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PREFACE

Early in 1942, a small pamphlet known as the Klystron Technical 
Manual was prepared to fulfill the need for a unified source of basic in­
formation about klystron tubes. Essentially the same material was 
included in a book with the same title which was distributed by the Sperry 
Gyroscope Company, Inc., in 1944.

The present book is a complete revision of the earlier publications. 
Considerable new material has been added and a more complete theoretical 
analysis of the operation of klystron tubes has been included. The addi­
tional theoretical material necessitates an increase in the mathematical 
content of the book, but the derivations have been simplified in order to 
increase the usefulness of the book. The introductory chapters assume 
that the reader is not acquainted with the principles of klystron tubes. 
Practical interpretations of the equations in the theoretical chapters are 
given so that an understanding of these principles may be obtained without 
following the mathematics in detail. However, an understanding of 
electronic phenomena and the fundamentals of radio is a prerequisite for 

' the effective use of this book.
Although the book is primarily a theoretical text, rather than a hand­

book, several chapters on the operation of klystron tubes, power supply 
considerations, and microwave techniques have been included for the 
reader who is interested in the application of these tubes. Design informa­
tion has not been included as a part of the text, but some information of 
this nature is given in the design charts that have been included in Appendix 
B to supplement the simplified illustrations in the text.

The preparation of this material for publication was made possible by 
the cooperation of the tube-development group of the Sperry Gyroscope 
Company at the Garden City Laboratories. Every member of this group 
and many engineers in other groups have made contributions or have 
helped to clarify certain points during informal discussions of klystron 
characteristics. The author is particularly indebted to Coleman Dodd, 
who read the manuscript and made innumerable suggestions for its im­
provement. The assistance of Robert Wathen is also gratefully appre­
ciated. Chapters 6 and 7 on reflex klystron theory are based on the work 
of Dr. Edward L. Ginzton and Dr. Donald R. Hamilton. T. Moreno 
prepared the material for the chapter on Microwave Measurements.

Many of the ideas presented in the book are based on the early training 
of the author under the guidance of Dr. William W. Hansen. The ana-

v
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Princeton, N. J., 
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lytical work of Dr. Eugene Feenberg and suggestions by Edward Barlow 
are also reflected in many parts of the book. Appreciation is extended to 
Dr. L. J. Black, Dr. P. L. Morton, Dr. J. R. Pierce, Dr. J. R. Ragazinni, 
and other writers whose articles on various phases of klystron theory have 
aided the author. Acknowledgment for several of the photographs used 
as illustrations is included in the text. All other photographs were fur­
nished by the Sperry Gyroscope Company, Inc.
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CHAPTER 1

KLYSTRON CONSTRUCTION
INTRODUCTION

1.1. Definitions.—Electrical energy can be converted into radio­
frequency energy in several ways. Conventional vacuum tubes control 
the electron emission in order to vary the current that flows to the anode 
or plate electrode of the tube. This process is known as “current density 
modulation.” An entirely new control process known as “velocity 
modulation” has been developed recently and has resulted in a phenomenal 
extension of the radio-frequency spectrum to the superhigh-frequency 
region. Velocity modulation does not depend upon varying the emission 
from a cathode, but varies the velocity of the electrons in a beam of constant 
density. This new method of controlling an electron beam is the basic 
principle of the klystron tubes to be described in this book.

Klystrons are a family of microwave vacuum tubes that depend upon 
the conversion of a velocity-modulated beam into a varying current by the 
process of electron bunching. A klystron amplifier furnishes the simplest 
example of the bunching process. In an amplifier, a small input voltage 
alternately decreases and increases the velocity of the electrons. During 
the transit time of the electrons from the input to the output of the ampli­
fier, the electron beam is converted from a constant density beam into a 
beam with an a-c component which delivers energy to the output circuit. 
Klystron tubes are not limited to a single application but are quite versatile 
and may be used as oscillators, amplifiers, frequency multipliers, and de­
tectors or mixers. These tubes have helped to extend the useful range of 
radio frequencies into the microwave region above 1,000 megacycles and 
permit most of the functions of conventional triodes and pentodes to be 
achieved at these superhigh frequencies.

1.2. Description of a Klystron Amplifier.—A cutaway view of a typical 
klystron amplifier is shown in Fig. 1-1, and important features of the tube 
have been labeled. The terminology relating to these tubes is in some 
cases new; in other cases it has been borrowed from conventional vacuum­
tube and circuit practice but used in a modified manner. For this reason, 
the terms introduced in Fig. 1-1 and later parts of the text are defined 
when they first occur in the text and also have been included in a glossary 
in Appendix A.

The electron gun, sometimes referred to as the “cathode assembly,”
1
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electron beam. Since the grid structure at the anode plane shields the 
electron beam from the electric field of the electron gun, the electrons in 
the beam will continue along the axis of the tube with an average velocity 
which is determined by the voltage between the cathode and anode. This 
voltage is usually referred to as the “acceleration voltage,” or “beam 
voltage.”

Cavity resonators are used in practically all klystron designs. There are 
two cavity resonators in Fig. 1-1, corresponding to the tuned circuits used 
at lower frequencies. The resonators are inductively coupled to the clcc-
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INPUT 
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furnishes a beam of electrons. In this illustration, the anode is a part of 
the metallic tube body, rather than an integral part of the electron gun 
structure. The electrons in the beam arc accelerated toward the anode 
plane, but- this plane consists of a gridlike structure, and most of the elec­
trons continue past the anode plane along the axis of the tube, forming an

Fig. 1-1.—Isometric view of a Type 3K30/410R klystron cutaway to show internal 
construction.
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tron beam; i.e., their fields act upon the electron velocity and absorb 
power from the electron beam without any necessity for the beam current 
itself to flow in the circuit. This interaction between the radio-frequency 
circuit and the electron beam takes place at the input and output gaps. 
These gaps are formed by closely spaced grid structures which are part of 
the resonators. The distance between the input and output gaps is known 
as the “drift space.” The electron bunching takes place in this drift 
space as the electrons travel from the input resonator to the output resona­
tor. One or more coaxial lines, known as “ coaxial output terminals,” are 
coupled to the magnetic field within the resonators by small loops. These 
coaxial output terminals permit radio-frequency power to be supplied to 
the input resonator and allow the output of the klystron amplifier to be 
connected to a useful load.

All of the energy in the electron beam is not converted into radio-fre­
quency power; the electrons continue beyond the output gap and give up 
their residual energy in the form of heat. Note that in a klystron the 
equivalent of plate dissipation takes place in a part of the tube that can 
be cooled conveniently, and is not a part of the radio-frequency circuit.

1.3. Comparison with Triodes.—There are three fundamental dif­
ferences between klystrons and the vacuum tubes used at lower frequencies. 
First, the radio-frequency circuits are an integral part of the tube; in 
many cases they are actually a part of the vacuum envelope. The usual 
concept of a tuned circuit connected by short leads to the electrodes of a 
vacuum tube is no longer applicable in the superhigh-frequency region. 
This distinction between low-frequency circuits and microwave circuits is 
not limited to klystron tubes but applies as well to other types of micro­
wave vacuum tubes.

Second, the electron source in a klystron is completely independent of 
the radio-frequency circuit. The electrons in the beam attain a high 
velocity before they reach the region where the radio-frequency field controls 
the beam. As a result of this high electron velocity, the spacing of the 
input gap of a klystron may be lather large without introducing serious 
transit-time difficulties. In contrast, the control grid of a triode is in a 
region of very low electron velocity and spacings must be quite small if 
the tubes are intended for operation at very high frequencies.

The manner in which the beam is controlled by the radio-frequency 
voltage is the third difference between the two types of tubes. Transit 
time is actually utilized in the drift space of a klystron to convert an elec­
tron beam which has only velocity modulation into a beam with an alter­
nating-current component. This dependence upon transit time in a kly­
stron introduces a number of electrical characteristics for these tubes 
which are quite different from the characteristics of the more familiar 
triodes. Therefore an understanding of the principles of electron bunching
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velocity introduced by the input gap permit the electrons that left later 
in the cycle, with higher than average velocity, to overtake the electrons 
that were slowed down but passed the resonator gap earlier in the cycle. 
As a result, the beam is converted from a uniform current to a bunched or 
pulsating current.

This bunching action takes place in the drift space, which is free of any 
radio-frequency field and may be completely field-free; i.e., no additional 
voltages are usually applied to this part of the tube structure. The transit 
time is again quite small in the region where the beam is acted upon by 
the radio-frequency field in the output resonator. The electron bunches 
pass the output gap when the radio-frequency field is negative and the 
electrons in the bunch are slowed down by the action of the field. This 
reduction in velocity is equivalent to a reduction in the kinetic energy of 
the electrons, and the kinetic energy lost by the electrons is transferred 
to the energy of the electromagnetic field in the resonator. The excess 
energy in the-beam is dissipated in the form of heat at a suitable electron 
trap beyond the output gap.

in velocity modulation tubes is essential for an explanation of the character­
istics of these tubes.

1.4. Electron-bunching Action.—A radio-frequency field will be built 
up across the input gap if power of the correct frequency is introduced into 
the input resonator. Electrons in the beam that pass the input gap when 
the field is negative will be decelerated and will continue along the drift • 
space with a velocity that is less than the average velocity. Electrons i 
leaving later in the cycle when the field is positive will be speeded up, or j 
accelerated, and will travel along the drift space with greater than average 
velocity. The transit time across the resonator gap can be a small frac­
tion of a cycle even at superhigh frequencies, but the transit time in the 
drift space is usually a large number of cycles. The small changes oi

>
* ’

............ MX ##
&& M-A

CATHODE ftXiiiaXiiia
Fig. 1-2.—Electron distribution in a klystron for eight different times, showing the bunching 

action as the electrons progress along the drift space.
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Figure 1-2 shows the distribution of electrons in the beam as the beam 
moves along the drift space. This illustration is equivalent to “stopping” 
the motion of the electrons at eight different times. As the electrons 
progress along the drift space between the input and output gaps, they 
become more closely grouped. Follow the group of electrons that are 
partly formed in the first column of Fig. 1-2. In the second column these 
electrons have moved toward the output gap, and the bunch is more com­
pact. The bunching is sharpest in the fourth column. As the bunch 
continues to move along the drift space, the bunch becomes slightly wider 
but more electrons become a part of this wider bunch. The latter degree 
of bunching is most efficient for a klystron amplifier.

1.5. Applegate Diagrams.—A straight line can be drawn through the 
position of the same electron in each of the columns of Fig. 1-2 because 
the electron has a constant velocity and moves an equal distance during 
each equal interval of time. It is easily seen that such a line represents 
the position of that particular electron for any value of time as well as 
for the eight different times illustrated in Fig. 1-2. This type of space­
time diagram, showing the position of an electron along the drift space for 
a number of electrons leaving at different times, was proposed by Apple­
gate1 in order to describe electron bunching phenomena and is known as 
an “Applegate diagram.” A similar space-time diagram has been used 
by Briiche and Recknagel.2

In an Applegate diagram (see Fig. 1-3), time is measured along the 
horizontal axis, and the position of electrons along the drift space is plotted 
as the vertical coordinate. The lines represent electrons leaving the 
cathode at uniform time intervals. The slope of a line is the distance 
divided by time; i.e., the slope of a line represents the velocity of a par­
ticular electron. In this analysis the electrons are assumed to leave the 
cathode with zero velocity and are accelerated toward the anode. Beyond 
the anode plane the electron velocities are identical and equal to the average 
electron velocity until the electrons reach the position of the input resona­
tor gap. The input gap voltage, indicated by the sine-wave variation 
superimposed upon the acceleration voltage at the bottom of the diagram, 
varies the velocity of the electrons depending on the amount and direction 
of the voltage at the time an electron passes the input gap. The transit 
t me across the resonator gaps has been assumed negligible in order to 
simplify the construction.

As a result of the velocity variations superimposed upon the average 
velocity of the electron beam at the input gap, the electron velocities arc

1 L. M. Applegate prepared the specification in U.S. Patent No. 2269456 issued to 
W. W. Hansen and R. H. Varian on an “ Electron Beam Oscillator.”

2 E. Briiche and A. Recknagel, Phase Focusing of.Electrons in Rapidly Fluctuating 
Fields, Zeil. Phys., 108: 459-482, March, 1938.
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Fig. 1-3.—Applegate diagram for a klystron amplifier with a drift time corresponding to 3.2.5 

cycles of oscillation.

It should be pointed out that this analysis neglects space-charge effects 
in the electron beam and assumes that the transit time between the resona­
tor grids is negligible.

The velocity modulation and the transit time in the drift distance cause 
the faster electrons to overtake the slower ones and produce electron bunch­
ing. An approximation for the current distribution at any point along 
the drift distance at any time may be obtained by inspection of the diagram, 
since the distance along the time axis between successive lines on an Apple­
gate diagram is inversely proportional to the instantaneous current in the 
beam. It is apparent that the electron density is uniform and that the

again constant but are no longer the same for the different electrons, and 
the slopes of the lines have been modified in accordance with the expression

v = v0 + Vi sin (1-1)

where v is the velocity of a particular electron passing the input gap at 
time Zi, vq is the average electron velocity corresponding to the accelera­
tion voltage of the electron gun, Vi is the peak amplitude of the velocity 
modulation, and is the angular frequency of the oscillation in the input 
resonator.
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beam is direct current at the position of the input resonator, but an alter­
nating component of current is superimposed on the direct current as t he 
velocity modulation produces a bunching of the electron beam.

Maximum radio-frequency energy will be transferred to the output 
resonator if the output gap is placed at the position shown in Fig. 1-3. 
In an actual tube it is not necessary to vary the position of the output 
resonator along the drift space; the correct bunching for maximum energy 
transfer may also be obtained by varying the amount of velocity modula­
tion, i.e., the input gap voltage, or by changing the average electron velocity 
by changing the anode voltage.

Electrons in the bunches arc decelerated by the output resonator field 
and leave the output gap at very low velocities corresponding to almost 
horizontal slopes. Electrons passing the output gap during the other half 
of the cycle are accelerated and absorb 
energy from the radio-frequency field. 
However, the energy absorbed by the 
beam during the wrong half of the cycle 
is small because there arc very few elec- 
trons in the beam during this part of the 
cycle. Considerably greater power is 
transferred by the electrons in the bunch 
than is absorbed by the few electrons 
that become speeded up by the field, and 
the net result is the conversion of d-c 
beam power into radio-frequency power.

KLYSTRON CONSTRUCTION

1.6. Methods of Construction.—The 
brief description of a typical klystron 
amplifier in Sec. 1.2 served as an intro­
duction to the principles of klystron 
operation, but it does not describe the 
different parts in sufficient detail or 
suggest alternative designs which are 
quite usefid. The component parts 
and structural details are described 
more completely in the sections that 
follow.

Two different kinds of mechanical construction used in the manufacture 
of klystrons are illustrated in Figs. 1—4 and 1-5. Both tubes are reflex 
oscillators. The Type 417A shown in Fig. 1-4 is of metal construction. 
A disk seal tube, the Type 707A, has a glass envelope with two disk elec­
trodes extending through the glass. The cavity resonator for Type 707A

Fig. 1—4.—Type 417B klj'stron. 
The resonator and tuning mechanism 
arc integral parts of the tube.

■ It
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707A 
disk- 

An ex-

VanOUS methods of adjusting the average beam 
can be used if such control is desired. A 

mesh grid requiring positive control voltages is 
used in some tubes. Other designs using large aper­

tures require negative control voltages and have the advantage that no 
power is required by the control electrode. However, they require con­
siderably greater voltage variations for the same beam current control.

1.8. Cavity Resonators.—The fact that the resonators, which replace 
the parallel LC circuits used at lower frequencies, are an integral part of 
the construction of a klystron is often overlooked. It is true that the 
resonators may not be included entirely in the vacuum system, as in 
Fig. 1-5, and in such cases they may be removable, but the capacity 
section of the resonators must be acted upon by the electron beam and is 
usually built within the tube itself. The electrons must cross the gap

the copperconnected to

is not shown in Fig. 1-5 and is clamped to the tube outside of the vacuum 
envelope. Many variations of these two methods of constructing tubes 
are possible, of course.

1.7. The Electron Gun.—The electron gun consists of an indirectly 
heated cathode button, usually oxide-coated, and a focusing ring. An 
aperture or control grid for varying the beam current is provided in some 

designs. The control electrode and focusing ring 
are often combined into a single unit which also 
serves as a heat shield for the cathode. Although 
the metal shell of the klystron is ordinarily the 
anode, there may be exceptions to this design. 
Additional focusing of the electron beam, either 
magnetic or electric, may be applied after the beam 
has been accelerated, but the complication often 
outweighs the gains obtainable.

A noninductive cathode heater is usually essen­
tial for a-c operation, as any varying magnetic field 
in the vicinity of the electron gun will affect the 
path of the beam, introducing cun-ent variations 
that cause frequency modulation as well as ampli­
tude modulation of the output. Although the hum 
from this source has been minimized by the use 
of a noninductive heater coil, a rectified a-c supply 
or battery may be used to heat the cathode if the 
hum caused by alternating current in the heater 
is objectionable. Other methods of heating a uni- 

ki^0' 1-5~Ty.pe 707A potential cathode surface are used for special kly- 
seai construction. An ex- stron designs, but the details of such cathode con- 
temal resonator must be struction will be described in a later chapter, 
connected to the copper 
disks which extend through 
the glass envelope. (.Court- current 
csy of Bell Telephone Lab­
oratorica.')
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Fig. 1-6.—Two types of grid structures that are used in klystron tubes.

formed by the capacity section of the resonator in less than one half cycle 
if the electric field is to modify the electron velocity efficiently or absorb 
power from the beam. Resonators of the form illustrated in Fig. l-l 
furnish a satisfactory design for use in klystrons.

Electrons must traverse the resonator gap but should not be intercepted, 
since the beam must continue along the drift space and transfer energy 
to the output resonator. The capacity section is therefore either an aper­
ture or has a grid structure. An aperture usually has an effective gap 
width much greater than the actual spacing. Since the gap width is a 
limitation due to the requirement of a transit time less than a half cycle,

grid or mesh structures, as illustrated in Fig. 1-6, are usual in klystron 
resonators. Radial metallic fins are used frequently for higher power 
tubes. Fine wire mesh is often used for low-voltage designs.

1.9. Coupling to the Resonator—Some means of obtaining output 
from the tube must be provided and, in amplifier klystrons, an input 
coupling is also necessary. The radio-frequency electric field is strongest 
between the klystron grids, but coupling to the electric field in the resona­
tor is not convenient. The magnetic field about the axis of the resonators 
offers a practical solution to the form of coupling; therefore, a loop is used 
which lies in a plane including the axis of the resonator. The loop size is 
usually chosen to load the resonator properly.

The loop that is coupled to the magnetic field in the resonator is con­
nected to an output terminal by a short length of coaxial line. When the 
resonator is part of the vacuum envelope, this coaxial line must be closed 
with a glass-to-metal seal. The coaxial output terminal is occasionally 
called an “antenna seal.” If the resonator is not a part of the vacuum 
envelope, as in tubes of disk-seal construction, the coupling loop and the
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output line may be insulated from the resonator. An insulated output 
line may also be used if a glass bulb extending into the magnetic field is 
provided when the resonator forms a part of the vacuum tube. The 
amount of coupling may be changed readily when the output line does 
not require a vacuum seal.

1.10. Tuning.—Several methods of tuning the resonators may be 
employed. A convenient tuning arrangement used in many klystron 
designs utilizes a flexible diaphragm as a part of the resonator wall to 
pennit variation of the gap spacing between the resonator grids. This 
construction allows a tuning range of several per cent. Changing the 
volume of the resonator by inserting metal plungers also furnishes a means 
of tuning over a limited range. The resonator may be made external to 
the vacuum tube; in such cases it is possible to choose the tuning range by 
substitution of resonators of different size.

Two factors affect the tuning range of a klystron using variable grid 
spacing to control frequency. The electrons must traverse the electric 
field between the klystron grids in less than one half cycle. This transit­
time limitation governs the minimum electron velocity and maximum grid 
spacing that can be used. The other limit to the tuning range is imposed 
by the fact that the losses become quite high if the grids are spaced too 
closely and the klystron fails to oscillate. An additional practical limita­
tion is introduced by the fact that tuning becomes too critical before the 
tube refuses to oscillate. These factors limit the practical tuning range 
to about 20 per cent of the average wavelength. Considerably greater 
tuning range is easily obtainable at reduced output.

1.11. The Drift Space.—There are two resonators in the klystron 
amplifier illustrated in Fig. 1-1: an input resonator and an output resonator. 
The gaps formed by the resonator grids are separated by a drift space. 
This is the region of the tube in which the electron bunching action takes 
place. The electron beam must continue along this drift space without 
diverging to the walls of the tube. A field-free region is desirable for this 
purpose. In tubes of metal construction, the drift space is field-free if no 
more electrodes are added. However, in tubes with glass walls, it may be 
necessary to add a metal shield around the drift space inside of the glass 
envelope, or use some form of magnetic focusing, in order to prevent the 
accumulation of electron charges on the glass walls, which will destroy 
the focus of the electron beam.

In reflex klystrons, the functions of the input resonator and the output 
resonator are combined in a single resonator and the drift space is replaced 
by the reflecting field between the resonator gap and a reflector electrode. 
Other types of klystrons may require three or more resonators, and the 
different resonators may be separated by drift spaces; in some cases the 
distances between adjacent resonator gaps may be as small as possible so



1

11KLYSTRON CONSTRUCTIONSec. 1.12]

These special designs

<

that no additional bunching action takes place, 
will be discussed in more detail in later sections.

1.12. Heat Dissipation.—Since klystrons arc not one hundred per cent 
efficient, all of the energy in the electron beam is not converted into r-f 
power and it is necessary to dissipate the residual energy in the form of 
heat. It is also desirable to prevent unwanted electrons from returning 
through the resonator grids and possibly subtracting power from the resona­
tor or causing undesired feedback. A stepped trap with fins on the out­
side surface, as shown in Fig. 1-1, provides a convenient method of dissipat­
ing the heat and reducing the number of secondary electrons that might 
return to the resonators.



CHAPTER 2

CAVITY RESONATORS

2.1. Limitations of Conventional Circuits.—It is the combination of 
cavity resonators with velocity modulation which has made klystron tubes 
practical at superhigh frequencies. This type of circuit is so important 
in the micro wave region that it will be considered in some detail. Cavity 
resonators are used not only in klystron tubes; this type of resonant 
circuit is also necessary for magnetrons and special triode-type tubes when 
they are used at superhigh frequencies. The best method of presenting 
the circuit problems at microwave frequencies is to review the limitations 
of ordinary lumped constant circuits, consisting of an inductance and a 
capacitance in parallel.

One of these problems at the higher frequencies is the necessity for short 
leads between resonant circuit and the electrodes of the vacuum tube. It 
is obvious that the coupling between the vacuum tube and the circuit will 
not be satisfactory if the length of the leads to the resonant circuit be­
comes an appreciable fraction of a wavelength. The leads will act as a 
transmission line, and the voltage at the tube will be less than the voltage 
at the resonant circuit. Since a quarter wavelength at 3,000 megacycles 
is only 1 in., the difficulty is easily visualized. Another problem is in­
troduced by the interelectrode tube capacities when the frequency is 
increased. This capacity may become the major part of the total capacity 
in the resonant circuit. In addition, the losses in a lumped constant 
circuit become excessive as the size of the circuit elements becomes smaller 
and smaller.

2.2. Development of a Cavity Resonator.—Most of these circuit dif­
ficulties may be avoided by making the resonant circuit an integral part 
of the vacuum tube, utilizing the tube electrodes as the capacity for the 
resonant circuit, and allowing the leads to become the inductance. Con­
sider the single wire loop and the circular plate condenser shown in Fig. 
2-1 A. As the size of the loop is decreased to reduce the wavelength, the 
losses become tremendous and the loop practically vanishes before the 
desired wavelength is achieved by this method of approach. The alter­
native is to start from the single loop and condenser, with the capacity 
section modified as in Fig. 2-1B to permit the electron beam to pass, and 
reduce the resonant wavelength by adding a large number of loops in 
parallel to decrease the inductance. This would lead to the shape shown

12
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Fig. 2-1.—Development of a toroidal cavity resonator from a lumped constant circuit.

in Fig. 2-1C, which resembles the resonators actually used in klystrons. 
As an alternative, it would be possible to analyze a klystron resonator as a 
capacity loaded concentric transmission line. The latter method could 
easily lead to erroneous conclusions, however, when the dimensions in­
volved are large compared to the wavelength.

It should therefore be reiterated that the ordinary conceptions of lumped 
constant circuits, if not used with care, may lead to fallacies when the dimen­
sions involved are of the same order of magnitude as the wavelength.

2.3. Cylindrical Cavity Resonators.—The warning above is even more 
important when cylindrical cavities are considered instead of the reentrant 
form of cavity resonator. Cylindrical cavities will be used to illustrate 
the principles underlying resonators.

Consider a circular metallic cylinder, closed at both ends with conduct­
ing plates. Assume that at some particular instant electrons How away 
from the center of one end toward the outer diameter; at the same time 
electrons move toward the center of the opposite end. Allow the current 
along the cylinder to have any distribution required to fulfill this assump­
tion. The current will soon die out, then reverse and flow in the opposite 
direction. Oscillation will continue until damped out by the losses in the 
conducting walls. Continuous oscillation can be maintained by supplying 
power at the required frequency from an external source. Although it is 
not obvious, it can be shown that, when the resonator is excited in this 
manner, the resonant frequency depends only upon the radius of the 
cylinder.

2.4. Field Patterns in a Cylindrical Cavity.—The charge distribution 
described in Sec. 2.3 indicates that the electric field would be parallel to the 
axis of the cylinder. A current must flow along the cylindrical wall of 
the cavity; therefore, a magnetic field concentric with the axis will exist.
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(2-1)X = 2.61a

E

These fields are illustrated in Fig. 2—2. This method of exciting a cylindri­
cal cavity represents only one of the modes possible in a cylindrical cavity 
resonator. This particular mode has a resonant wavelength X which is 
independent of the length of the cylinder, and is given by

where a is the radius of the cylinder in centimeters and X is the resonant 
wavelength in centimeters.

2.5. Multiple Resonances.—Cavity resonators, like transmission lines, 
have more than one resonant frequency. A simple coil and condenser 

circuit, in which all dimensions are negligible 
compared with the wavelength, has only one 
resonant frequency. A long transmission line 
has an infinite number of them. These occur 
when the length is an integral number of 
quarter or half wavelengths, and a single num­
ber suffices to specify the order of a harmonic. 
In this case there will be nodes, or places of zero 
voltage or current, equally spaced along the 
line. In a cavity resonator all three dimensions 
are in general comparable with a wavelength, 
and nodes can exist in three different directions. 
This complicates the situation somewhat. Not 
only are three numbers now required to specify 
the order of a certain “harmonic,” but the 
higher resonant frequencies are no longer inte- 

Fio. 2-2.—Electric and mag- gral multiples of the lowest one.
netic fields in a cylindrical cavity js possible to divide the fields within a
re8On ft tor ? cylindrical cavity resonator into two main types: 
one type has the electric field E parallel to the axis as in Fig. 2-2, and 
the magnetic field is in a transverse plane; the second type is a similar 
family with the electric and magnetic fields interchanged.

The transverse magnetic field is usually known as a TM mode, and the 
modes with a transverse electric field are indicated by the abbreviation 
TE. These field relations are analogous to the fields in wave guides. 
The usual wave-guide terminology for the different modes describes the 
field pattern and subscripts give the number of modes in the field in the 
circumferential and radial directions. For example, the field illustrated 
in Fig. 2-2 has a transverse magnetic field without any nodes around the 
circumference; i.e., the magnetic field is circular. The magnetic field is 
zero at the axis; therefore, one node exists in the radial direction, and the 
designation TMOi is given to this mode.
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(2-2)

and

(2-3)

1 R. J. Sarbacher and W. A. Edson, Hyper and UUrOrRigh Frequency Engineering, 
John Wiley & Sons, Inc., New York, 1943.

p — 0,1,2,3, etc.

For the TE modes the resonant wavelength is determined by Bessel 
function derivatives.

1 
5?

In a discussion of cavity resonators it may be convenient to replace 
the usual wave-guide notation by the Bessel function describing the bound­
ary conditions in the cavity. The introduction of Bessel functions occurs 
because these functions appear in the solutions of problems with circular 
symmetry. The strength of the electric field in Fig. 2-2 is proportional 
to the zero-order Bessel function JQ. This function appears in the equation 
given in Sec. 2.6 for the resonant wavelength of a cavity, and it will be 
convenient to refer to this mode of resonance as a Jo mode because that 
designation allows the resonant wavelength to be determined readily.

2.6. Calculation of Resonant Wavelength.—The derivation of the 
resonant wavelength of a cavity resonator is rather complicated and will 
not be given here; it may be found in texts on ultrahigh-frequency waves.1 
If b is the length of the cavity and a is the radius, both in centimeters, the 
resonant wavelength X for the I'M modes is given by

± = ( il\2 + f _LY
X2 \2bJ \2iraJ

where k is the value that makes the Bessel function Jn equal to zero. The 
multiple resonant frequencies for the cavity correspond to the different 
values permitted for n and p as shown below:

J nW = 0
n — 0,1,2,3, etc.

= (A2 + (T.Y 
\2b/ \2iraJ

Jn'W) = 0

n = 0,1,2,3, etc.

p' = 1,2,3, etc., i.e., p' p* 0

It can be seen that Eq. (2-1) is a special case of Eq. (2-2) for the first 
zero of the Jo Bessel function.

p = 0
n = 0
k = 2.405
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Table I.—Bessel Function Roots

Bessel function First root Second root

field along the length of the cylinder. The value of p, which is an integer, 
indicates the number of nodes along the axis of the cylinder. The magnetic 
field pattern for the mode corresponding to the second zero of the Ji 
Bessel function is shown in Fig. 2-3B for the same size of cylindrical cavity. 
The value of n equal to unity indicates that there will be one node around 
the circumference, shown by a dotted line. The fact that the mode cor-

2.405 
3 832 
5.136
3.832 
1.841
3.054

5.520
7 016
8.417
7.016
5.331
6.706

J o
A

Jl'
J'L

Note that p must be equal to zero if the resonant wavelength is to be 
independent of the length of the cavity. Also note that a whole family 
of modes, corresponding to higher order Bessel functions, may be inde­
pendent of length. The higher order modes all correspond to shorter 
wavelengths, but the relation between these wavelengths is not harmonic.

A list of roots, or values of k that make the Bessel functions equal to 
zero, is given in Table I, which includes only the first two zeros for each 
Bessel function.

2.7. Field Pattern for a Higher Mode.—The magnetic field pattern 
in Fig. 2-2 is circular. An end view of if is repeated in Fig. 2-3 A. In 
order to simplify the illustration for the higher modes, p is chosen equal 
to zero. This choice of p corresponds to no nodes being present in the

Fig. 2-3.—Magnetic fields for higher modes in a cylindrical cavity resonator.



17Sec. 2.8] CAVITY RESONATORS

X = 2.61a (2-1)

(2—1)

or
X = 0.89a

(2-6)L =

L = (2-7)
flux linkages

7

for the mode illustrated by Fig. 2-3/1, and

1 

(2-5) 

is the radius of the cavity inIn each case, a

responds to the second zero of this Bessel function requires two patterns 
along the radius of the cavity.

It is apparent that this mode of excitation of a cavity resonator would 
be expected to have a smaller resonant wavelength, owing to the smaller 
size of the fields. Substituting values in Eq. (2-2) gives the resonant 
wavelength in centimeters.

for the mode in Fig. 2-3B.
centimeters.

The wavelength referred to in Secs. 2.4 to 2.7 is the wavelength in centi­
meters in free space. The actual length between nodes within the cavity 
may be quite different. This difference is introduced by the velocity of 
propagation of the wave within the cavity being different from the velocity 
of light, and the situation is analogous to the variation of the velocity of 
propagation of a wave within a wave guide.

2.8. Definition of Circuit Parameters.—When the dimensions of the 
circuits become comparable to the wavelength involved, as in cavity 
resonators, many of the concepts of conventional circuits fail to apply. 
As an example of this statement, we shall consider various definitions of 
the ordinary circuit constants when applied to cavity resonators. In­
ductance L may be-defined by two independent equations:

2 X energy stored

where I is the current flowing in the circuit. Both definitions give an 
identical value for the inductance in a lumped constant circuit. However, 
when the dimensions of the circuit elements become almost as large as 
the wavelength, the two deflnitions give different values for the inductance 
because the definitions of currcrft become ambiguous.

It is also possible to excite a cavity resonator so that the electric field 
pattern is always concentric with the axis of the resonator and capacity 
ceases to possess any usual interpretation. Measurement of current and 
voltage is difficult or even impossible. Therefore the idea of a resistance

7.016\2 
2tt(1 )
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has

Z & 5

(2-8),

Q = 2tt (2-9)

(2-10)

cz (2-H)
The

L Al 
£1

or 
We shall 

ordinarily 
derived from L, C, and R, and future discussion of cavity 

All these parameters

C
Rs = shunt resistance of the resonator

shunt resistance of a resonator may be compared to the resistance 
represented by a parallel LC circuit at resonance.

2.9. Factors Affecting Resonator Characteristics.—Shape and size 
obviously, determine the resonant wavelength of a cavity. Other factors 
that influence the resonator characteristics arc not equally apparent. The 
ratio of volume to surface area determines Q as well as the losses in the 
conducting surface of the cavity, so that, in general, a shape that provides 
an increased ratio of the volume to the surface area improves the Q of 
the cavity. It is also true that the same shape with larger dimensions 
and longer resonant wavelength has a higher value of Q. A sharp reentrant 
point in a resonator may increase the current concentration tremendously 
and lower Q by a large factor.

Losses in a resonator arc not only introduced by the resistivity of the 
conducting material of which it is constructed, but may be introduced by 
circuits coupled to the resonator and by losses in the load and input cou­
pling loops. Losses in the conducting material are not proportional to the 
first power of the resistivity of the conductor, since r-f resistance depends 
on the depth of penetration of the current, or the skin depth, as well as 
on the resistivity itself. Actually, losses in a cavity resonator of non­
magnetic material are proportional to the square root of resistivity. A 
resonator of brass with a resistivity four times that of copper may have a 
Q one-half as great if no other losses are present. Losses in magnetic 
materials are usually much higher so that the Q of resonators of magnetic 
material may be very much lower than that indicated by the resistivity 
itself.

18
has meanin& ^though it is often useful to think of an equivalent 
•shunt rcsi>stance as defined below.

q"hc measurement of radio-frequency power, resonant frequency 
wave*engt^» and the band width of a resonator is easily made. 
thcref°rc describe a resonator with three parameters which arc 
considered as 
resonftl'01’8 will refer to the following definitions, 
depend upon the size and shape of the resonator.

X = resonant wavelength in centimeters
energy stored

energy loss/cycle
Q is a loss factor and replaces the usual definition:

Q = —
* R
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Power (2-12)

2.10. Shunt Resistance.—The shunt resistance of a resonator is also 
determined by a shape factor, but the dependence upon size and shape 
differs from the factors that determine Q. For the same size and shape, the 
shunt resistance is reduced by losses to the same degree that the losses 
reduce Q. The shunt resistance is a particularly important factor in the 
reentrant type of cavity that is required for klystron tubes. In this type 
of resonator, the shunt resistance determines the radio-frequency voltage 
that appears across the resonator gap when power is supplied to the resona­
tor. This relation may be stated in the familiar form:

(voltage)2

Since the shunt resistance is an important factor in determining the 
minimum current required to sustain oscillations in a klystron, its impor­
tance in klystron resonator design is evident. Decreasing the shunt re­
sistance increases the starting current. Resonators with low Q are some­
times desired for wide frequency band applications. Shunt resistance is 
sacrificed when the Q is reduced by heavy loading, and the efficiency of 
low Q klystrons is decreased if other factors remain unchanged.

2.11. Beam Loading.—The presence of an electron beam in the gap of 
a klystron resonator affects the Q and also the shunt resistance. The 
resonant frequency may also be changed because the electron beam has 
an effect that is equivalent to changing the dielectric constant of the 
resonator gap. If the gap transit time is large, the electrons that pass the 
gap during the positive half of the cycle absorb more energy from the 
resonator field than will be given back to the resonator by the electrons 
that are slowed down during the negative half of the cycle. This means 
that the beam removes energy from the resonator and represents a loss 
which has the same effect as loading the resonator with a resistance. This 
loss, due to beam loading, decreases the Q of the resonator and also reduces 
the effective shunt resistance.

Since the beam loading depends upon both the current and the transit 
time or electron velocity, both the beam current and the acceleration 
voltage affect the amount that the Q and shunt resistance are reduced 
by the presence of an electron beam in the resonator gap. If the transit 
time across the gap is small, the beam loading due to transit time is neg­
ligible; however, the presence of secondary electrons in the gap may in­
troduce a considerable loss. 'Phis beam loading due to secondary electrons 
will exist even when the transit time across the resonator gap is small.

2.12. Reentrant Shapes.—Cavity resonators with reentrant shapes are 
of particular interest because this type of resonator is used for klystron 
tubes. The simplest type is the quarter-wave coaxial line, although this 
type of resonator is not used in klystrons. A quarter-wavelength coaxial
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time.
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Fio. 2-4.—Reentrant cavity resonator of 
the type used in most klystron designs.

1
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line, open at one end and shorted at the other, is quite resonant. The 
resonator may be made self-shielding by extending the outer conductor 
some distance beyond the end of the inner conductor and closing the end. 
If the closed end is sufficiently far from the open end of the inner conductor, 
there will be no appreciable capacity loading, and the resonant wavelength 
of such a cavity will be approximately four times the length of the inner 
conductor.

Varying the length of the inner conductor of a quarter-wave line is a 
convenient method of changing the resonant wavelength. The relation­
ship between the length of the inner conductor and the resonant wave­
length is quite linear over a wide range, although the ratio of proportional­

ity is not four to one because fringing 
of the field at the open end of the inner 
conductor introduces a small error. 
Decreasing the length of the inner con­
ductor to zero obviously does not de­
crease the resonant wavelength to zero 
because the cylindrical cavity formed 
by the outer conductor will be resonant.

2.13. Capacity Loading.—Quarter­
wavelength reentrant cavities and 
nonreentrant cylindrical cavities have 
very high shunt resistances but are 
not satisfactory as klystron resona­
tors because they do not have a 
region of strong electric field that can 
be traversed with a short transit 

The type of reentrant cavity illustrated in Fig. 2-4 furnishes a 
strong uniform electric field over a considerable area, the gap width is 
small, and the shunt resistance is satisfactorily high, although less than 
some of the other resonators described previously. This type of resonator 
may be considered a capacity-loaded coaxial line. In the same way that 
the parallel line can be made shorter and tuned with a variable capacity, 
the quarter-wave coaxial line may be decreased in size by bringing the 
end of the cavity close to the inner conductor to add capacity loading.

This construction furnishes the strong, uniform electric field that is 
required for interaction between the resonators and the electron beam of 
the klystron tube. The capacity section of a klystron resonator is usually 
made in the form of grids so that the beam will be acted upon by the resona­
tor but will not be intercepted. Two types of grid construction are 
illustrated in Fig. 1-6 in Sec. 1.8.

2.14. Calculation of Resonance.—The calculation of the resonant fre­
quency of reentrant cavities is not simple as in the case of circular cylindri-
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(2-13)

(2-14)

The inductance of a

(2-15)

(2-16)f =

An approximate value of the resonant frequency can then be obtained 
from the familiar expression

A 
dC = 0.088 X IO"12

1
2ttVZC

tan (2?rZ/X) 
2ttI/X

The resonant frequency computed from Eqs. (2-13), (2-15), and (2-16) 
may be in error by as much as 30 per cent. This inaccuracy is introduced 
by the assumption that the resonator can be treated as a lumped constant 
circuit. If more exact assumptions for the field distribution within the 
cavity are made, including the effects of fringing of the fields, the calcu­
lation becomes rather difficult. The results of exact calculations, based 
on these more accurate assumptions, are presented in Charts I to IX in 
Appendix B.

where a2 is the radius of the outer conductor and ax is the radius of the 
inner conductor. Equation (2-14) does not apply to transmission lines 
that are used in reentrant cavities and must be multiplied by a correction 
factor,

1 1I logio -
«1

L = 3.9 X 10-9

where A is the area in square centimeters and d is the gap spacing in 
centimeters.

The inductance of a short coaxial line may be obtained from the trans­
mission-line equations. If the length Z, in centimeters, of the inner con­
ductor is very much less than a quarter wavelength, the inductance L in 
henries for a short coaxial line is

L = 3.9 X 10”9

cal cavities, because the fields and boundary conditions are not the same 
in different regions of the cavity. However, it is possible to make a crude 
estimate of the resonant frequency of a capacity-loaded resonator by 
assuming that the resonator consists of a lumped capacity which can be 
determined from the formula for a parallel plate condenser, and a lumped 
inductance which is given by the transmission-line equations. The 
capacitance C in farads would be

to obtain the inductance of a long transmission line, 
long coaxial transmission line becomes

X 2-ttZ a2 
— tan — logio — Ztt X cq
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2.15. High-frequency Resonances.—Coaxial cavity resonators also 
have higher resonant frequencies. The quarter-wavelength line, for 
example, may also be excited at any odd number of quarter wavelengths. 
This type of resonator would resonate not only at the fundamental fre­
quency but also for the third, fifth, and other odd harmonics. When 
capacity loading exists, however, the higher resonances no longer occur 
in harmonic relation.

2.16. Tuning Cavity Resonators.—Most types of cavity resonators can 
be tuned readily; this statement applies to nonreentrant as well as to 
reentrant cavities. The mode illustrated in Fig. 2-2, which depends only 
upon the radius of the cylinder, is a notable exception. Other modes in 
cylindrical cavities which depend upon the length b as well as upon the 
radius may be tuned by varying the position of a large plunger which acts 
as one end of the cylinder. Cylindrical cavities may also be tuned a 
small amount by inserting small plungers into the cavity, or by rotating 
a small metal vane in the field through an angle of 90 deg.

Quarter-wavelength coaxial line resonators may be tuned by changing 
the length of the inner conductor. This effect was discussed in some detail 
in Sec. 2.12.

Klystron resonators similar to the design shown in Fig. 2-4 may be tuned 
by one or both of two basic methods. Varying the spacing of the gap be­
tween the resonator grids is often a convenient method of changing the 
resonant frequency. This method of tuning corresponds to tuning a con­
ventional circuit by changing the capacity of a variable condenser. De­
creasing the spacing of the resonator gap increases the capacity and tunes 
the resonator to a lower frequency. The spacing of the gap is usually 
varied by distorting the end wall of the resonator, shown as a flexible 
diaphragm in Fig. 2-4. This motion will also change the volume of the 
resonator slightly, but the capacity change is the predominant effect in 
tuning the resonator.

Tuning may also be accomplished by changing the volume of the cavity. 
This method of tuning is equivalent to changing the inductance in a resonant 
transmission line. If the klystron is designed for resonators external to 
the vacuum envelope, the methods of changing the volume are almost 
unlimited. When the cavity is constructed like a coaxial line, a sliding 
plunger maybe used to change the length of the line and vary the resonant 
frequency over a very wide range. Or small plungers may be inserted 
from the sides of a small, fixed-volume type of external resonator, to change 
the frequency over a smaller range which might be compared to band-spread 
tuning. The latter method might be considered equivalent to changing 
the effective diameter of the coaxial line.
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3.1. Velocity Modulation.—Although klystron tubes are quite generally 
known as “velocity-modulation tubes,” the term is not accurately descrip­
tive of their operating principle. The velocity-modulation process actually 
refers only to the principle of superimposing a periodic variation of 
velocity upon the average velocity of the electrons in a beam. This 
velocity modulation may then be utilized in various ways. Some tubes 
operate upon the principle of velocity selection at one of the electrodes. 
The term “klystron” is applied to a vacuum tube that utilizes the velocity 
modulation by allowing a relatively long transit time to convert the veloc­
ity-modulated beam into a beam with periodic variations of current den­
sity. The process has become known as “electron bunching” in this 
country and is frequently called “phase focusing” in Europe. Some tubes, 
klystron detectors, for example, may utilize both electron bunching and 
velocity selection.

The introductory discussion of electron bunching in Chap. 1 docs not 
adequately explain the electrical characteristics of klystron tubes, par­
ticularly their dependence on voltage, which is one of the outstanding 
differences between these tubes and more conventional triode vacuum 
tubes. A complete analysis of electron bunching will be required. Several 
methods of analysis may be used, one of the simplest of which considers 
the electrons in the beam as particles, acted upon by forces that affect 
their motion. This method of analysis gives a physical picture of the 
electron-bunching process which is helpful in understanding the operation 
of these tubes. The basic theory is illustrated best by an analysis of a 
klystron amplifier; the ideas developed in this manner can then be ex­
tended to explain the behavior of more complicated klystron tubes such as 
oscillators, frequency multipliers, and other designs.

3.2. Electron Ballistics.—A brief review of electron ballistics will 
describe the motion of the electrons and allow their transit times to be 
calculated. The electron-bunching equations, which relate the output 
current to the input gap voltage and the beam voltage, are derived from 
these transit times. This analysis does not include all the factors that 
are important in klystron design, but it is a sufficiently good approxima­
tion so that the most important considerations can be included. A com­
plete analysis becomes so complicated that the simpler relations may be­
come lost.
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(3-1)

(3-2)Vq =

(3-5)v =

The acceleration of the electrons by the electron gun will give a velocity 
vOt which is determined by the acceleration voltage Eo. The emission 
velocity at the cathode will be assumed equal to zero for all electrons. The 
acceleration voltage is also known as the “beam voltage” and is the voltage 
between the cathode and the anode plane of the klystron. The relation 
between the average electron velocity vQ and the acceleration voltage may 
be obtained from the fact that the kinetic energy gained by an electron 
of mass m and charge e is equal to the potential energy that accelerates 
the electron. This relation may be stated

1 2 I?
- mv0£ = Eoc 
£

or Eq. (3-1) may be rewritten in the form

m
The constants in Eq. (3-2) may be evaluated in the proper units so that 
the velocity is in centimeters per second and Eq is expressed in volts; then 

v0 = 6 X 107 VEo (3-3)
All electrons have the same velocity when they enter the input resonator 

gap, but the radio-frequency input to the amplifier produces a voltage 
across the input gap. As a result, the electron beam is velocity-modulated 
after passing the gap. The velocity of an electron in the drift space be­
tween the input and output resonators will depend upon the time that 
electrons passed the input gap. is the peak value of the radio-frequency 
voltage across the input gap, f\ is the frequency of oscillation, uq is the 
angular frequency corresponding to j\, and ti is the departure time of an 
electron. The instantaneous voltage across the input gap will be

E — Ei sin uiti (3-4)
The effective voltage acting upon the electron will be Eo 4- E and the 
velocity of the electron departing at the time ti will be

fee
~ (Eq + Ei sin oqZi)

3.3. Assumptions in the Bunching Analysis.—Several important as­
sumptions are involved in this analysis. The amount of velocity modu­
lation is considered quite small, and adequate drift time is assumed so 
that any degree of bunching may occur. Also, the transit time across the 
resonator gaps is assumed to be negligible, and space-charge forces have 
been neglected. The effect of violating these assumptions, and methods 
for correcting the analysis when these assumptions are not valid, are 
discussed in later sections.
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OUTPUT GAP

: DRIFT DISTANCE Sq

INPUT GAP

Fig. 3-1.—Sectional view of a klystron amplifier.

(3-6)V

or, in the approximate form,

(3-7)V Vq

Then the

(3-8)
i’o

(3-9)

since the ratio Ei/E0 has been assumed to be quite small, 
transit time T will be given by

Another mathematical approximation converts Eq. (3-8) into a more 
useful form:

FLEXIBLE 
DIAPHRAGM

ELECTRON 
GUN

- COAXIAL 
TERMINAL

TUNING 
RING

RESONATOR 
GRIDS

.Sn
T = -

V

output gaps will be required in the calculation of the bunched beam current. 
This transit time is determined by the drift distance s0 and the velocity r. 
The expression for the velocity in Eq. (3-5) may be rewritten 

l~2e I El 
= -v / - Eq - 1 4- — sin 

y 7)i N Eq

1 ~ 2E0 S‘n "1<l

, , Ki . ,1 + Sln*Eq

So__________

1 + &-osin“iZi

T = Tq\

3.4. Transit Time in the Drift Space.—A sectional view of a klystron 
amplifier, indicating the voltages and dimensions that are important in 
this analysis, is shown in Fig. 3-1. The transit time T between input and
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(3-10)

(3-11)

(3-12)

Differentiating Eq. (3-12) gives

(3-13)cos dti

12 dt2 — Iq dt\

Equation (3-10) may be rewritten

Ei 
dt,2 — dti — wiTq ——

The transit time TQ corresponds to a certain number of oscillation cycles 
during the time an electron of average velocity is traveling along the drift 
space. This number will be designated N and is merely another way of 
expressing the transit time from the input gap to the output gap for an 
electron with average velocity. It is not necessarily an integer and may 
have any value in a klystron amplifier, but N is restricted to certain values 
that satisfy the proper phase relations if the klystron tube is used as an 
oscillator. The value of N should not be confused with the number of 
times the electrons may become bunched in the drift space. In an over­
bunched amplifier, the bunch may form, then separate, and reform again 
farther along the drift tube. Oscillators do not become overbunched in 
this manner, and the electrons are formed into a bunch only once, although 
a number of bunches may be in the process of formation at the same time 
if transit of the drift space requires more than one cycle. Reference to an 
Applegate diagram (Fig. 1-3 in Sec. 1.5) will show that N also corresponds 
to the number of bunches in the process of formation at any instant in 
time.

I. = I 0 dt2

In order to evaluate Z2, the arrival time (2 for an electron leaving the 
input gap at time ti must be known. This arrival time is the sum of the 
departure time ti and the transit time T; i.e.,

Ei
^2 ~ + T = G + Tq — To —— sin

Z/io

where Tq is the transit time corresponding to an electron with average 
velocity.

3.5. Bunched-beam Current.—The relation between the bunched-beam 
current 12 and the transit time can be derived by considering the number 
of electrons passing the input gap at time G- The number of electrons 
crossing the gap during an interval dlA will be Io dtx, since the current 
passing the input gap is the average beam current and /0 is the number 
of electrons per unit time. These same electrons reach the output gap 
at a time <2- This same number of electrons will pass the output gap during 
an interval dt2‘, therefore
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12 = (3-15)

or

12 = (3-16)

(3-17)

(3-18)

Io
1 — X COS

The quantity x is known as the bunching parameter and may be evaluated 
from the relation

atE'
x = vNe0

3.6. Arrival-time Curves.—Equation (3-16) does not furnish all of the 
information required for evaluating I2 because it relates the instantaneous 
current at the output gap to the time the electrons passed the input gap. 
The relation between the arrival time t2 and the departure time ti is given 
by Eq. (3-12). This relation may be rewritten in terms of the bunching 
parameter x to obtain

The term wi7’0 in Eq. (3-13) is a transit angle, and in some cases this 
average value of the transit angle in the drift space will be indicated by 
the symbol r0. It will be convenient to replace the transit angle in Eq. 
(3-13) by its equivalent in terms of N.

tq — a>iT0 = 2ttN (3-14)

Equations (3-13) and (3-14) may then be substituted in Eq. (3-11) to 
obtain

x 
to = ti Tq — — sin 

U)1

Since it is not possible to solve Eq. (3-18) for Zi in terms of t2, it is con­
venient to plot t2 as a function of G. Such a curve for x equal to 1.84 is 
shown in Fig. 3-2 with G as the vertical coordinate. Then I2 may be 
evaluated by obtaining the value of Zj corresponding to the time l2, and 
substituting this value of Zi in Eq. (3-16).

The bunched-beam current may also be obtained directly from Fig. 3-2 
by measuring the slope of the curve and substituting the value of dtx/dt2 
into Eq. (3-11). When the bunching parameter x is greater than unity, 
there may be three values of Zi which correspond to the same time t2. 
This means that electrons that left the input gap at three different times 
arrive at the output gap simultaneously; therefore the sum of the slopes 
must be used to obtain the total current. The slope dti/dt2 will be negative 
for some values of G. This negative sign merely indicates that electrons 
that left the input gap later have passed other electrons in the drift space 
and arrive at the output gap first. For this reason, the sum of the absolute

_________ I_o__________
1 — ttN(Ei/Eq) cos WiZi
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3.7. Current Distribution.—Curves of instantaneous beam current at 
the output gap arc plotted in Fig. 3-3 for three values of the bunch­
ing parameter: x = 0.50, x = 1.00, and x = 1.84. Two complete cycles 
are shown; the time corresponding to one cycle is 2tt/coi. When the 
bunching parameter x is less than unity, the instantaneous current is 
finite, but an indication of a sharp peak is evident. When x equals unity, 
the current peak becomes infinite. For values of x greater than unity the 
infinite peak separates as indicated in Fig. 3-3.

3.8. Current Curves from Cycloids.—The expression for the bunched- 
beam current in Eq. (3-16) is not very convenient for plotting the instan­
taneous current. However, a graphical method is available because the 
denominator in Eq. (3-16) is one of the parametric equations for a cycloid

kO

crs
Ld
O

■ If
T GO

values of the slopes is used, and the negative sign is ignored in computing 
the bunched current.

If the value of the bunching parameter x is greater than unity and cos 
is positive, the value of Z2 given by Eq. (3-16) may become negative. 

The term 1 — x cos wj/i is the reciprocal of the slope dt^/dl^; therefore, the 
absolute magnitude must also be used in computing the current contribu­
tion with this equation.

tt 
co ------------------------------------------

ARRIVAL TIME t2 frltgfo

Fig. 3-2.—Electron arrival-time curve for a value of x = 1.8-1 for the bunching parameter.
One complete cycle is shown.
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x= 1.84

/ \ /

4rr0 TIME t2

H— x= loo

x = 0.50/&
AVERAGE CURRENT

and it is possible to modify Eq. (3-18) to obtain the second parametric 
equation which relates Zi and t2. Therefore the reciprocal of the instan­
taneous current can be obtained from a cycloid with a rolling circle of 
unit radius and a generating circle with a radius equal to x, the bunching 
parameter defined by Eq. (3-17). The beam current is proportional to 
the reciprocal of the value obtained from the cycloid curve when it is 
single-valued, and the sum of the reciprocals of the absolute magnitude 
of the values from the cycloid when x is greater than unity. The basis 
for neglecting the negative sign was explained in Sec. 3.6.

Fig. 3-3.—Current distribution for the first peak in. bunching. Two complete cycles arc 
shown. Three values of the bunching parameter are illustrated.

A series of cycloids representing six different values of the bunching 
parameter is shown in Fig. 3-4, and corresponding current-distribution 
curves computed from these cycloids are illustrated by Figs. 3-3, 3-5, 
and 3-6.

Figure 3-3 includes the current-distribution curves for three values of 
the bunching parameter: x = 0.50, x = 1 .00, and x = 1.84. x = 1.84 
is the value required for maximum output. A value of unity for the 
bunching parameter gives a single infinite current peak, but this value 
does not correspond to optimum bunching. More energy can be ex­
tracted from the bunched beam if the infinite current peak is allowed to 
diverge slightly, since the energy in the bunch is increased and fewer 
electrons remain in the half of the cycle that subtracts energy from the 
radio-frequency field in the output resonator.
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Fto. 3-4.—Family of cycloids for obtaining current-distribution

x = 3.83

AVERAGE CURRENT
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3.9. Effect of Overbunching.—If the bunching process is allowed to 
continue, the current peaks will diverge until there is no conversion of 
energy from the beam. The current distribution for this case is shown in

F 
<\ 

l

Fig. 3-4.—Family of cycloids for obtaining current-distribution curves. The bunching 
parameter x corresponds to the ratio of the radius of the generating circle to the radius of the 
rolling circle.

5- TIME t2 -£?
Fig. 3-5.—Current distribution giving zero output corresponds to a value of z = 3.83 for 

the bunching parameter.

Fig. 3-5 and occurs when the bunching parameter has a value of 3.83. 
Note that the beam has not become direct current, but that two current 
peaks still exist. These two current peaks are not 180 deg. out of phase, 
as might be expected, but actually 86 deg., as shown by Fig. 3-5. The
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i2 — 2IqJ\(x) sin (wi/2 ~ 2ttN) (3-20)

3.11. Output Current Characteristic.—The peak value of the radio­
frequency current is proportional to the Ji Bessel function as indicated

— x = 5.33
---- x = 4 60

0 S TIME t2 13
Fio. 3-6.—Current distribution for the second peak in bunching when the bunching parameter 

x is large.

3.10. Harmonic Analysis of Bunched Current.—This sharply peaked 
current distribution is rich in harmonics. It is possible to evaluate the 
instantaneous current as a Fourier series, and the amplitudes of the 
harmonics are given by Bessel functions. The expression for the bunched 
current becomes
K = /0 [ 1 -|- 2Ji(x) sin («i£2 — 2ttA^) + 2J2(2x) sin 2(u3\t2 — 2irN)

+ . . . 4- 2Jn{nx) sin n(«^2 — 2?r.zV)] (3-19)

Only the second term is of interest in a klystron amplifier. It is the 
fundamental component of the radio-frequency current and will be de­
signated i2.

basis for zero output is not obvious from inspection of Fig. 3-5, but de­
pends upon the fact that the integrated effect over a complete cycle is zero.

If overbunching is increased, the two infinite current peaks will merge 
and form a single infinite current peak that is 180 deg. out of phase with 
the first infinite peak when the bunching parameter equals unity. This 
second single infinite peak corresponds to a value of 4.60 for the bunching 
parameter. Further increase of the bunching until x = 5.33 produces a 
second maximum in the output. These current-distribution curves are 
shown in Fig. 3-6.
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(3-21)

This effect is discussed in Sec. 3.12.

BUNCHING PARAMETER X = 0TTN^- 
EO

Fig. 3-7.—Ratio of the fundamental component of the bunched beam current to the 
direct current in the electron beam. An accurate graph of the Bessel function 2Ji(x) is 
given in Chart X in Appendix B.

Note in Fig. 3-7 that the maximum current occurs when the bunching 
parameter has a value of 1.84. This degree of bunching is called “optimum” 
bunching. If the bunching parameter is less than this value, the term 
“underbunching” is applied, and “overbunching” is used to describe the 
region where x has a value greater than that required for optimum bunch­
ing. Note that the current is zero when the bunching parameter has a 
value of 3.83, but that the current increases again for larger values of x. 
The negative value of the Bessel function indicates that the phase of the 
radio-frequency current has changed 180 deg. This phase change is 
apparent in the illustrations of current distribution for an overbunched 
beam described in Sec. 3.9.

This bunching characteristic of klystron tubes is analogous to the Ip vs. 
Eo characteristic for conventional vacuum tubes. The analogy is quite 
convenient and furnishes the basis for the definition of a transconductance 
for a klystron tube. However, it is important to remember two basic

by Eq. (3-20). The magnitude of the fundamental component is plotted 
in Fig. 3-7 as a function of the bunching parameter x. In order to make 
the illustration more general, the expression for x given in Eq. (3-17) has 
been modified by a “beam-coupling” coefficient, /3, which must be 
introduced when the transit time across the input gap is not negligible. 
The correct value of the bunching parameter is

x = frivN


