons—is the effect
that the electrons exert on the opposite grid or anode as soon as they
enter the gap, and which continues as long as the electrons remain in
the gap. It is entirely misleading to think of a grid current as being
formed by the electrons collected by that grid, because a charge within a
gap induces a charge on the grid in an amount that increases as it draws
nearer to the grid. As it moves about in the gap the amount of induced
charge changes; the rate of change is the current flowing to or from the
grid. If the electron hits the grid, the current stops; if it passes through
the grid, a charge is induced on the opposite side of the grid, the rate of
change of which depends on the motion in the region where it now finds
itself; the current to the grid reverses on passing through the grid. Also,
if instead of reaching the grid the electron is reflected, the current to the
grid is reversed.

Displacement Current.—The rate of change of electric flux through
any plane in the gap is called the ‘‘displacement current” in the gap. If
the gap is empty, the flux arises from the charges collected on the elec-
trodes, and its rate of change is the current flowing to and from those
electrodes. However, if there are electrons in the gap, some of the
flux has its source in the additional charge induced on the electrodes,
and lines flow from that charge to the charge in the gap. As the elec-
trons move about in the gap, the total flux through any plane changes,
as indeed does the division between the electrodes of the charge induced
by the electrons. Hence the flux through any plane changes; this change
is an additional contribution to the displacement current.

Total Current.—The sum of the conduction current and displacement
current through any plane in the gap is the total current through that
plane. It has the remarkable property that in a narrow gap it is very
nearly space-constant across the gap and is equal to the current that
flows along the walls of the resonator to the electrodes. It is sometimes
called the circulating current or the current in the outside circuit. Any
deviation from constancy in the gap is due to fringing of the electric
field at the edges of the gap, and corresponds to current flowing not to
the gap but to areas on the walls of the cavity outside the gap.

The total current has additional significance for a circuit formed of a
cavity resonator in that, if the gap is narrow, the total current through
the gap is equal in magnitude to the magnetic field at the edge of the
gap. This follows from the field equations giving relations between the
fields and the currents and charges in the resonator. From this relation
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between total current and magnetic field, the cavity excitation is estab-
lished, as is shown in Chap. 4.
The total current density at any point of a vacuum is

J + € %—Et)

where J is the conduction-current density in amp/meter? e, is
(1/36x) X 10~° farad/meter, and E is the electric field in volts/meter.
It is of interest to compare the two current densities in a particular case.
Suppose that an r-f current of 2 X 10~% amp flows in a uniform beam
with a cross-sectional area of 5 X 10~% cm?. The r-f conduction current
density is 400 amp/meter?. Suppose also that the r-f gap voltage is
36 volts and that the gap depth is 10~2 ¢cm. The average field is 36 X 10¢
volts/meter. Let the frequency be 10 cps. Then the displacement-
current density is 2 X 10° amp/meter?. It is very large compared with
the electron current density because of the numbers chosen, and in
particular because of the high frequency.

Even if the total current in the gap is space-constant, the conduction
and displacement currents separately need not be, for they can vary
across the gap in such a manner that their sum is space-constant.

3:2. Current Induced by a Moving Charge.—The presence of charge
in a region between parallel conducting planes causes charge to be

0 ] 0 x d
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Fia. 3-1.—Lines of electric flux in uniform gap containing (a) )no charge and (b) in same gap
containing uniform sheet of charge of total amount —g.

induced on those planes in total amount equal to the negative of the
charge between the planes. Unless the charge is symmetrically distrib-
uted on both sides of the midplane, the induced charge is not equally
divided between the two planes. If the planes are connected through
an outside circuit, the charge between the planes in moving about in the
gap causes the induced charge to redistribute itself, and current flows
through the cireuit.

Charge on Electrodes.—If, for example, the potential between the planes
is fixed and the gap is so narrow that fringing is negligible, and if —@Q
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and Q are the total charge on the plane electrodes in the absence of
charge in the region (see Fig. 3-1), the total flux is Aeg E = — @, where A
is the area of the gap and E is the electric field. If a uniform sheet of
total charge —g¢ is introduced at the plane z and the gap voltage is the
same as before introduction, additional charges ¢o and ¢4 are induced on
the two planes with ¢ = ¢qo + g4 If Eqis the field to the left of the sheet,
the total flux to the left is AegFo = —Q + ¢o; similarly, if E, is the elec-
tric field to the right, AeEs = —Q — ga- The gap potential is
—Ewx — Ei(d — ) = —Ed, where d is the separation distance of the
electrodes. From these relations it follows that

d —
qo = d xQ; qd:sq' (1)

Thus, the charge induced is greater on the near plane and that on either
plane is proportional to the distance to the other plane.

If instead the charge in the gap is concen-
trated in the meighborhood of a point a dis-
tance x from the first electrode, the lines of
flux are not parallel, as in the above case, but
q°=‘fiiq 9,=%9 converge upon the point as illustrated in Fig.
3-2 (in this figure the gap voltage is assumed
to be zero). However, the distribution of
induced charge between the two electrodes is
unchanged, although the charge on either elec-

% 1 %Y trode is no longer uniformly distributed. In
Fig 82—Lines of clectric this case also the additional charges on the
ux to point charge —gq. .
electrodes are given by Eqs. (1), as can be
shown by the method of images.

Current Induced in the Circuit.—As the charge in the gap moves,
induced charge flows from one to the other of the electrodes through the
circuit. The current in the circuit is

0 = d

v

I=21-Q+ql=-210+al=-0-14 @

where v = dz/dt is the velocity of motion of the charge in the gap and Q
is a current which is determined by the outside circuit and the initial
conditions (the gap voltage is merely Qd/Ae,).

Conduction and Displacement Currents in the Gap.—Consider first the
displacement current in a plane to the left of the plane z, which is the
plane containing either the sheet of charge or the point charge —g. The

displacement current is / dSep aa—li’, where the integration is over the
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plane to the left of z and E, is the component of the electric field per-
pendicular to that plane. Now [dSeZ, is the electric flux through that
plane; since the lines of flux either end up on the first electrode or return
through the plane in passing to the second electrode, the total flux is
just the charge on the first electrode. Hence the displacement current

in a plane to the left of z is —Q — gq, by Eqgs. (1). Similarly, it
can be shown that the displacement current to the right of z is also
-0 - g g. Thus it is seen that, in any plane to the left or right of the
charge, the displacement current is just the current in the circuit.

The fixed plane through which the charge —¢ is moving at the moment,
is considered next. Suppose the charge moves a distance Az in time
At and is at the plane x — Ax/2 at time ¢t — Af/2. The average conduc-
tion current, regarded as spread over a time Af, is —¢/Af. The change
in flux through the plane x is

d— _ Az Az
T ¥ 2 Ax
—AQ + 3 ¢t —g 1=~ +|1l-7F)q

Hence the average displacement current—that is, the rate of change
of flux regarded as spread over a time A{—is

_AQ g v
at Taiad?

The sum of the average econduction current and average displacement

current is — @ — g g, since the conduction current is just canceled by

an opposite term in the displacement current, a term arising from the
interception by the plane of all the lines of flux to the charge as it passes
through the plane.

Total Current—This simple example illustrates the proposition that
the total current, whether it is the current in the circuit or the sum of
the conduction and displacement currents in the gap, is space-constant
across the gap and has the same value all the way around the circuit,
with the gap as the closing element in the circuit.

3:3. Modulation of the Beam.—The beam as it enters a gap has prop-
erties that are dependent on the time, for it may have been modulated
in passage through other resonators and, in any case, it contains fluctua-
tions that are due to noise. Likewise, as it leaves a gap, its properties
are dependent on the time. A description of the properties of the beam
at any place in the gap is given by the distribution in the velocity of the
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passing electrons. This distribution depends on the time. A discussion
of the beam explicitly in terms of the velocity distribution is given in
Chap. 5.

The most important time-varying properties of a beam are its density
modulation and its velocity modulation. Density modulation is the
harmonic portion of the electron current; density modulation is current
modulation. Velocity modulation is the harmonic portion of the average
electron velocity.

These two properties can change from place to place in the beam.
As has been indicated in Sec. 3-1, a density-modulated beam contains
bunches. If the velocities of the electrons are the same, these bunches
move along with the electron velocity, undisturbed except by outside
fields and spreading forces resulting from space charge. A velocity-
modulated beam becomes bunched even though originally smooth
because, in such a beam, the velocities vary periodically above and below
the average velocity and, therefore, the electrons tend to gather into
bunches as they move down the stream. Hence a velocity-modulated
beam becomes density-modulated by drift action alone. If the velocity
spread is negligible and if the velocity modulation is but a small fraction
of the average velocity, the velocity modulation tends to persist down the
stream, disturbed only by outside fields and forces that are due to space
charge. It is, however, accompanied by a changing density modulation.
Thus, both density and velocity modulations tend to persist down the
stream, and velocity modulation generates density modulation.

In passing across a gap the time-varying properties of the beam change
because of its initial velocity modulation and also because of the elec-
tric field of the gap. In its effect on the momentum of the electrons,
the r-f gap field produces velocity modulation and, in modulating the
time of passage of the electrons, it bunches the electrons and in this
manner produces density modulation.

In a gap the sources of modulation are two-fold: (1) that present in
the beam on entering the gap, and (2) that produced by the gap field.
The density modulation results from (1) density modulation at injection,
(2) velocity modulation at injection generating density modulation
through drift action, and (3) modulation of the time of passage by the
gap field producing density modulation. The velocity modulation results
from (1) velocity modulation at injection, and (2) the periodic accelera-
tion and deceleration of the electrons by the gap field.

The coupling between the beam and the resonator takes place through
the modulations of the beam, for the density—that is, current—modu-
lation excites the resonator fields, and the resonator fields produce both
the velocity and the density modulations. The modulation of the beam
ag it leaves the gap determines, at least in part, the modulation that it
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has as it enters the next region, just as its modulation in the gap is deter-
mined in part by that which existed in the beam at injection.

Importance of Transit Angle—The transit angle, 8 = 22T = 7,
is a small fraction of a radian if the transit time T is much smaller than
the period of oscillation 1/f. At microwave frequencies it is difficult to
build tubes with small transit angles. Closely spaced grids and high
beam potentials help to keep the transit angles small, but they are not
always obtainable and other considerations sometimes make them unde-
girable. Large transit angles are therefore not uncommon in microwave
tubes—for example a 3-cm reflex tube with a grid spacing of 1/20 em
and beam potential of 300 volts has a gap transit angle of 7 radians.

The importance of the transit angle is as follows. If it is very small,
each electron moves through the gap in an essentially static field and its
motion is easily described and is practically identical with the motion of
all other electrons in the gap at the moment (unless there is more than
one velocity group). On the other hand, if the transit angle is large,
the field varies with time during the passage through the gap and the
electron motion is greatly complicated; in particular the electron energy
is no longer obtainable immediately from the gap potential, and the
motion of some of the electrons can be completely out of phase with the
motion of other electrons in the gap at the moment.

Beam Coupling.—The beam excites the resonator through the har-
monic components of the beam current that have frequencies near the
resonant frequencies of the cavity resonator. All of the beam that is
actually in the gap participates in this excitation, and equal elements
are equally effective if the r-f field in the absence of the beam is space-
constant, which is approximately the case in most resonators operating
in the principal mode (see Chap. 4).

A particular component of the beam current, having a given fre-
quency of modulation, is simply eonstituted if it arises only from density
modulation at injection and if the velocities are the same and space-
charge spreading is negligible. At a plane a fixed distance down the
stream from the plane of entry of the gap, the component differs only
in phase from its value at the plane of entry for, since the current at the
plane arises from electrons that earlier composed the injected current,
by particle conservation their contribution to the flow of charge in cor-
responding intervals of time is the same. The phase difference is the
transit angle for the passage of the electrons from the plane of entry
to the indicated plane down the stream.

If the frequency is sufficiently low—that is, if the period of the modu-
lation is long compared with the transit time of the gap—the transit
angle is nearly zero, and the current elements within the gap arising
from the injected current modulation are practically in phase. How-
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ever, if the period is comparable to the transit time, the transit angle
is not small and the current elements are not in phase. As has been
pointed out in Sec. 3.1, a partial cancellation results and the coupling
between beam and resonator is reduced.

Suppose £,(0)e* is the current modulation at the plane of injection
and ¢ is the transit angle to a plane part way across the gap; then
1,(0) e “—® igthe current modulation at that plane arising from the injected
current modulation under the conditions stated above. If the electrons
are not accelerated, the driving current is the average over the phase
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because in uniform motion space average and phase average are the
same. Hence the driving current is

1 ﬁ 4 i@ — i, (0) S22 "/ 2 (4=5) = 4 oyar (3,

0
This is the current that is effective in the excitation of the resonator.
The factor gm_e(/%@ = M is the beam-coupling coeflicient already men-

tioned in the first section of this chapter, and is shown plotted as a func-
tion of ¢ in Fig. 3-3. It has the value unity for zero transit angle and
oscillates about zero with decreasing amplitude as 6 increases, the zeros
occurring at 2, 4, etc. It is seen that the driving current for such a
density-modulated beam has the effective phase of the current at the
center of the gap and an amplitude reduced from the amplitude of the
density modulation by the beam-coupling coefficient.
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Current Modulation Arising from Velocity Modulation.—The density
modulation generated by the velocity modulation that is present in the
beam at the time of injection also depends on the phase, and the effective
current is a function of the transit angle of the gap.

Let v,(0)ée** be the velocity modulation at the plane of injection and
let @ be the transit angle to a plane part way across the gap. In Sec.
3-5 it is shown that the component of the current at that plane arising
through drift action from the initial velocity modulation, if the velocity
modulation is small and the drift angle 6’ not large, is

0.(0) (‘I ) joro,

v

where —I; is the direct current and v is the average velocity of the elec-
trons. This expression merely states that the current generated is the
product of the velocity modulation at the time of injection, the charge
density per unit length of the beam, and the transit angle, and, in addi-
tion, that it leads the velocity modulation by 90°.

If the electrons are not being accelerated, the space average of the
current is given by the average in phase. Hence the driving current
from this source is

1[0 —1I, .,,.(w_,,)]
_é/;) de [Uw<0) (T)]oe ¢ .

When evaluated, this average becomes
=1o) 38 (3 _ 38N («-2)
o (L3 -3) 4D

where N, the beam-loading coefficient, is a function of the transit angle 6.
The effective current here calculated is zero for zero transit angle, a fact
that is understandable since little density modulation can develop in
times that are short compared with the period of modulation.

The beam-loading coefficient is an important factor in expressions
for beam loading. It is defined by

N = %(sin%—%cos%)

and is plotted in Fig. 3-3, together with M and a function P, which occurs
in first-order bunching theory (see Chaps. 9 and 12). The beam-loading
coefficient is unity for zero transit angle and does not become zero until
0 is almost 3=, after which it oscillates about zero with a period of about
4x and with a rapidly decreasing amplitude.

From the above expression for the driving current caused by velocity
modulation at injection, it is seen that, for very small transit angles,
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the effective current is the same as the actual current from this source
at the center of the gap. However, for large transit angles, this value
is modified by the factor (M — jON/6), which affects both the magni-
tude and the phase of the driving current.

Current Modulation Arising from Gap Voltage—In Sec. 35 it is shown
that the density modulation arising from the action of the gap voltage is
produced through the modulation of the time of passage of the electrons.
Suppose that the d-¢ field is zero, the r-f field is space-constant, the
velocity spread is negligible, and the velocity change produced by the
field is small. Let V, et be the potential across the gap, and let M’
and N’ be the beam-coupling coefficient and beam-loading coefficient
for the transit angle 6’ to a plane part way across the gap. It is found
that the component of the current at that plane arising from the gap

voltage is
Vo Lo (5007 (30 _ 9N j(-5)
2V0]0 2 6

where Vi, = mv?/2¢ is the beam potential (—e is the electron charge,
—1.6 X 107*® coulomb; m is its mass, 0.9 X 1073 kgm.) From this
expression it is seen that the current generated for very small ¢ is pro-
portional to the square of the time of passage and follows the potential by
w/2 + ¢'/2. As 6 increases, the magnitude and phase of the current
are affected, in addition, by the factor (M’ — j¢N'/6).

The driving current is again given by the average in phase

é st *al AT/
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On carrying out the integration this expression becomes

V Go ]0N (Wl~—)

where Gy = I,/V, is the beam conductance. Thus the driving current
in the gap arising from the action of the gap voltage is proportional to
the beam conductance and, for small gap transit angles, is proportional
to the transit angle, lagging behind the potential by =/2 + 6/2; as the
transit angle increases the magnitude is affected by the additional factor N.

Beam Loading.—Since the current of the last paragraph is produced
by the gap voltage, it has a definite phase relation to that voltage and
gives rise to a subtraction or addition of energy from that stored in the
resonator. The power in is one-half the real part of the product of the
driving eurrent and Vie—it; it is

Vo2 { _ Go6N na)
2 276
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The combination %13! sin g is shown plotted in Fig. 3-4. It reachcs

a maximum of about 0.4 at a transit angle somewhat greater than ur,
drops to zero at 2rx, and oscillates about zero with decreasing amplitude
with a period of 2x. The negative intervals correspond to the addition
of energy to the resonator fields.
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F16. 3-4—Real and imaginary parts of beam-loading admittance divided by Gb/2 as
functions of the transit angle.

The coefficient of — V¢t in the driving current,

910_%\[ e_llg/2 = YB,

2

is called the ‘“beam-loading admittance.” The real part of Y is the

beam-loading conductance, %9 %A_f sin —g, and the imaginary part,
Goon 0
26 2
is the beam-loading susceptance. The latter has the effect of changing
the resonant frequency of the cavity resonator. The combination
%Y—cosg is also plotted in Fig. 3-4; it has a small maximum near r/2,
is zero at r, has an extreme negative value of about —0.35 before reaching
2r, returns to zero and is very slightly positive before 3r, where it is
zero again, after which it becomes negative and has very small intervals
where it is positive just before 5w, 7r, etc.

One-half the product of |V,]? and the beam-loading conductance is
the average power absorbed by a smooth beam in passing through the
gap. This quantity when positive has the effect of a load on the resonator
and when negative can serve to drive the resonator, as in a monotron.
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Velocity Modulation Arising from Gap Voltage—The velocity modu-
lation produced by a space-constant r-f field is easily calculated under
the conditions of the preceding paragraphs. If d is the gap spacing,
the force on an electron is (eV,/d)e™. Suppose the electron enters the
gap at time ¢’ and leaves at time ¢; its change in momentum is

¢
74 _el/_"’ Jat”’ — _eL" — p—iw{t—t)]piwt.
ﬁ | di 7 ¢ T 1 —e¢ Jefet;

but w(t — t’) is approximately the transit angle since the modulations are
small; hence the velocity modulation on leaving the gap is approximately

eV,sin /2 i(«-3) v, i(u-f
m 82 A 2)“"2—%1‘“( 2).

Thus, in the velocity modulation that is due to a space-constant r-f field,
the effective gap voltage is roughly that which the electron experiences
when it reaches the middle of the gap multiplied by the factor M.

This effect is also easily seen from the energy of the electron. If the
time of passage is negligible compared with the period of oscillation of
the field, the energy change results from the field at the moment of pas-
sage and is given by the product of the electron charge and the gap
potential at that moment. However, if the time of passage is comparable
to the period of oscillation, the energy change must be calculated from a
field acting on the electron which varies in time during the transit.
If the r-f field is weak, the work done by the field is approximately

ﬁd dx eZ‘” i (M—d_;zo = eV, Sil;/;ﬂ ej(d_g) = eV, Mej(w‘_g).

This work represents the energy change of the electron; hence this change
can be calculated approximately from the gap voltage by using the gap
voltage at the time of midpassage and reducing it by the factor M.

Effects of D-c Gap Field.—The presence of a d-c field in the gap has
the effect of making the electron motion nonuniform even in the absence
of the r-f field. Transit angles are usually defined under d-c conditions
by using time intervals calculated in the absence of all modulation; these
of course are affected by the d-c field present. Moreover, the beam
potential, V. = mv*(z)/2e, and beam conductance, G, = I,/V,, change
across the gap. However, as long as the d-c field does not cause negative
velocities or lead to bigh concentrations of space charge, the form of the
r-f relations for the behavior of the gap is not greatly modified beyond
introducing factors and adding certain acceleration terms. As is seen
later in the chapter, these changes are often conveniently expressed in
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terms of the two parameters,

v(x)T’ ,  a(x)T'?
B TR

r =

where v(z) and T are the d-c values of the velocity of an electron at the
plane z and the time of passage to that plane from £ = 0 and a(z) is the
d-c value of its acceleration at the plane x. If the d-c field is everywhere
zero in the gap, r’ is unity and &' is zero.

If the d-c¢ field causes the reflection of electrons, and if the current
densities are so low that the effects of space charge are still negligible,
the behavior of the gap is somewhat complicated by the two-way motion
of the electrons, but it can be treated in a straight forward manner since
the field is approximately space-constant.

When the d-c fields are associated with high concentrations of space
charge, as in the potential minimum outside a space-charge-limited
cathode, the r-f problem becomes very complicated because the space
charge affects the motion of the electrons, which in turn affects the space
charge. Certain aspects of this phenomenon are treated in Chap. 5.

3-4. General Relations in a Narrow Gap.—The electronic phenomena
under discussion are governed by three fundamental laws. The first
of these is the law of conservation of charge. Since the charge is carried
by electrons, all having the specific charge —e¢, and the number of elec-
trons is also conserved, conservation of charge is the same as particle
conservation. From the conservation of charge is derived the continuity
relation, which states that the divergence of the current density is equal
to the negative of the time rate of change of the charge density. The
second relation is the divergence relation for the electric flux, which
states that the divergence of the electric flux is equal to the charge density;
since the electric flux is proportional to the electric field, the divergence
of the electric field is proportional to the charge density. The third
law is Newton’s law governing the motion of the electrons. The only
force acting on the electrons which is considered is that due to the electrie
field; by Newton’s law the time rate of change of the momentum of an
electron is equal to the product of the electron charge and the electrie
field.

Assumption of Uniformity.—The tubes that are discussed in this book
have simple geometry. The electron beam passes down the axis of a
tube through a succession of regions separated by plane grids. Some
of these are regions of acceleration, drift, and reflection, which are rela-
tively free from r-f fields. Others are gaps forming the capacitive portions
of the resonator circuits. These gaps have depths that are usually small
compared with the diameters of the gap areas. Moreover, the excitation
of the resonators is generally such that the electric fields in the gaps are
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directed parallel to the axis of the tube and are nearly uniform over the
gap areas. If, in addition, the beams are nearly wniform and fill the
gaps, phenomena in the gaps are approximately onesdimensional.

The idealization of gap phenomena to uniform & {ds and a uniform
beam composed of electrons moving parallel to the axis of the tube is a
tremendous simplification to the analysis and discussion of tube behavior.
It has considerable validity in all tubes discussed in this book. This
simplification makes possible much of the theoretical treatment of these
tubes.

There are, of course, many limitations to a treatment of gap phe-
nomena based on the assumption of uniformity. Since all gaps have
finite areas and all beams have limited cross sections, there are edge
effects. Uneven cathodes, fluctuations in emission, nonparallel grids,
grid structure, and uneven reflector fields make the beams nonuniform.
In addition, the conduction current is carried by the electrons, which are
finite charges with local fields and hence contribute to the unevenness
in the gap currents and fields. Electrons have transverse velocities,
and the electron velocities must be well below the velocity of light if
magnetic forces are to be neglected. Some of these effects are discussed
in other chapters.

Total Current—Consider such a gap, in which variations parallel to
the grids are negligible. Let = be the distance from the first plane to a
parallel plane within the gap and d the separation of the bounding planes;
let ¢ be the time. The current density and charge density are dependent
on z and ¢ alone and are related through the continuity equation. It is
convenient to use the electron current i(z,t) for the entire area of the
gap; then the current density is i(z,t)/A, where A is the area of the gap;
using the charge density p(z,t), the continuity equation becomes

ai-l(zt) t”( nt) = 0.

Now the electric field also depends only on z and ¢, and by the divergence
relation

a
€0 a_x E(I,t) = p(I)t)y
where ¢ is (1/36x) X 10~ farad/meter.
The charge density can be eliminated between these two equations
to give
['L(:c,t) + Aeo E(:c t)]

The quantity,
oE (:v t)

i(z,t) + Aeo = I(t) 3)
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is the total current, which depends only on the time. It is the sum of
the electron and displacement currents in the gap. Sometimes the total
current is known from the rest of the cireuit; if the electric field is also
known, this expresststy gives the electron current.

Circuit Representation of a Gap.—The total current can be written
in terms of the gap voltage and the driving current by averaging Eq. (3)
across the gap, for

1 [¢ . ) i
I(t) = P /0 dr [z(z,t) + Ae 3 E(x,t)],
the gap voltage is

a
Vi) = — /;) dz E(z,t);

and the driving current is the space average of the electron current,

1[4
() = 3[) dz i(z,t).

Hence
dv (&)

10 =i - €2

, )

where C' = Ae/d is the capacitance of the empty gap. This simple
relation can be interpreted in terms of a ; Ton

circuit in which the current {(f) passes J. T

through the shunt combination of the

capacitance and an external circuit across c Ve
which the potential is V(¢) and through

which the current I(¢) flows. Consider the i
components of these quantities_that have Fio. 35— Cirouit reprosen
the time dependence ¢% Let 7,, V,, and tation of gap in terms of driving
I, be the amplitudes of the driving current, current. % =l +jwCV,.

gap potential, and total current, respectively. From Eq. (4) it follows
that

te = I, + JoCV,, (5)

which is the equation for the circuit represented in Fig. 3-5.

Shunt Formulation.—If all modulations are so small that quadratic
and higher-order phenomena can be neglected, a clear-cut distinction
can be made between effects that are produced by the gap voltage and
effects arising from the condition of the beam as it enters the gap. Such
a distinction has been made in defining the beam-loading admittance
Ys. Suppose such is the case; let

to = — VoY + tm, (6)
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where —V,Y 5 is that part of the driving current which arises from the
gap voltage and 7, is that part which comes from the condition of the
beam as it enters the gap. The current ¢, could contain terms resulting
from density and velocity modulation in the injected beam. It might
be called the transexcitation current, or simply the exciting current.

As has been indicated in Sec. 3-3, it is possible to go further and carry
out the separation for the density and velocity modulations at any place
within the gap. Thus, if 7,(z) is the density modulation and v,(z) is the
velocity modulation at the plane «,

Z‘,(.’C) = - wy'n(x) + 1,',,.(a:),
2(z) = ("(’))fm(a» + n(@), (7a)

where — V.,y.(z) is the density modulation arising from the gap voltage,
im(2) is the density modulation due to modulations present in the beam

at injection, —V,, (v(z) ) Ja(z) is the velocity modulation arising from

the gap voltage, and v.(z) is the velocity modulation that results from
modulations present in the beam at injection. The coefficient y.(z)
is an internal electronic transadmittance and f..(z) is a similar function
for the velocity modulation. They are referred to as the density and
velocity modulation admittances, respectively. On averaging the first
of these equations across the gap and comparing the result with Eq. (6),
it is seen that

1 ¢ 1 ¢
Y= 3 / dz yn(2), T = 3 / dz tm(2). (8)
0 0

An equation that supplements Egs. (7a) is obtained from Egs. (5)
and (6) by eliminating the driving current; it is

I = =V.Y, + i (7b)

where Y, = jwC + Y3 is a quantity that will be called “the gap admit-
tance.” This equation suggests a circuit
representation in terms of the exciting
current as illustrated in Fig. 3:6. The
exciting current %, passes through the
Ya shunt combination of beam-loading admit-
tance, capacitance, and external circuit
across which the potential is V, and
Fie. 3-6—Circuit representa. through which the current I, flows. In
tion of gap in terms of exciting cur-  this representation a current source i,
rent. im =lo + VoGeC + Y5  hoving an internal admittance Y5, can
be regarded as exciting the resonator circuit.

e I_.

il
4}
(2]

|
|
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Series Formulation.—A series representation is obtained by writing

1 .
Zg = —Y-vy €y = z,,.Z,;
and hence

Vo = —I1.Z; + e,. (9a)
A beam-loading impedance Z» can be defined from

1 1
ool o sy g8

In the circuit for this representation (see Fig.
3.7) an internal voltage source ¢, with internal
impedance Zp causes the current I, to flow
through the series combination of capacitance
and external circuit across which the voltageis V... Ve
The density and velocity modulations, %,(z)
and v,(z), can each be regarded as the sum of a 7
term that is proportional to I, and a term that il s

is due to modulations at injection. These are Fie. 3-7.—Cireuit rep-

written in the form resentation of gap in terms
of internal voltage source

‘L".,(:E) = —I“,a(x) + ‘i,(.’t), and internal impedance.

1
Ve = I {2 + 25
w(@) = 1, (”:‘—?) 8@ + ) [ OV (e +)e,,

0,

(10

Ty —r

On averaging the first of these across the gap and comparing the result
with Eq. (9a), it is seen that

Z =Ll/ddz[a(x)+1] € =——1—l/dd:ci(x) (11)
¢ juCd Jo ! * T jwCd fo e

Relations between Shunt and Series Elements.—The shunt and series
representations are, of course, equivalent. The following six equations
give the relations between the elements of Egs. (7) and Eqs. (9):

Y,Z, =1, e = tmZ,
a(@) = —yn(®)Z;  1(z) = —eyn(z) + inl(2),

v(z)

(12)
B(x) = —fn(x)Z, 0,(z) = ~¢ (""Iﬂ> Ju(2) + va(2).

There is little to choose between the two representations except a
possible convenience of expression in a particular problem. In most high-
velocity gaps the driving current is easily calculated and from it the beam-
loading admittance and exciting current; thus the shunt representation
seems to be particularly convenient in the discussion of the high-velocity
gap. In low-velocity gaps space charge is important; it usually is

E. G. & G. LIBRARY s

LAS VEGAS BRANCH Yo Yo%,
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necessary first to calculate the field by some self-consistent method in
terms of the total current and the modulations at injection; from the
field the gap voltage and other quantities are obtained in a form that is
often most easily expressed in the series representation.

A considerable portion of the theory of electron tubes is concerned
with the calculation of elements of the shunt or series formulations for
the conditions encountered. Of the six elements occurring in the shunt
formulation,

'L.u(I) = - wym(x) + ifn(z)y
-V, ("_(—?) Inl@) + 1n(@), (37)

v,(z)
1)
I, = =V, Y, + tn, Y, = juC + Ya,

only four, ym(z), tn(z), fu(z), ¥~(z), are basic since Yz and i, are derived
from the first two by integration [see Eqs. (8)]. In any particular prob-
lem not all of these are of primary interest. For example, in the input
of a small-signal amplifier the important quantity is y.(d) because it is
the leading term of the transadmittance of the tube; however, some drift
action may be present, requiring the knowledge of f.(d). In the output,
im 18 the important quantity since it determines the excitation of the out-
put and hence enters into the gain of the tube. Discussions of klystron
theory usually consider the driving current,

to = —V.Y5 + im, (3-6)

which is caleulated for the output circuit directly from the modulation
produced by the input circuit. The effect of this modulation is expressed
as an electronic transadmittance, for which the symbol ¥, is usually
employed.

Electron Motion.—The electron motion is governed by Newton’s law
which, under the assumption of uniformity, takes the form

d%z
i

= —eK(z,),

where m = 0.9 X 10~% kgm is the mass of the electron and
—e = —1.6 X 10~'° coulomb
is its charge. The energy integral is obtained by multiplying by

dz
7 v(z,t)

and integrating with respect to the time;

t

ig[u(z,t)z — (@) = —e / d (@ ¢ E @ ).

¢



SEc. 3-4] GENERAL RELATIONS IN A NARROW GAP 53

If, for example, the electron is injected at the first grid and its motion
is not reversed, the energy integral becomes

%[v(:lc,t)2 — v(0,0)?] = —e/ dz"” E(z"t").
0

This integral is calculated from the instantaneous field experienced by
the electron and is not, of course, the integral defining the electric potential

Viz,t) = — / dz'’ E(z" 1),
0
since in the latter integral the field everywhere at the time ¢ is used.

The momentum integral is obtained by the direct integration of Newton’s
law;

m [v(z,t) — v(z' t)] = —e /: dt"” E(z'"t'").
The energy and momentum integrals give the identity:
'/;t dt’ v NE@" ) = % [v(z,t) + v(z’,1")] ﬁj dat"”" E(z" t").
The integration of the momentum integral gives
m(x — z') = mo(’ )t — ) — e /tlt dr’’ /tt v’ E(z'¢).
The velocity and the time of arrival at the plane z of an electron

injected at z = 0 at time ¢’ with velocity v’ are given, therefore, by the
following formal expressions:

1
o(z,t) = v(0,) — % [ det E(@ ),

t 2544
’ x € g1t 11 1 grr
t + U_(O,t') + m__v(O,t’) /; ot ‘/; dt" E(x ).

An alternative expression for the second of these is

t= t, + / 1)(:13” t”)

The time rate of change of ¢ — # is of interest in considering particle
conservation; it is

¢

5=t = =t ey~ — - [a) = B}

where a(z',t') = —eE(z’,t')/m.
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3.5. High-velocity Gap.—If the electron velocities are very high, the
effects of space-charge and thermal velocity spread are usually negligible.
If the space charge is negligible, the field is approximately constant across
the gap. The approximation is far from perfect, however, for if the
field were completely space-constant, the electron current would be also
—which is certainly not the case in a modulated beam.

In order to simplify the discussion, suppose that there is no d-¢ gap
field. (A gap with a constant d-c field is considered briefly at the end
of this section.) Let

E(z,t) = _—;’“-' e, (13)
where V, is the amplitude of the gap voltage and d is the gap spacing.
Under this assumption, the field at any particular moment is the same
everywhere within the gap. The gap fields in most klystron resonators
are well represented by this formula.

If the resonator is unexcited and the beam unmodulated, the electrons
traverse the gap in the time, 7 = d/v, where v is the velocity of the
electrons in the absence of all modulation. The beam potential is
defined by Vo = mv?/2¢ and is constant across the gap, as is the electron
velocity, because there is no d-c field. With —1I,as the d-c beam current,
the beam conductance is Go = Io/V; and it, too, is constant across the
gap.

Suppose, however, that the beam as it enters the gap is both density-
and velocity-modulated with the angular frequency w. Let the current
and velocity at the plane of injection, = 0, be

2(0,0) = —Io + 7.,(0)e, ]
v(0,t) = v + v,(0)e™;

%,(0) is the amplitude of the modulation of the injected current and v, (0)
is the amplitude of the velocity modulation at injection. If these ampli-
tudes are small compared with the corresponding d-¢ quantities, if the
transit angle is not too large, and if the gap voltage is a small fraction of
the beam potential, the modulations everywhere in the gap are small.
Such is assumed to be the case, and quadratic and higher-order terms in
the modulation amplitudes are discarded. In particular, d-c¢ values of
the transit time are used in calculating r-f coefficients.

Let T(z) be the transit time to the plane x from the plane of injection,
calculated in the absence of all modulation. Suppose that an electron
at the plane r at time / was injected at £ = 0 at time ¢/. Because of the
velocity modulation at injection and because of the action of the gap field,
the time of passage, T(z,f) =t — ¢/, is modulated. Let

T(x) = T(x) + Tu(z)e, (18)

(14)
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where T,(z) is the amplitude of the modulation of the time of passage.
For brevity, the abbreviations, 7" = T(z), T = T(d), ¢ = «T’, 8 = oT,
are used.

The current and velocity at the plane z can be written in the fors

i(z,t) = —Io + i,(x)e™,
o) = v+ v()e, : (16)

where i.(x) and v,(z) are the amplitudes of the density and velocity
modulations, respectively.

The quantities, v(z,t) and T'(x,t), are calculated from »(0,#') with the
aid of Newton’s law. The current i(z,) is obtained from particle con-
servation by using

. i(0,t")dt’
i@y = LOL.
Since
A Y {€2)

da at

b

the expression for the current can be written in the form

i(z,f) = 2(0,t) [1 - %] a7
The procedure is to calculate first v,(z) and T,(z). From Eq. (17),
1.(z) is obtained in terms of 7,(0) and T,(z);

1(Z) = %,(0)e7* + IjuT.(z). (18)

The amplitude of the driving current 7, is found by averaging ,(z) over
the gap. The results are conveniently expressed in terms of the six
elements of the shunt formulation,

1(2) = —Viym(®) + in(2),

@) = =V ("D) 1) + a0, (37)
L= ~V.Y, +im, Y, =juC + Vs

These elements serve to characterize the gap to this approximation.
Velocity Modulation—The momentum integral, which follows from
Newton’s law, is
eV, . . .
mlp(z,f) — v(0,¢)] = od (¢t — ") (19)
On substituting »(0,t') as given by Eq. (14) and comparing the result
with Eq. (16), it follows that
Vo z
2V T

"
v,(z) = v,(0)e 7 4+ M'e 2, (20)
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sin (6'/2)

where V), is the beam potential and M’ = 72 with
¢ = 0T’ = wT(z).
Hence
Go x ’ _1_0_’ _ .
Jm(z) = T Me 2, vm(z) = 0,(0)e~7?. 1)

The quantity f.(z) is the velocity-modulation admittance and v,(x) is
the velocity modulation arising from modulations at injection. It is seen
that the velocity modulation at the plane z is the sum of the velocity
modulation at the plane of injection at the time the electrons at x were
injected and the modulation caused by the action of the gap field. In
the latter the effective field is that experienced by the electrons when at
z/2 reduced by the corresponding modulation coefficient.

Modulaiion of the Time of Passage—Integration of the momentum
integral gives

mz = mv(0,0)(¢ — ') + [efet — eiof — et — )], (22)

()d

From this equation is obtained the following expression for the time of
passage:

wl) = = _’_’&—'#'wt]__ev”_ O gl it it
T(zt) = ;[1 , e moGu)’d 1 — e jo'e=i%leret,  (23)
From a comparison with Eq. (15), it is seen that
v,‘1()0) T e-i® Vv, 1

To@ = -~ T2V, T(w)?

[1 — e — j@'e®). (24)
It is convenient to rewrite this expression by using the identity
. . '
1 — e — jo'e” = —(l%’)—z(M’ — ]9%,) e—L

Equation (24) becomes

o 00) e VLT, N -E
T,(z) = - T'e~ v, 3T M e (25)

The modulation of the time of passage to the plane z that is due to velocity
modulation at injection is proportional to the transit time to the plane
z; for small distances the modulation that is due to the field is propor-
tional to the square of the transit time to the plane x and the phase of
the effective gap voltage is that experienced by the electrons when they
were at z/2; as the distance z increases, the magnitude and phase are
altered by the additional factor (M’ — jOo'N'/6).
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The factor (M - '7161-\7) = He™,

where

6M

occurs frequently in transit-time phenomena. The quantities H and
7 are shown as funetions of 6 in Fig. 3-8.
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05 v4 5

04 7
03 %/ 3
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H = (M“’ GN) ’ 7 = tan™! = 2

1
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£
k]

nl

01 pd N e =

/2 —1

b
0 0
0 s 27 3T 4 51T 67 i

Transit angle 8
F1a. 3-8.—H and 7 as functions of 8.

Density Modulation—The amplitude of the density modulation is
obtained by substituting Eq. (25) in Eq. (18); there results

t.(x) = 2,(Q)e7* 4+ 2,(0) ( I)]e’ —ie
Gy, T N -
- Vwégjwﬁ(M' ~Z—6-)e 2, (26)

where Gy = I3/V, is the beam conductance. Hence
Gy, T"( . _j8'N\ -%
Z/m(z) = 2 ]w o7 (M - 6 ) € )

Ta(@) = ,(0)e 7" + v,(0) ( )JB" i,

(27
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It is seen that the density modulation at the plane x is the sum of three
terms: (1) modulation arising from density modulation at injection, (2)
modulation generated through drift action from velocity modulation at
injection, and (3) modulation caused by the action of the gap field. The
third can be expressed in terms of the internal transadmittance, or density-
modulation admittance y.(z), whereas the first two are eontributions
to the density modulation from the modulations in the beam as it enters
the gap, im(2).

The internal transadmittance at z = d is of importahce in triode and
tetrode amplifiers because it is a factor in the transadmittance of these
tubes. If the input has a high-velocity gap with zero gap bias, which is

rarely the case, it is
@) = 8 (- ) (28)

Driving Current, Beam-loading Admittance, Ezciting Current.—The
driving current is the space average of the electron current. Since
z = v]" and T = d/fv, its amplitude is simply

1 [}
fo = -/ ae’ i, (z).
6 Jo

In calculating the three terms in the driving current, the following three
integrals are used:
1 2

[
3 / de e? = Me 2,
; _it
10/ de’ jo' e~i? = ‘720 (M —]Lé-v)e 2, (29)

0 ol s ot ATF _ie : _i8
l‘/(; de¢’ (JG)Z(MI_JoéV)e 2 =-(JTB)'2N6 2,

5 3
These give
_ie i\ AN\ e
G = iy (0)Me T + 00(0)( I°)J—0(M - L‘”—V)e 2
v 2 6
_ie
~ 7.8 75 a0

Hence the beam-loading admittance and the exciting current amplitude
are, respectively,

L
=iy
a.nd . (31)
. J
= i(O)Me T +va(0)( )’2" (M —‘Eé—v)e_f.

These quantities have already been discussed in Sec. 3-3.
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High-velocity Gap with Constant D-¢ Field —The effects of a space-
constant d-c gap field that does not produce slow electrons will be sum-
marized briefly. If V, is the beam potential at the injection plane and
Vais the beam potential at the exit plane, the d-c field is — (Va—Vy)/d
and the gap field can be represented by

E(x,t) = — E (Va—Vo+ V,,,e""").

Let v(z) be the velocity at the plane z in the absence of all modulation.
The beam potential at. the plane z is V, = mv(z)2/2¢ and the beam con-
ductance at that plane is G, = I,/V,. Additional parameters are

_ ()T _v@T ' oT'? _ al?
TI-—-T’ T——d—'7 O =7 —TI—; éd=r 1= 2d
where @ = e(Va — Vo)/md is the acceleration produced by the d-c field.
In the limit of zero d-c field, ' and r become unity and &' and § become
zero.

The details of the calculation are similar to those just given. The
velocity modulation is

0(e) = 0(0) B0 e 4 e

? AT! _iv
(M’+6"70N)e ?. (32)

2 \/ V Va T 6
The modulation of the time of passage is
2%(0) V. 1 ( ja’N’) L4
To(z) = — Te-i* — M-V (33
@ =" CRVAA AR CRASRIS

The density modulation is

(1) = 7,(0)e 7" 4 v,(0) [ (I)"] et

VGG . T, jeN\ -
- V. 5 7j0 57 57 M — 5 )¢ * (34)
These expressions are to be compared with Eqgs. (20), (25), and (26).
The six elements of the shunt formulation are
! ATY _i¥
ym(z)=v22Gd g’z( 7] 0N)e 2’
T 6
It (35)
tn(z) = °) Jjoe %,
N7 _i¢
fm(x) = GzGd MI + 5!]0N 2’
2 v(x)T (36)

I(z) = 0,(0) -,’j% i,
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_Ga ,joN -¥
YB—Zr 3 e

. _J_o _ . . _J'_a
im = 7u(0) (M— 