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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-
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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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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
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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



Sec. 2.4] 13CAVITY RESONATORS

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.
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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 )



KLYSTRON TUBES [Sec. 2.8

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

L
0

4.60
5.33

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



31ELECTRON-BUNCHING THEORYSec. 3.111

7
CURRENTAVERAGE

4tr

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
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Ei sin wjZ (3-23)

-c°s“,(<+O2v0.
aid 

sin wii sin ——
2v0

differences between the bunching characteristic in Fig. 3-7 and the triode 
analogy. Increasing the input gap voltage in a klystron will eventually 
reduce the output to zero owing to the effect of overbunching. This 
behavior is quite a contrast to the saturation characteristic of a triode or 
pentode. The second important difference occurs in the definitions of 
transconductance. The transconductance of a triode is the slope of a 
line tangent to the curve at the operating value of grid bias. The operating 
point on the klystron bunching characteristic represents the peak value 
of the radio-frequency voltage and is more nearly analogous to AE0 than 
to Eo. For this reason, the t ransconductance of a klystron is proportional 
to the slope of a line drawn from the origin to the operating point on the 
curve.

3.12. Effect of Transit Time at the Input Gap.—The previous discussion 
has ignored the effect of the transit time of the electrons in the resonator 
gaps although a correction factor 0 was introduced in Eq. (3-21). If an 
electron crosses the gap in a small fraction of an oscillation cycle, then the 
change in kinetic energy will be determined by the potential difference across 
the gap at that instant and no correction factor will be needed. However, 
if the electron requires a full cycle to traverse the resonator gap, it will be 
accelerated during half of the cycle and decelerated during the remainder 
of it. As a result, the net change in kinetic energy will be zero if the gap 
voltage is very small compared to the beam voltage. This effect may be 
included in the analysis by introducing the beam-coupling coefficient 
mentioned in Sec. 3.11.

It is necessary to know the transit time across the gap in order to eval­
uate 0. If the gap spacing is d, an electron with average velocity v0 will 
cross the gap in time equal to d/v$. The gap transit angle 6 will be the 
product of the angular frequency o>i and the gap transit time.

3 — <^id/vQ (3—22)

The interchange of energy between the resonator and the beam will depend 
upon the average value of the gap voltage during the time the electron 
is crossing the gap. If the expression for the gap voltage given in Eq. 
(3-4) is averaged over a period corresponding to the gap transit angle 6, 
the result will be
| nt + d/2vo

d/VQ
Ei sin ct>il dt = ——y- I cos ( i 

wia/vo.L \
2Ei 

caid/vQ

 sin (6/2)
” 3/2
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(3-2-1)£ =
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comparable to the beam voltage, the value of 3 for the output gap will be 
different from the value for the input gap because the electrons will not be 
traveling with average velocity. This factor will not be important in 
many tubes, particularly in reflex oscillators; any further analysis of specific 
tube types will assume that is equal at the input and output gaps. It is 
also important to remember that the expression for 0 in Eq. (3-24) is not 
valid when the velocity variation is large compared to the average velocity; 
i.e., when the output gap voltage is comparable to the beam voltage.

aO
H 
cr s
UJ 
Q

The beam-coupling coefficient 0 is therefore given by the relation 
sin (5/2) 

5/2

When the gap transit time is small, the value of 3 approaches unity 
and Eqs. (3-21) and (3-17) for the bunching parameter become identical. 
In practice, [3 is always less than unity and Eq. (3-21) must always be 
used for the bunching parameter.

3.13. Effect of Transit Time at the Output Gap.—A similar conversion 
loss occurs at the output gap and may be included in the analysis by con­
sidering that the effective radio-frequency component of the bunched- 
beam current is $1'2 instead of ?*2- If the output gap voltage is large and

TT 
" GJ ___________________________________________________________________

ARRIVAL TIME t2
Fig. 3-8.—Electron arrival-time curve for a value of x = 1.84 for the bunching parameter.

The effect of finite transit time at the resonator gap is illustrated.
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(3-25)
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Fiq. 3-9.—Current-distribution curves for a value of x = 1.84 and gap transit times corre­
sponding to one-eighth and one-quarter of a cycle.

time is large, the incremental ratio A£i/AZ2 must be used. The computa­
tion of the current corresponding to time Z2 equal to (n + %)tt/w1 is 
illustrated in Fig. 3-8. The increment A/2 is shown equal to tt/4wi and 
can be considered equivalent to unit distance for the graphical computation 
of current. Then the sum of the two increments Ain measured by the 
same scale, gives the instantaneous beam current. For the case illustrated,

A/i
E— = 0.49 + 1.13 = 1.62 Af2

Curves of bunched-beam current, including the effect of gap transit 
time, are shown in Fig. 3-9 for gap transit times corresponding to transit 
angle of tt/4 and tt/2. The theoretical curve for infinitesimal transit time 
is shown dotted for comparison. All curves correspond to a value of 1.84

An interesting graphical analysis of the effect of transit time at the 
output gap may be obtained from a ti vs. t2 diagram. Figure 3-2 in Sec. 
3.6 is redrawn in Fig. 3-8 to show the effect of a gap transit time correspond­
ing to a transit angle of tt/4 radians. A value of 1.84 is used for the bunch­
ing parameter. This value of x is correct for optimum bunching under 
the assumptions of negligible gap transit time and small input gap voltage.

In the derivation of the expression for the bunched-beam current in 
Eq. (3-16), the assumption of negligible transit time at the output gap 
permitted the use of the derivative dli/dl2. However, when the gap transit
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This averaging process 
Note that the double-

for the bunching parameter. These curves may also be obtained by averag­
ing the current given by the dotted line, or the similar curve in Fig. 3-3, 
over a period corresponding to the transit angle 6.
is equivalent to converting dt\/dl2 into Ati/Ata. 
peaked form of current distribution disappears when the gap transit 
time becomes greater than the spacing between the two current peaks in 
the theoretical case for infinitesimal transit time.

3.14. Beam Loading.—It was stated in Sec. 3.12 that the net change in 
kinetic energy of an electron would be zero if the gap transit time was 
equivalent to one complete cycle. This is true regardless of the time when 
the electron enters the gap, provided the assumption of a very small gap 
voltage is satisfied. If the gap transit angle corresponds to one half cycle, 
however, the entering time is quite important. An electron that traverses 
the gap when the field is accelerating the beam will have a transit time 
slightly less than a half cycle; therefore, it will absorb more energy from 
the field than will be returned by an electron that traverses the gap when 
the field is decelerating the beam. In other words, more energy will be 
absorbed by the beam during one half of the cycle than the beam will trans­
fer to the field during the other half of the cycle. As a result, power is 
required to produce a velocity variation when the transit time is one half 
cycle. This power loss is equivalent to an additional load on the resonator 
and is referred to as “beam loading.”

The transit-time beam loading is zero if the gap transit time is zero, 
and has a maximum value when the transit time is approximately one half 
cycle. The beam loading decreases to zero again for a transit time of one 
complete cycle and then becomes negative. This negative beam loading 
is analogous to the negative resistance characteristic of an oscillating diode. 
The magnitude of the beam loading is not only determined by the gap 
transit time, and therefore dependent upon the beam voltage, but it is 
also proportional to the beam current.

Secondary electrons may be another source of beam loading. If second­
ary electrons are formed in the resonator gap, the greater number of 
secondaries will have very low velocities when introduced into the gap 
and will leave the gap with a larger velocity regardless of the direction of 
the radio-frequency field. Therefore all these secondary electrons will 
absorb energy from the field and introduce a power loss. This form of 
beam loading may be expected to be proportional to the beam current, 
but there is no direct relation between the magnitude of the beam loading 
introduced by secondary electrons and the beam voltage applied to 
the tube.

3.15. Space-charge Debunching.—The effect of the forces between the 
electrons in the beam was neglected in order to simplify the analysis; 
however, these space-charge forces are quite important and must be con-
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sidered in a klystron design. If the beam is uniform and is in a field-free 
drift space, there will be sufficient positive ions formed by molecular col­
lisions, even in a good vacuum, to neutralize the space charge of the beam. 
This condition does not apply to a beam that is bunched, because the 
mobility of the heavy positive ions is quite low, and space-charge forces 
can exist. These forces oppose the formation of the electron bunches 
and can be resolved into two components. One component tends to 
destroy the focus of the beam and is termed “transverse” debunching. 
The other component repels the electrons that should become a part of the 
bunch and reduces the bunching action. This component is called “longi­
tudinal” debunching.

Transverse debunching reduces the efficiency of a klystron because 
many of the electrons from the bunch become lost on the walls of the tube. 
There is also an excess of positive space charge in the region between 
bunches. This positive space charge may force electrons, which would 
normally be lost owing to divergence of the beam, back into the beam during 
the wrong part of the cycle when they would subtract additional energy 
from the output resonator. Therefore the effect of transverse debunching 
is not limited to the loss of electrons from the bunch itself.

Transverse debunching can be eliminated by using a strong longitudinal 
magnetic field to prevent divergence of the beam, but the use of a magnetic 
focusing field adds considerably to the complexity of a system and is 
seldom used.

Longitudinal debunching reduces the bunching action and therefore 
reduces the gain of a klystron. Within certain limits this effect may be 
overcome by increasing the drift distance. If the drift distance becomes 
too great, the debunching forces act during a longer interval, and it may 
be impossible to bunch the electron beam. For this reason, there is an 
optimum drift distance and a maximum gain which can be obtained with 
a klystron amplifier.

3.16. Bunching in a Short Drift Space.—All the curves in Figs. 3 2 
to 3-9 illustrate bunching that is symmetrical; i.e., these curves represent 
the conditions when the input gap voltage is small and there is sufficient 
drift time to permit bunching to occur. Under these conditions the 
current distribution is a symmetrical function of time. These conditions 
are satisfied if the drift time is an interval corresponding to 10 or more 
oscillation cycles. Drift times of this magnitude are obtained occasionally 
in tubes using low acceleration voltages; however, the usual conditions of 
operation correspond to drift times which are very much shorter.

It is apparent from Eq. (3-21) that a small number of oscillation cycles 
during the bunching interval require a large voltage E^ at the input gap. 
This condition causes a distortion of the bunched current distribution. 
Figure 3-10 shows the distortion of the arrival-time curve corresponding
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to x = 1.84 when N has a value of 3X cycles. These conditions correspond 
to a ratio of Ei/Eq = 0.18.

There are two reasons for the unsymmetrical current distribution when 
the drift time is short. A large ratio of input gap voltage to acceleration 
voltage is required to obtain bunching in a short time; as a result, the 
velocity distribution is not sinusoidal and the electrons that are decelerated 
are slowed down more than the electrons that are accelerated are speeded

up.
as

UJ 
s

UJ

CE

£

In addition, the slowest and fastest electrons cannot be considered 
traveling with the average velocity when the velocity variations are 

large. This factor causes the slower electrons to be comparatively over­
bunched while the faster electrons are somewhat underbunched. The 
nonsinusoidal velocity distribution and the distortion due to large variations 
of velocity produce an additive effect on the current distribution in the 
bunch.

The two effects are shown separately in Fig. 3-10. The dotted curve 
A has been computed for an assumed sinusoidal velocity variation. The 
difference in transit time between a slow electron and the average transit 
time is greater than the difference between the faster electrons and the 
average. As a result, the dotted curve is shifted slightly to the right in

* 'h'

TT
~ CO

5-^)Tr ARRIVAL TIME tr

Fia. 3-10.—Electron arrival-time curves showing second-order effects when the velocity 
modulation is large but sinusoidal (A) and when the input gap voltage is sinusoidal (B).
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Fig. 3-11.—Electron arrival-time curve for an extremely short, drift distance. The phase 
shift caused by the distortion of the electron bunch increases as the input gap voltage is 
increased.

from deceleration to acceleration does not become the center of the bunch. 
A drift time of 2/% cycles has been represented in Fig. 3-11 in order to 
emphasize this phase shift. Bunching parameter values of x = 0.50, 
x = 0.80, x — 1.00, and x = 1.28 have been used for computing the G vs. 
t2 curves in Fig. 3-11. Corresponding current-distribution curves are 
given in Fig. 3-12. Note that the current curve for x = 0.50 does not 
differ greatly from the corresponding curve in Fig. 3-3. The distortion 
becomes greater as the input gap voltage is increased; i.e., the phase shift 
is a function of the input gap voltage.

The choice of a drift time of 2/tt cycles means that the four values of 
the bunching parameter correspond to E\/Eq ratios of 0.25, 0.40, 0.50,

comparison to Fig. 3-2. The total distortion due to both factors is included 
in the solid curve B for a sinusoidal voltage variation. The additional 
distortion caused by the nonsinusoidal velocity variation when the bunched 
voltage is large compared to the acceleration voltage is shown by the 
difference between A and B in Fig. 3-10.

3.17. Phase Shift Caused by Distortion of the Bunch.—There is a 
phase shift introduced by the distortion of the bunched current. The 
electron that passes the input gap when the voltage is zero and changing

. Tf
co

ARRIVAL TIME X2

0t O
o
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£
UJ
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Fig. 3-12.—Bunched-current distribution corresponding to the short drift distance illustrated 
by Fig. 3-11. Two complete cycles are shown.

The previous discussion of phase shift caused by the distortion of the 
bunch has been qualitative. When the current distribution is not dis­
torted badly, the simple assumption that the center of the bunch cor­
responds to the median time between the two infinite current peaks is 
quite satisfactory. Note that this assumption is not accurate for the 
current distribution in Fig. 3-12 when x = 1.28, and the curve is quite 
unsymmetrical. It is usually satisfactory to assume that the bunching 
is optimum when the two infinite current peaks have separated by a time 
interval equal to that predicted for x = 1.84 in the small-signal theory. 
The latter assumption was used in estimating the value of x required for 
optimum bunching in Fig. 3-11.

3.18. Power Transferred to Output Resonator.—An exact graphical 
analysis may be used to compute the energy transferred to the output 
resonator, and the phase shift and the value of bunching for optimum

and 0.64. The larger values of input gap voltage cause a nonsinusoidal 
variation of velocity; as a result, the average velocity is somewhat less 
than the velocity corresponding to the acceleration voltage, and the ex­
pression for the bunching parameter in Eq. (3-21) is no longer valid. The 
slower electrons become bunched sooner, and an infinite current peak occurs 
when the value of x computed from Eq. (3-21) is only 0.80. A value of 
x = 1.00 gives a decided double peak in the current distribution, and opti­
mum bunching corresponds to a value of 1.28 instead of 1.84. This 
deviation from the first-order theory indicates that the output characteris­
tic of an amplifier may differ from the curve shown in Fig. 3-7.

x=O.5O

AVERAGECURRENT/ \

I / \
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— 0) dt2 (3-26)

E2 cos (a)t2 — t0 — 0) dl\ (3-27)

output may be obtained by cut-and-try methods if the assumptions above 
are unsatisfactory or if a quantitative answer is desired. The energy 
transferred from the beam to the output resonator will be given by

2r/w

I2E2 COS (w/2 — Tq
TF = f

2tt </o

IF = -- Zo 
2tt

Convenient limits are chosen for the integration since it is necessary to 
integrate only over one complete cycle. It is necessary to replot E2 cos 
(co/2 — T0 — 0) on the tune scale before integration. This may be done 
conveniently by transferring the value of E2 cos (wZ2 — t0 — 0) at a given 
time t2 to the corresponding time ti given by the vs. t2 diagram. This 
process is illustrated by Fig. 3-13, which corresponds to an output gap 
voltage with a peak amplitude of 0.7EQ replotted with the aid of line B 
of Fig. 3-10. A phase shift of 8 deg. has been assumed.

A value for the conversion efficiency of the tube can be obtained from 
the ratio of the effective energy transferred to the resonator, which is 
given by the difference between the shaded areas below and above the line 
BC representing the acceleration voltage, to the area of the rectangle A BCD 
which represents the d-c energy in the beam. The value of efficiency 
obtained from Fig. 3-13 is 40 per cent. This is a theoretical efficiency 
and' includes the power absorbed by ohmic losses in the resonator. The 
output efficiency would depend upon the ratio of power delivered to the 
load to the power losses in the resonator. If the value of E2 had been

E2 is the peak value of the output gap voltage. The angle t0 is the transit 
angle of the electron that passed the buncher grids at a time t = 0. The 
designation of average transit angle is not applicable in this case, but the 
angle t0 still represents the transit time of an electron traveling with a 
velocity corresponding to the beam voltage. This definition means that 
<al2 ~ To is zero for the electron corresponding to ti = 0 and is equivalent 
to shifting the t2 coordinate in the diagrams of the arrival time, or vs. 
t2 diagrams. The phase angle 0 is determined by the tuning of the output 
resonator and by the distortion of the bunched-beam current. This value 
of 0 will be zero if the output resonator is. tuned to resonance with the in­
put frequency and there is no distortion of the bunch. If distortion of the 
bunch docs occur, the phase will shift in order to transfer the maximum 
energy to the output resonator. Equation (3-10) may be substituted 
in Eq. (3-26) in order to avoid the difficulty of evaluating the energy 
contribution of the infinite current peaks. Since Zo is a constant, Eq. 
(3-26) may be rewritten
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(3-28)

E2 sin (u^2 — To) dli (3-29)

(3-30)
and

(3-31)

chosen 1.0 instead of 0.7, the efficiency computed from this graphical 
integration would have been 40/0.7, or approximately 58 per cent, the 
theoretical efficiency of a klystron amplifier.

= y/Wi2 + W22TFmax

cu,
Fig. 3-13.—Energy diagram for computing the efficiency of a klystron from a graphical 

integration. The efficiency corresponds to the ratio of the difference of the two shaded 
sections to the area of the rectangle ABCD.

3.19. Phase Shift from a Graphical Integration. —It is not necessary 
to estimate the phase shift introduced by the distortion of the bunch, 
or obtain a value by cut-and-try methods from calculations of the efficiency 
using a number of arbitrarily chosen phase angles. Both the phase angle 
and the maximum efficiency for the given value of x may be computed 
exactly from two graphical integrations. If one integration is performed, 
using Eq. (3-27) with </> equal to zero, 

OJ /»2x/w
Wi = —- Io I E2 cos (wZ2 — t0) dti 

ZiTT tz

and a second integration is made, with the voltage E2 shifted 90 deg. in 
phase as indicated by the expression below:

Z*2t/w 
^2 = -/o / 

Z7T «/o

then the phase angle </> and the maximum value of the energy transferred, 
Wmax may be computed from the relations

tan </> = W2/ Wi
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Fi/#o
Bunching 
parameter

Drift, time, 
cycles

Phase shift, 
degrees

6.4 
12.0 
18.3 
42.0

0.25
0.40
0.50
0.64

0.50
0.80
1.00
1.28

2/7T 

V* 
2/7T 
2/ir

There is no convenient graphical method for determining the conditions 
for optimum output, although the efficiency may be computed for a 
number of choices of input gap voltage E\ or bunching parameter x, and 
the bunching parameter required for optimum output may be estimated 
by inspection of the curve of efficiency vs. bunching parameter.

The phase shift for various ratios of E\/E$, corresponding to the curves 
in Figs. 3-11 and 3-12, have been computed from Eq. (3-30) and are 
shown in Table II. These data verify the qualitative conclusion, stated 
in Sec. 3.15 in the discussion of Figs. 3-11 and 3-12, that the phase shift 
increases as the input gap voltage is increased.

Table II.—Phase Shift Introduced by Distortion of the Bunch



CHAPTER 4

KLYSTRON AMPLIFIERS

4.1. Types of Klystron Amplifiers.—The usual distinction between 
types of amplifiers depends on whether the object is to develop the maxi­
mum voltage at the output or as much power as possible in the load im­
pedance. The choice is achieved by the selection of the input- and output­
circuit constants and the values of grid and plate voltages. A klystron 
amplifier has input and output circuits (resonators) which have approxi­
mately the same impedance. Therefore the power gain of a klystron 
amplifier is equal to the square of the voltage gain. Since there are no 
klystron amplifiers with “infinite” input impedance, there are no klystron 
voltage amplifiers in the usual sense of the definition.

It is more satisfactory to classify klystrons on the basis of input level. 
The input power will be proportional to the square of the voltage 7?i at 
the input gap; therefore, the input power is proportional to the square of 
the bunching parameter x in Eq. (3-21). The output power delivered 
to a constant impedance load will be proportional to the square of the 
radio-frequency component of current in the bunched electron beam, which 
is given by Eq. (3-20). This means that a theoretical curve of output 
power vs. drive power can be obtained by squaring the values of both 
coordinates in Fig. 3-7. A curve computed in this manner is shown in 
Fig. 4-1.

A low-level amplifier is operated in the underbunched region near zero 
drive power where the characteristic curve is linear and the output is pro­
portional to the input. The gain of the amplifier is a maximum in this 
region. More output can be obtained by sacrificing gain and operating 
the amplifier at the point of optimum bunching. This point corresponds 
to the peak of the first maximum in the output curve in Fig. 4-1, and an 
amplifier operated at these conditions is termed a “high-level” amplifier. 
It is common practice to refer to high-level klystron amplifiers as “power 
amplifiers.” Low-level amplifiers may be called “voltage amplifiers” 
because they are operated in the region of maximum gain, but this classifi­
cation does not agree with the usual distinction between these two types 
of amplifiers.

4.2. Interaction between a Resonator and an Electron Beam.—Anal­
ogies between klystrons and conventional vacuum tubes are quite useful 
and will be used frequently in the following chapters. Some of these

44
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Fig. ‘1-1.—Theoretical curve of the output power vs. the square of the bunching parameter.

analogies are obvious extensions of well-known concepts. One of the most 
useful analogies, the equivalent circuit for a klystron which will be in­
troduced in the next section, deserves a special explanation. The velocity 
modulation introduced at the input gap of a klystron amplifier is not dif­
ficult to understand; the electron is a charged particle and it will be ac­
celerated or decelerated by the electric field in the input gap. This field 
exists because radio-frequency power is supplied to the resonator. The

c=? 0.8 — '

,<N,

explanation of a transfer of energy from the bunched electron beam to the 
output resonator is not so obvious, and the problem is frequently avoided 
by assuming that a steady-state alternating field exists at the output gap 
and that the electron beam gives up some of its kinetic energy to maintain 
this field.

It is possible to show that an a-c component in the electron beam will 
build up the steady-state field by giving up energy to a resonator when the 
only voltage present is caused by thermal agitation. This effect is quite 
small, however, and a thermal voltage is not required for the explanation 
of the energy transfer. A bunched electron beam will build up the field 
in a resonator in the same way that an alternating current flowing in a 
resonant circuit will build up a voltage across the circuit.

Consider a resonator in which no radio-frequency field exists and as­
sume that, initially, no beam current is passing the resonator gap. Then
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v—

Fig. 4-2.—Electric field 
introduced by the presence 
of an electron in the resona­
tor nap.

the gap would cancel the deceleration that occurred during the first half 
of the transit and the electron would leave the gap with a velocity v equal 
to its entering velocity.

The induced charge at A cannot move rapidly to B because this motion 
of the charge corresponds to a current that sets up a magnetic field. As a 
result, the walls of the resonator connecting surfaces A and B will act like 
an inductance which prevents the induced charge from moving from A to 
B instantaneously. The electron will continue to be retarded by the posi­
tive charge remaining at A, and there will be less attraction toward the 
surface B. The velocity that it loses in the first part of its transit through 
the gap will not be regained and it will leave the gap with less velocity 
than v, its entering velocity. The electron has lost kinetic energy to the 
field it induced, and this energy remains in the resonator as a residual 
field corresponding to the induced charge at A.

A current will build up in the resonator walls as the charge at A tends 
to equalize on both sides of the capacity represented by the surfaces A 
and B. Since the walls of the resonator correspond to an inductance, this 
current will continue to flow after the charge has been equalized. One 
half cycle later, the charge will be concentrated at B. Then the current

allow the beam current to flow for an interval that is very short compared 
to the time corresponding to one cycle of oscillation at the resonant 
frequency of the cavity. While this current pulse is in the resonator gap 
there will be a field in the gap, since a field always accompanies an electron 
charge. This field will react upon the moving electrons so that they leave 
the gap with a slightly reduced velocity. The energy lost by the electrons 

in the current pulse remains in the resonator as a 
residual field, and the build-up process has started.

A satisfactory physical picture of this action can 
be obtained with the aid of a simple analogy. For 
simplicity, a single electron passing the resonator 
gap at the same time during each cycle will be con­
sidered. This electron enters the gap with a veloc­
ity v and travels across the gap from A to B, as 
shown in Fig. 4-2. There will be a positive charge 
induced on the walls of the resonator when the 
electron enters the gap. Most of the charge will 
be concentrated at A, and this charge will exert a 
retarding force on the electron. If the induced 
charge could move around the walls of the resonator 
fast enough, i.e., if A and B were connected by zero 
impedance, the electron would be attracted toward 
B after it had passed the middle of the gap. The 
acceleration during the last half of the transit past

A B

r
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will reverse and the surface A will again be charged positively one cycle 
later when the next electron arrives. The process will be repeated and the 
field in the resonator will build up rapidly, since more energy is transferred 
by the electron when it is decelerated by a stronger field. The field in 
the resonator will continue to build up until the energy transferred during 
each cycle is just equal to the losses in the resonator and the energy ab­
sorbed by a load that may be coupled to it.

4.3. Equivalent Circuit for a Klystron Amplifier.—This explanation of 
the energy transfer to a resonator indicates that there is little difference 
between the case when the electron current is inductively coupled to the 
circuit and the well-known case of a current that is actually conducted 
by the circuit. The resonator and electron beam may therefore be repre­
sented by a conventional circuit, and an equivalent circuit for a klystron 
amplifier is shown in Fig. 4-3. A multiple grid tube is shown to emphasize

the fact that only electron coupling exists in a velocity-modulated amplifier, 
and that the input and output circuits are completely isolated. The 
‘‘delay” shown in the equivalent circuit is introduced by the transit time 
of the electrons in the drift space and Is a function of the acceleration 
voltage and the length of the drift space. This delay does not affect the 
operation of a klystron as a simple amplifier but is important when a 
klystron amplifier is phase-modulated.

The input and output resonators are represented by identical RLC 
circuits. Inductive coupling to the input circuit is shown; similar cou­
pling is used to obtain power from the output circuit, but the equivalent 
circuit has been simplified by showing the equivalent shunt load resistance 
RL instead of the inductive coupling to the actual load resistance. The 
resistors Ra represent the shunt resistance of the cavity resonators and 
include beam loading effects as well as the resonator losses. The losses 
in the two resonators may not be equal in practice, but the assumption 
that they are equal does not introduce any serious errors.

4.4. Electron-bunching Relationships.—If there is a radio-frequency 
voltage of peak value E\ at the input resonator, there will be a radio­
frequency current X2 at the output as the result of the electron-bunching 
process. The relations among the input voltage Ei, to beam voltage Eq,

i—f 
DELAY

Fig. 4—3.—Equivalent circuit of a Klystron amplifier.
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(4-3)0 =

(4-D

(4-5)

(4-6)Um
p2*ni0 

Eo

the beam current Iq, the radio-frequency component of current 1’2, ami the 
number of oscillation cycles during transit of the drift space, designated 
by N, were derived in Chap. 3 and will be repeated here.

?2 = 2Zq./ 1 (x) sin CO1Z2 (4— 1)

x = (5tvNE\/Eq (4-2)
Equation (4—1) is similar to Eq. (3-20) in Sec. 3.10 and Eq. (4-2) is 
identical to Eq. (3-21). The factor /? is the beam-coupling coefficient 
described in Sec. 3.12 and is defined by

sin (6/2)
6/2

where 6 is the transit angle at the input gap.
4.5. Transconductance of a Klystron.—These bunching equations 

may be used to define a transconductance for a klystron. This trans­
conductance is the ratio of the peak value of the effective output current 
0i2 to the peak input voltage This definition of the transconductance 
is essentially the same as the definition for conventional vacuum tubes, 
since the peak values used in the definition for a klystron would be anal­
ogous to the increments used in the conventional definition. However, 
the bunching characteristic for a klystron given in Fig. 3-7 is plotted in 
terms of the peak values; therefore the transconductance is the slope of a 
line from the origin to the operating point on the curve, instead of the slope 
of the curve. This distinction is necessary because the bunching curve 
does not correspond to the ip vs. Eo curve for a conventional vacuum tube.

It is also necessary to introduce a new tube constant, the “large-signal 
transconductance,” since the usual definition is for a small-signal trans­
conductance. Klystron power amplifiers operate in a nonlinear region 
of the curve where the transconductance is reduced from the small-signal 
value. •

Equation (4-2) for the bunching parameter may be rewritten to give an 
expression for E\:

E 1 frrN
The value of the transconductance g,n can then be determined from the 
ratio of the peak value of /3i2 to the peak voltage E{.

2/3/qJ! (x) 
°m “ Ex

Substituting Eq. (4^1) in Eq. (4-5) gives
2A(x)

X
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(4-7)gms =

E2 — 20IqJi(x') (4-8)COS 02

(4-9)tan 02 =

(4-10)COS 02E2 R*RlVoltage gain = - = gm - —

Equation (4-10) is similar to the relation for the voltage gain of a grid- 
driven triode or pentode. This similarity is quite important and is added 
evidence of the usefulness of the analogy between klystrons and con­
ventional vacuum tubes.

It should be pointed out that this discussion assumes that the output 
voltage E2 is always less than the beam voltage Eo, and that electrons are 
not turned back or reflected by the field at the output gap. The importance 
of this assumption is discussed in Sec. 4.12, in the analysis of the effect 
of the beam current on the output load required for maximum output.

4.7. Power Output.—An equation for the power delivered to the load 
can be obtained from Eq. (4-8). The total power delivered by the 
bunched-beam current will be divided between the resonator losses repre­
sented by Rs and the equivalent load resistance RL. Reference to the 
equivalent diagram in Fig. 4-3 shows that the peak radio-frequency voltage 
E2 appears across the two resistances which are in parallel; therefore, the 
power delivered to the load will be one-half the square of the peak voltage

RsRl 
Rs + Rl

The phase angle 0 is determined by the ratio of the loaded shunt resistance 
and the shunt reactive component Xa.

RsRl
(Rs + 7?l)X

When the output circuit is at resonance with the input frequency, there
is no reactive component; i.e., Xa is infinite and the phase angle is zero.

Substituting Eq. (4-5) into (4-8) and dividing by Ei gives an expression 
for the voltage gain:

For small values of x, Ji(x) is equal to x/2 and the ratio 2Ji(x)/x is 
unity. Therefore the small-signal transconductance gma is given by

_ 02tNIo

E°
4.6. Voltage Gain of an Amplifier. —The output voltage of the klystron 

amplifier will be the product of the effective current 0i2 and the loaded 
shunt resistance of the circuit, i.e., the resistance of Ra and Rl in parallel. 
If the output circuit is not tuned to resonance with the input frequency, 
there will be a phase angle 02 between the current i2 and the output voltage 
E2, and the voltage will be reduced by a factor cos 02. This output voltage 
is given by
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E2, divided by the load resistance /?£,. If Pl is used to represent the power 
delivered to the load, 

e22 r 
Pl = = 2^0./, (x)

It is apparent from Eq. (4-11) that the power output is proportional 
to the square of i2, the radio-frequency current component of the bunched- 
beam current. This result is also obvious from the usual relations between

15
WATTS

2(Ra + Pl)
2 COS2 02

Fig. 4-4.—Power output of a klystron amplifier as 
theoretical curve from Fig. 4—1 is shown as a

current, voltage, and power, and justifies the reasoning used in Sec. 4.1 
to explain the theoretical curve of power output in Fig. 4-1. The theo­
retical output curve is repeated as a dotted line in Fig. 4-4 for comparison 
with a typical curve for a Type 410R klystron. The theoretical curve has 
been matched in amplitude and position with the first peak of the experi­
mental curve.

The actual amplifier characteristic differs from the theoretical prediction 
in two distinctive details. Perhaps the most striking difference is the fact 
that the power output does not become zero when the input power is 
sufficient to overbunch the electron beam. This difference cannot be 
attributed to experimental error, since the existence of a finite power out­
put instead of zero output is unmistakable. There is also a discrepancy 
in the position of the maximum and minimum power points when the 
electron beam is overbunched. All these discrepancies may be explained 
by the fact that the input gap voltage is not a small fraction of the beam 
voltage in a practical klystron amplifier. Probably space-charge de­
bunching effects are also present, and other second-order effects, which

10
DRIVE POWER

a function of the drive power, 
dotted line for comparison.
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are not included in the simple theory, contribute to the difference between 
the actual and the theoretical curves.

Another output characteristic which indicates the effect of overbunching 
is shown in Fig. 4-5. In this case the drive power is maintained constant 
but the beam voltage of the klystron is varied. As the beam voltage Eo 
is decreased, the number of oscillation cycles during the transit through 
the drift space will increase owing to the reduced velocity of the electrons

1000 1500
BEAM VOLTAGE

a klystron amplifier as a function of the beam voltage. The 
drive power is maintained constant.

As a result, the value of the bunching parameter x given 
by Eq. (3-21) will increase as Eq is decreased, provided the gap transit 
time is small and the coupling coefficient 3 does not decrease very rapidly 
as the electron velocity is reduced. This means that the output from a 
klystron amplifier may have several maxima and minima at low beam 
voltages, as indicated in Fig. 4-5. The output of these overbunched 
maxima will not be large, since the reduction of beam voltage reduces 
the power input to the amplifier considerably.

4.8. Overbunching.—It is not necessary to change the source of drive 
power or the beam voltage on the klystron amplifier in order to observe 
th s overbunched characteristic. If sufficient input power is available 
for overbunching the electron beam when the input cavity is tuned to 
resonance, the drive power may be reduced by detuning the input resonator. 
When the tuning has been changed until the voltage at the input gap is 
reduced to the correct voltage for optimum bunching, the output oi the 
amplifier will be a maximum. The input tuning may be changed to either
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an overbunched klystron amplifier is

4-6 is a variation of this construction showing the relation between the 
input gap voltage and the tuning of the input resonator of the klystron, 
instead of the sine curve of voltage as a function of time. A bunching 
characteristic similar to Fig. 3-7, showing output voltage or current as a 
function of input gap voltage, replaces the triode static characteristic. 
The curve that results when points are transferred from curve A to curve 
C shows the typical double-peaked output characteristic of an overbunched 
klystron amplifier when the input tuning is changed. This double peak 
in the output of an overbunched klystron should not be confused with the 
double peak in the bunched-beam current curves in Figs. 3-3, 3-5, and 
3-6, which are functions of time, but is a static characteristic and is related 
to the shape of the output characteristic curves in Figs. 3-7, 4-1, and 4-4.
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side of resonance to reduce the input gap voltage, and the output curve 
will have two peaks as the input tuning is varied.

This behavior can be illustrated by a diagram similar to the construction 
frequently used to explain the operation of a Class A triode amplifier, 
using an ip vs. Eg curve to transfer points from a sine curve representing 
input voltage to a similar sine curve showing the plate current. Figure

INPUT GAP VOLTAGE
Fig. 4-6.—The effect of changing the input tuning of 

related to the klystron bunching characteristic.
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Referring to Fig. 4-6, the construction of curve C may be explained as 
follows: When the input circuit is tuned far on one side of resonance, the 
input gap voltage is quite small and the electron beam is underbunched. 
As a result, the output gap voltage is also small. Tuning the resonator 
in the direction of resonance will increase the voltage at the input gap in 
accordance with the familiar resonance curve shown in Fig. 4-6A. The 
output gap voltage will also increase until the point representing optimum 
bunching in curve B is reached. Since the input gap voltage is still less 
than the maximum value when the circuit is resonant, additional tuning 
will decrease the output voltage and give a minimum in curve C when the 
circuit is tuned to resonance. Tuning the circuit to the other side of 
resonance will again give the input gap voltage required for optimum out­
put and the curve will be symmetrical with a dip at the point corresponding 
to resonance of the input circuit.

It is not desirable to operate a klystron amplifier -with the input circuit 
detuned to prevent overbunching. This adjustment not only would be 
wasteful of drive power but does not represent a stable tuning adjustment. 
The operating point for optimum output is on the steep side of the reso­
nance curve where a small tuning change can produce a serious change in 
the output. Reducing the drive power, until the adjustment for resonance 
would give optimum output, would improve the over-all stability of the 
amplifier because the operating point would then be in a region where the 
output resonator current is fairly constant. The resonance curve for this 
reduced value of drive power is shown dotted below curve A in Fig. 4-6. 
Additional suggestions for the utilization of the overbunching characteristic 
in obtaining the proper adjustment of klystron amplifiers are given in the 
discussion of operating suggestions in Chap. 12.

4.9. Output Resonator Tuning.—The tuning of the output circuit does 
not affect the bunching of the beam at the output gap. It is true that the 
voltage at the output gap modifies the electron velocities but, if the gap 
transit time is small, the radio-frequency current at the output gap is 
determined entirely by the drift time and the input gap voltage. There­
fore the variation of output as the second resonator is tuned will follow 
the usual resonance curve. The degree of bunching merely determines 
the maximum output that can be obtained when the output circuit is 
tuned to resonance.

4.10. Output Coupling.—An equivalent parallel load resistance Rl has 
been used in Fig. 4-3 and the analysis in Secs. 4.6 and 4.7. This simplifica­
tion implies that the load connected to the coaxial output line is transformed 
into a pure resistance as seen by the output resonator. This relation 
could be true, but in general the load will not be a pure resistance but will 
have a reactive component; also, the coaxial line and coupling loop would 
not transform a purely resistive load into an equivalent resistance unless
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Fig.34-7.—Circuit of the output resonator and a load.
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important to consider all radio-frequency connections as transmission 
lines at these microwave frequencies. The impedance transformer may 
be a simple variable length of line, a parallel shorted line of variable 
length, or a combination of two or more of such elements.

The net result of the complicated array of lines, load, and coupling 
loop is an equivalent load impedance in parallel with the RLC circuit repre­
senting the cavity resonator.

T
o
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1
Fig. 4-8.—Equivalent circuit corresponding to

Fig. 4-7.

^IMPEDANCE TRANSFORMER 

c-i A...........)

The equivalent circuit is shown in Fig. 
4-8. The only addition to Fig. 4-3 
is an equivalent load reactance 
Xl, which may be either induc­
tive or capacitive, of course, and 
may be infinite if the load is purely 
resistive.

4.11. Size of Coupling Loop.— 
Although the size of the coupling 

loop is important, it is not the only factor in the transformation ratio be­
tween the load and the resonator. Smaller coupling represents a lighter 
load, i.e., a higher value of parallel resistance. The very high values of Q 
and shunt resistance of a cavity resonator require large impedance ratios 
when coupled to coaxial lines, which are ordinarily designed to have a char­
acteristic impedance in the range of 50 to 100 ohms. As a result, the size 
of the coupling loops is usually quite small.

If the equivalent load resistance Rl is to be quite small compared to the 
shunt resistance of the cavity, a larger value of coupling will be required. 
It may not be possible to increase the coupling sufficiently by increasing 
the size of the loop. As the loop is made larger and its dimensions ap-

Rs'

Rs

o ZlOAD
■o

the electrical length of the output line was an integral number of quarter 
wavelengths.

A complete circuit for the output resonator and load is shown in Fig. 
4—7. The output resonator is coupled to a coaxial output line by a coupling 
loop. These elements are represented by the RLC circuit which is in­
ductively coupled to a short length of coaxial line. An impedance trans­
former is shown between the output line of the klystron and another 
coaxial line which is terminated by a load impedance Z)oa<1. It is quite
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prpach those of a wavelength, its self-inductance may increase so rapidly 
that increasing the size of the loop does not increase the effective coupling. 
Under these circumstances, special precautions to reduce the self-inductance 
of the coupling loop are necessary.

4.12. Effect of Varying the Load.—A klystron amplifier may be con­
sidered a constant-current source. Referring to the equivalent circuit 
in Fig. 4-3, it is apparent that the usual circuit relations apply and that 
the maximum power output will occur when the equivalent load resistance

is equal to the cavity shunt resistance 7?,. This relation may also be 
derived by differentiating Eq. (4—11) with respect to Rl- The actual load 
resistance is much smaller than the value of the equivalent load resistance 
Rl. The correct value of load resistance will depend upon the amount 
of coupling to the resonator, as discussed in Sec. 4.11. When this load 
resistance is connected to the coaxial output terminal, maximum power 
transfer to the load will occur.

As an example, a load of 100 ohms connected to the output line may 
correspond to a value of equivalent resistance RL, equal to the cavity shunt 
resistance Rs. Maximum power output will be transferred to this load 
resistance of 100 ohms. A lower value of load resistance will decrease the 
effective shunt resistance of the cavity and the resonator will not absorb 
so much power from the beam. A greater percentage of the power absorbed 
from the electron beam 'will be delivered to the load as the load resistance 
is decreased, but the power transferred by the beam to the output resonator 
becomes zero when the loaded shunt resistance of the resonator is zero.

LOAD RESISTANCE - OHMS
Fig. 4—9.—Power output of a klystron amplifier as a function of the load resistance.
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(4-12)Pl — E2$IqJ\ (x)

(4-13)Efficiency = —- = 3y AW

and the efficiency is given by

xr/x: • o r f \ Efficlency=_ = /3_J1(X)___

If Rs Rl and 0E2 is equal to Eo, the efficiency is equal to the maximum 
value of the Ji Bessel function. Therefore the theoretical efficiency of a 
klystron amplifier is 58 per cent. When the beam current is small and 
Rl must be equal to R8 to obtain maximum output, half the power is 
dissipated in the resonator losses and the efficiency can only be 29 per cent. 
For still smaller beam currents, E2 will be less than the beam voltage Eo 
and the efficiency will be reduced further by the ratio Ez/Eq. All these 
figures for the efficiency must be decreased if the focusing of the beam is

When the load resistance is increased, the loaded shunt resistance of the 
resonator can never become greater than the shunt resistance representing 
the cavity losses and, since the percentage of power delivered to the load 
decreases when the load resistance is increased, the power output drops 
off for high values of load resistance.

The behavior of a klystron amplifier is illustrated by the theoretical 
curve in Fig. 4-9 for a constant-current generator with losses correspond­
ing to a shunt resistance of 100 ohms. The peak value of this theoretical 
curve has been matched to the peak power output obtainable from a klystron 
amplifier which transfers maximum power to a 100-ohm load. Values of 
power output for other load resistances are indicated by the experimental 
points that lie fairly close to the theoretical curve.

4.13. Load Required for Large Beam Current.—The previous dis­
cussion of load matching, and most of the analyses that appear later, arc 
based on the assumption that the voltage at the output gap is less than the 
beam voltage when Rl is equal to Rs. This assumption was mentioned 
in Sec. 4.6. If the beam current is sufficiently large, the output voltage 
E2 indicated by Eq. (4-8) may be greater than the beam voltage Eq when 
Rl is equal to Rs. When this condition exists, the simple analysis is in­
correct, and more output will be obtained if Rl is decreased until E2 is 
equal to Eq and electrons are not turned back at the output gap. It is 
therefore possible to design a klystron that will not transfer the maximum 
power to the load when the impedances arc matched. In fact, in order 
to obtain the theoretical maximum efficiency from a klystron amplifier 
it is necessary to have a very large beam current so that Rl is very much 
less than Rs and most of the power is delivered to the load.

4.14. Efficiency of a Klystron Amplifier.—For maximum efficiency, the 
output circuit would always be tuned to resonance and cos2 <t>2 in Eq. (4-11) 
would be unity. The power delivered to the load can be written

R*
Rs T Rl
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1 A polar diagram was used originally by F. F. Rieke at the Radiation Laboratory, 
Massachusetts Institute of Technology, to describe the load characteristics of magnetron 
oscillators. However, the term has been adopted for other microwave tubes and is 
used for a load diagram showing contours of constant power or constant frequency on 
any convenient impedance plane.

poor or the beam is partly intercepted, and the emission current from the 
cathode is greater than the actual current in the beam at the output 
resonator.

Several factors make the realization of the ideal efficiency rather difficult. 
The current density that can be obtained from most cathode surfaces may 
not be sufficient to allow the klystron to be loaded heavily enough to trans­
fer most of the power to the load. This difficulty is primarily an electron­
gun design problem.

Space-charge effects also limit the useful increase of beam current. Beam 
loading, mentioned in Sec. 3.14, reduces the shunt resistance of the reso­
nators and reduces not only the gain of a klystron amplifier but also the 
efficiency. Heavier loading is required, and the output voltage is there­
fore less. Debunching was discussed in Sec. 3.15 and limits the maximum 
current that can be used because an increase in the beam current may actu­
ally reduce the radio-frequency component of current.

Most klystron designs do not have sufficient beam current to require 
heavy loading to prevent turning back electrons at the output gap. This 
means that maximum output is usually obtained when the equivalent 
shunt load resistance is equal to the shunt resistance of the resonator. 
Efficiencies from 6 to 15 per cent are typical for klystron amplifiers operat­
ing at a frequency of 3,000 megacycles. Higher efficiencies have sometimes 
been obtained. Higher efficiencies can be obtained in the lower fre­
quency designs, and it is difficult to obtain good efficiencies as the fre­
quency range becomes higher. These figures do not represent an inherent 
limitation in klystron design, and future tubes may not be limited in this 
manner.

4.15. Rieke Diagrams.—In practice, the output load is not always 
purely resistive but may have a reactive component. The effect of this 
reactive component is equivalent to detuning the output resonator and 
therefore reduces the power output. In order to illustrate this effect, it is 
convenient to use the complex plane to represent the resistive and reactive 
components of the load. An impedance R + JX is represented by a point 
with a horizontal coordinate determined by the resistance R, and the 
vertical or imaginary coordinate is determined by the reactance X. Any 
point on this plane will correspond to some value of load impedance, and 
this load will give a certain output. Points of equal output can be con­
nected by a line which is a contour of constant power output. This type 
of representation is known as a Rieke1 diagram.



58 KLYSTRON TUBES [Sec. 4.15

0

1.0 4.0 5.00

2
(4-14)

2.0 3.0
LOAD CONDUCTANCE

Fig. 4-10.—Theoretical Rieke diagram showing the power output of 
a function of the load admittance.
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load. Expressed as a conductance, it has a small value; i.e., zero load 
corresponds to zero conductance. Similarly, an infinite reactance cor­
responds to the absence of a reactive component in a parallel circuit and 
is equivalent to zero susceptance. Normalized coordinates are used; i.e., 
the conductance representing the load giving maximum output has been 
labeled unity.

In order to correlate the power output and the coordinates of the Rieke 
diagram, Eq. (4-11) will be rewritten in terms of the conductances:

PL = ^207oJi(z)

The load conductance as represented by Gl and Ga is the shunt conductance 
of the output resonator. The use of normalized coordinates simplifies the 
analysis because Ga is considered unity and Gl has a unit value when the 
load conductance is the correct value for maximum output. This choice 
of coordinates eliminates the transformation ratio of the coupling loop

Either impedance or its reciprocal, admittance, may be represented 
by the coordinates of a Rieke diagram. Shunt circuits as used in the 
equivalent circuit of the output resonator (Fig. 4-8) are best expressed 
by admittances because parallel admittances are added directly. There­
fore the Rieke diagram in Fig. 4-10, which shows the power output char­
acteristic of a klystron amplifier as the load is varied, has conductance as 
the coordinate of the horizontal real axis, and susceptance as the vertical 
or imaginary coordinate. A large load resistance is equivalent to a light
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tan </>2 = (4-15)

from the analysis, but means that the assumption of an output gap voltage 
smaller than the beam voltage is necessary. This assumption is true for 
most klystron designs.

The phase angle 02 can also be defined in terms of the susceptances and 
conductances of the circuit and load. The tangent of the phase angle is 
the ratio of the sum of the susceptances to the sum of the conductances.

Ba 4- Bl 
Ga + GL

The cavity susceptance Ba is zero when the output circuit is tuned to reso­
nance. The following discussion will assume that Ba is zero and that the 
load susceptance Bl is the only component and is equal to the imaginary 
coordinate of the Rieke diagram in Fig. 4-10.

If the klystron amplifier is lightly loaded, for example, by a pure con­
ductance with a value of 0.52, the phase angle </>2 in Eq. (4-14) will be 
zero. The power output obtained by substituting those values in Eq. 
(4-14) will be 90 per cent of the maximum value when Gl is unity. This 
point on the 90 per cent contour on the Rieke diagram is indicated by A 
in Fig. 4-10. When the load has a reactive component, for example, at 
the point 1.00 + 0.7lj, the value of cos2 </>2 becomes 0.9 and locates point 
B on the 90 per cent contour. The locus of this contour is a circle, but the 
proof of this relation will not be given. A circle contour of 80 per cent 
power output has also been indicated on the Rieke diagram.

4.16. Rieke Diagram When Resonator Is Retuned.—Reference to 
Eq. (4-15) indicates that the phase angle </>2 may be maintained zero by 
detuning the resonator to introduce a susceptance Ba which may be op­
posite in sign and cancel the load susceptance Bl. If the output resonator 
is retuned for maximum output each time the load is changed while taking 
data for a Rieke diagram of a klystron amplifier, the contours will become 
vertical lines of constant conductance. A theoretical Rieke diagram for 
this case is illustrated in Fig. 4-11. In actual practice, the contours are 
not straight lines and do not extend to infinity, because losses in the output 
line and the coupling loop limit the power output. In this case the contours 
may close together when the load susceptance becomes quite large.

4.17. Typical Rieke Diagram for a Klystron Amplifier.—The admit­
tance of a load is ordinarily measured with a standing wave detector, which 
measures the standing wave ratio and the position of the minimum 
or maximum voltage along a transmission line. These coordinates are 
superimposed on an admittance diagram in Fig. 4-12. Circles represent­
ing constant-voltage standing wave ratio (often abbreviated VSWR) have 
their centers along the real axis. The orthogonal family of circles indicates 
the position of the minimum voltage in the transmission line, measured 
in fractions of a wavelength from the load.
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Fig. 4-11.—Theoretical Rieke diagram showing the power output of a klystron amplifier 
as a function of the load admittance when the output resonator is retuned to give maximum 
output for each adjustment of the load.

Actual power output in watts for a Type 41 OR klystron amplifier is 
indicated by the Rieke diagram in Fig. 4-12. A comparison with Fig. 
4—10 emphasizes the similarity between a theoretical Rieke diagram and a 
typical operating characteristic. In Fig. 4-12, unity standing wave ratio 
and unit admittance correspond to the admittance of a transmission line 
with a characteristic impedance of 75 ohms, since a line with this impedance 
was used in taking the data.

4.18. Low-level Klystron Amplifiers.—Although the previous analysis 
applies equally well to power amplifiers and low-level amplifiers, it is 
primarily of interest in the application of power amplifiers. The problem 
in a low-level amplifier is not obtaining efficiency, or even maximizing 
gain, but it is important that an amplifier that is to be used as a radio­
frequency amplifier in a receiver have a satisfactory signal-to-noise ratio. 
A brief discussion of the factors involved will explain why velocity-modu-

&

A load admittance that gives maximum output may not correspond to 
a unity standing wave ratio. This may be true because the klystron may 
not have been designed for operating into the characteristic impedance 
of the line used to measure the standing wave ratio. In addition, the 
load required for optimum output may vary somewhat as the power input 
to the klystron is changed. As a result, the contours of constant power 
output may be displaced with respect to the new unit coordinates which 
are based on the characteristic impedance of the line used as a standing 
wave detector.
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LOAD -CONDUCTANCE

Fig. 4-12.—Actual Rieke diagram for a Type 3K30/410R klystron amplifier. The standing 
wave ratio caused by the load admittance is superimposed on the diagram.

“thermal noise.” The current fluctuations introduce a noise voltage at the 
input gap, and the velocity modulation superimposed on the beam includes 
this noise component. As a result, the noise is amplified by the klystron 
and appears in the output in the same ratio as the signal and noise voltages 
at the input gap. This means that the ratio of the signal to the shot noise 
at the input resonator is a limiting factor in the use of the tube as a low- 
level amplifier.

There are some applications in which a large signal-to-noise ratio might 
be tolerated if the advantages of a radio-frequency amplifier are desired. 
In general, however, the noise figure of a klystron amplifier will reduce the 
sensitivity of a receiver, and a crystal rectifier used as a superheterodyne 
mixer without radio-frequency amplification is more satisfactory. Present 
klystron types have a noise level which is approximately 20 db higher than 
thermal noise.

lation tubes arc usually considered unsatisfactory as receiver amplifier 
tubes.

In a klystron amplifier, the voltage appearing across the input gap 
depends upon the shunt resistance of the input resonator, the signal power, 
and an equivalent noise power which is introduced by random fluctuations 
of the beam current. These current fluctuations are known as “shot 
noise/’ and this noise level may be many times greater than the level of
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5.1. Frequency Multiplication.—As the frequency of oscillation of a 
source of radio power becomes higher, the problem of maintaining the 
frequency stability is increased. The use of a stable oscillator at a low 
frequency, followed by a series of Class C stages operating at harmonics 
of the oscillator frequency, is a familar solution to the stability problem

in the very high-frequency region. Klystron tubes may be used in a similar 
manner and offer one method1 of obtaining good frequency stability in the 
microwave region above 1,000 megacycles. A klystron frequency multi­
plier is merely a modified version of a klystron amplifier in which the output 
frequency is a harmonic or multiple of the input frequency. An illustration

1 Automatic frequency control of microwave oscillators is also used to improve the 
frequency stability, but a description of the circuits involved has not been included in 
this text, which is primarily concerned with klystron characteristics.

62

Fig. 5-1.—Sectional view of a klystron frequency multiplier.
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Table III

I larmonic

I

Bessel function, 
maxima

Ratio of 
harmonic to 
fundamental

0.58 
0.48 
0.43 
0.37 
0 30 
0.27
0.24

1.00 
0 83 
0.75 
0 64 
0.52 
0 47 
0 42

1
2
3
5

10
15
20

fundamental component of current does not decrease very rapidly as the 
multiplication factor is increased. In practice, the harmonic efficiencies 
indicated by the Bessel function maxima arc not obtained. Space-charge 
debunching forces that oppose the formation of an electron bunch affect

of a klystron frequency multiplier is given in Fig. 5-1. This type of kly­
stron has an output resonator similar to the resonators in the amplifier 
shown in Fig. 3-1, but the input resonator is much larger and tunes to a 
lower frequency.

5.2. Harmonics in a Bunched Electron Beam.—The electron beam in 
a klystron frequency multiplier is velocity modulated at a frequency j\ 
by the field in the input resonator. The electron bunching action occurs 
at this same frequency j\, but the harmonic content of the bunched-beam 
current is quite high and considerable output can be obtained from the 
second resonator when it is tuned to some multiple Mj\ of the input 
frequency.

A first-order analysis of a klystron frequency multiplier can be obtained 
from the relation for the bunched-electron-beam current derived in Sec. 
3.10. Only the first alternating component was used in the analysis for a 
klystron amplifier, but the other components are important in a frequency 
multiplier. The expression for the bunched-beam current given by Eq. 
(3-19) is repeated here in a modified form in order to show the harmonic 
content in the electron beam.

Z2 = z0 [i 4- 2Jl(x') sin (w,Z2 - 2n4Vi) + 2J2(2x) sin 2(W1/2 - 2rNi) 4-------

4- 2Jm(Mx) sin M(W1Z2 - 2^1)] (5-1)

The theoretical harmonic content is given by the maximum values of the 
Bessel functions Jjf(Mx). These values and the ratios of the maximum 
of the harmonic to the maximum value of the fundamental are given in 
Table III, which shows that the theoretical ratio of the harmonic to the
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(5-2)
Q M + 1

M
M

M + 1

the higher harmonics more seriously than the fundamental component ancL 
the lower harmonics. However, klystrons using frequency multiplication 
ratios as high as twenty do give useful power output. Klystrons with 
smaller multiplication ratios are much more efficient, and tubes with a 
multiplication ratio of only two or three may have efficiencies that approach 
the efficiency obtained with a klystron amplifier.

5.3. Suppression of Adjacent Harmonics. —The presence of a large 
number of harmonics of almost equal intensity in the bunched electron 
beam might lead one to expect the output of a klystron frequency multiplier 
to contain all these frequencies simultaneously. However, this is not the 
case because the adjacent harmonics are suppressed by the high Q of the 
output resonator. Any simple resonant circuit has a band width that is 
inversely proportional to the Q of the circuit. The response to an adjacent 
harmonic will be small if the frequency of the harmonic differs from the 
resonant frequency of the cavity by an amount that is much greater than 
the band width of the cavity. This response may be evaluated from a 
formula giving the ratio of the impedance of the resonator at a frequency 
far from resonance to the impedance at resonance. A modification of a 
relation derived by Terman1 is given below.

1
~z7i

Equation (5-2) states that the adjacent harmonic M + 1 is supressed 
, „ /M + 1 M \

by a factor inversely proportional to Q and the factor I ——-------I\ M ivl + 1/ 
when the resonator is tuned to the frequency of the Mth harmonic of the 
input frequency of the klystron. As an example, consider a klystron with a 
multiplication factor of ten. The eleventh harmonic will be suppressed 
by a factor of 1/0.2Q. A typical value of Q for a resonator would be 1,000 
and only one-half of 1 per cent of the eleventh harmonic would be present 
in the output of a klystron frequency multiplier tuned to the tenth harmonic 
of the input frequency. This degree of harmonic suppression would be 
satisfactory for most purposes.

5.4. Bunching Characteristic of a Multiplier.—A klystron frequency 
multiplier has a bunching characteristic which is similar in many respects 
to the characteristic for a klystron amplifier. In fact, the amplifier char­
acteristic illustrated in Fig. 3-7 and discussed in Sec. 3.11 is a special case 
of the more general relationship that includes frequency multipliers. 
Bunching characteristics for multiplication ratios of 3 and 10 are shown

1 F. E. Terman, Radio Engineers’ Handbook, p. 144, McGraw-Hill Book Company, 
Inc., New York, 1943.
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Fig. 5-2.—Bunching characteristics for a constant input frequency and several multiplication 
ratios.

Optimum bunching for a multiplier requires a smaller value of x than 
is required for an amplifier with the same input frequency. This result 
is evident from an inspection of Fig. 5-2. As a result, a frequency multi­
plier with the same input frequency and drift distance as an amplifier 
requires less drive power for the same operating voltage. The wider, 
double-peaked electron bunch which gives optimum output for an amplifier 
is not satisfactory for a multiplier because the current peaks may be out 
of phase at the harmonic frequency. As the multiplication becomes 
greater,' the current distribution required approaches closely to the single 
peaked bunch in Fig. 3-3 corresponding to a value of unity for the bundling 
parameter.

This discussion of the value of the bunching parameter that is required 
for a frequency multiplier can be misleading if the implications of some of 
the assumptions are overlooked. For example, the drive power required 
by a multiplier may be considerably greater than that of an amplifier if 
the input frequency of the two tubes being compared is different. If the 
input frequency is decreased without a corresponding increase of the drift

in Fig. 5-2, and an amplifier characteristic has been included forcomparison. 
The vertical coordinate of Fig. 5-2 represents the .Vth harmonic component 
divided by the beam current Zq, and the values of the points on the curves 
are, therefore, given by 2Jm(Mx). The bunching parameter x is the 
horizontal coordinate. Its value is given by the familiar relation

X = /JiTTiVi — 
Eq

The subscripts have been added to fa and Ari to denote that the transit 
times refer to the input frequency of the multiplier.

+1.5
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(5-4)

Eq. (5-3) may be rewritten

(5-5)

distance, the number of oscillation cycles at the input frequency during 
the transit of the drift space will be decreased; i.e., the value of Ni in Eq. 
(5.-3) will be reduced. As a result, a larger value of input gap voltage Ei 
will be required to maintain the correct value of the bunching parameter.

Equation (5-3) may be rewritten in a form that is more suitable for 
klystron frequency multipliers as they are usually designed. If the drift 
distance and output frequency are the design factors that remain constant, 
then Ari varies as the multiplication ratio M is changed. However, the 
number of oscillation cycles at the output frequency will be constant. 
Since the relation between the number of cycles, referred to the two fre­
quencies, is given by

X = ^ME0

Therefore the input gap voltage Ei must usually be increased to maintain 
optimum bunching when the multiplication ratio M is increased.

This discussion of bunching ignores the effects of space charge. Such an 
analysis is useful in describing the output characteristics of a multiplier as 
the input gap voltage is varied, but the magnitude of the output is seriously 
affected by the debunching phenomena. The discrepancies between the 
first-order analysis and the actual output characteristics will be considered 
in Sec. 5.6.

5.5. Effect of Overbunching.—A frequency multiplier is more sensitive 
to changes in input gap voltage than an amplifier. Reference to the curve 
in Fig. 5-2 for a multiplication ratio of 10 shows that the output is negligible 
until the input gap voltage is half the value required for optimum output. 
Then the output increases rapidly to a maximum, and overbunching causes 
the output to decrease, theoretically to zero, quite rapidly. Additional 
input voltage causes the output to reappear, and a number of output peaks 
occur, similar to the behavior of an overbunched amplifier illustrated in 
Fig. 3-7, but the output maxima are closer together in the case of a multi­
plier klystron.

The fact that the output of a klystron frequency multiplier decreases 
rapidly as the input gap voltage is reduced makes this type of klystron quite 
sensitive to small changes in the tuning of the input resonator. This effect 
becomes more serious as the multiplication ratio is increased. Compare 
the curves for M = 1 and M = 10 in Fig. 5-2. If the bunching parameter 
is reduced from 1.20 to 1.01, the radio-frequency current in the tenth 
harmonic becomes 71 per cent of the maximum value. The same change 
in the tuning of the input resonator of an amplifier will reduce the funda-

N2 = MNi
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for the power output as a function of input power can be obtained by 
squaring both coordinates of the curve for M = 10 in Fig. 5-2. This 
construction was used in computing a similar theoretical curve for an 
amplifier which is shown in Fig. 4-1. The output power from a typical 
klystron with a multiplication ratio of 10 has been plotted in Fig. 5-3 as a 
function of drive power to the input resonator. A theoretical curve is 
shown in the same illustration as a dotted line and has been matched to 
the experimental curve at the point of maximum output. The two curves 
do not differ seriously when the drive power is small, but the multiple 
output peaks predicted by the first-order theory for the overbunched region 
beyond the first maximum of the output are missing or considerably re­
duced in amplitude.

mental component of the bunched-beam current only 3 per cent. Since the 
sharpness of tuning is usually determined by the Q of the circuit, as men­
tioned in Sec. 5.3, this effect in a klystron frequency multiplier is equivalent 
to an increase in the Q of the input resonator.

5.6. Output Characteristic.—The discrepancies between the first-order 
theory for a klystron frequency multiplier and actual conditions are most 
apparent in the magnitude of the power output. The theoretical curve

DRIVE POWER - WATTS
Fig. 5-3 <—Power output of a klystron frequency multiplier as a function of drive power. 

A theoretical curve is also shown.
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An explanation for the failure of the simple theory when the electron 
beam in a frequency multiplier is overbunched can be supplied by a con­
sideration of the debunching forces caused by the space charge of the 
electrons in the bunches. This effect was discussed in Sec. 3.15. The 
forces of replusion between the electrons in the bunch oppose the formation 
of an electron bunch. As a result, the current distribution is not so sharp 
as indicated in Fig. 3-3. The spreading of the electron bunch may not 
affect the magnitude of the fundamental component appreciably, but the 
harmonic content will be reduced considerably. This effect is one of the 
factors that prevent the realization of the theoretical efficiency of a klystron 
frequency multiplier. Additional discussion of debunching is given in 
Sec. 5.9.

The debunching effect becomes more pronounced when the electron beam 
is overbunched. The harmonic content predicted by the simple theory 
and indicated by the series of output peaks in the dotted curve in Fig. 5-3 
is almost completely destroyed when the electron beam is overbunched. 
Some of the effects of debunching are undoubtedly hidden because the 
amplitude of the theoretical curve has been matched to the experimental 
curve arbitrarily at the first output peak. However, the discrepancy be­
tween the theoretical curve and the actual output characteristic is quite 
apparent in Fig. 5-3. Comparison with Fig. 4-4 will show that the second 
output peak for an overbunched klystron amplifier agrees much more 
closely with the theoretical curve.

5.7. Beam Voltage Variations.—Another interesting output character­
istic showing the effect of varying the beam voltage on a klystron fre­
quency multiplier is illustrated in Fig. 5-4. In this case the drive power is 
maintained constant. As the beam voltage is decreased from the value 
that gives optimum bunching, the number of oscillation cycles during the 
transit through the drift space will increase owing to the reduced velocity 
of the electrons in the beam. As a result, the value of the bunching param­
eter x in Eq. (5-3) will increase. When the electron beam is over­
bunched, corresponding to the values of x greater than 1.20, the output 
will first be reduced to zero; then successive output maxima corresponding 
to the overbunched region in Fig. 5-2 will occur. The output of these 
overbunched maxima at low voltages will not be large, since the reduction 
of beam voltage decreases the beam power input to the tube considerably.

This characteristic for a frequency multiplier differs from the similar 
characteristic for an amplifier shown in Fig. 4-5, owing to the nature of the 
J10 Bessel function. Increasing the beam voltage decreases the bunching 
if the drive power is constant. The increased beam current accompanying 
an increase in beam voltage does not maintain the output from a multiplier 
at a high level because the value of Ji0 (10x) decreases rapidly as the bunch­
ing is reduced, and the curve in Fig. 5-4 shows a definite maximum just
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In addition to the amplitude variations, the frequency of the output will 
differ from an integral harmonic of the input frequency if the beam voltage 
is varied rapidly. The transit time between input and output gaps will 
vary and there will be phase modulation introduced because the frequency 
of the output depends upon the rate of change of the beam voltage.

5.8. Drive Power Requirements.—Not only is it necessary to know the 
the effect of changing the drive power on the output of the tube; the factors 
in the design of a klystron frequency multiplier which govern the amount 
of drive power required are equally important. The statement in Sec. 
5.4 that larger multiplication ratios require smaller values of the bunching
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beyond the point corresponding to optimum bunching. The output peaks 
for low beam voltages in a frequency multiplier are more closely spaced 

x than the successive peaks in a klystron amplifier because the value of 
Jio(IOz) fluctuates rapidly for values of x greater than unity (see Fig. 5-2).

Figure 5-4 is a theoretical curve and does not include the effects of space­
charge debunching. The multiple output peaks are present in an actual 
characteristic for a klystron frequency multiplier, but their amplitude is 
very much reduced.

200 300
BEAM VOLTAGE

Fig. 5-4.—Theoretical curve of the power output of a klystron frequency multiplier as a 
function of the beam voltage when the drive power is constant.
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(5-5)M EoX = fair

parameter is likely to lead to the erroneous assumption that less drive 
power might be required. It was pointed out previously that this con­
clusion would be true only if the increased multiplication ratio was obtained 
by maintaining the input frequency and drift distance constant, and chang­
ing the output resonator to a higher frequency. However, debunching 
considerations usually dictate that the drift distance be decreased as the 
output frequency is increased.

For constant output frequency and drift distance, the input gap voltage 
must be increased in proportion to the multiplication ratio. This relation 
was derived in Eq. (5-5) and is repeated below. _/V2 represents the number 
of cycles of drift time referred to the output frequency, and M is the mul­
tiplication ratio.

Since the optimum value of the bunching parameter x decreases only 
slightly as M is increased, the voltage required at the input gap is 
approximately proportional to M, the multiplication ratio. Since the drive 
power is proportional to the square of the input gap voltage, the power 
requirements may become quite high when large multiplication ratios 
are used.

5.9. Space-charge Debunching.—An obvious but unsatisfactory answer 
to the problem of obtaining large multiplication ratios without increasing 
the input gap voltage would be an increased drift length. Two different 
types of debunching make such a design impracticable. Transverse de­
bunching causes a loss of the electron beam owing to the repulsion of the 
electrons in the bunch toward the side walls of the drift space. This loss 
is appreciable, but longitudinal debunching introduces a more serious 
difficulty. The loss of harmonic content in the bunched beam may be 
great enough so that an increase of current through the output gap, not 
including the electrons lost by transverse debunching, may actually reduce 
the output. The maximum output will occur when the output gap voltage 
is very much less than the beam voltage and the multiplier efficiency will 
be extremely small.

These debunching effects are greatly reduced by decreasing the drift 
distance. Since the amount of debunching that can be tolerated depends 
on the output frequency, the drift distance is. usually determined by the 
output frequency rather than the input frequency of a klystron multiplier.

5.10. Large Input Voltages.—A typical multiplier tube might have an 
input frequency of 300 megacycles, a multiplication ratio of 10, and a drift 
distance of 4.5 cm. If the beam voltage were 625 volts, the electron veloc­
ity, given by Eq. (3-3) in Sec. 3.2, would be 1.5 X 109 cm per sec. The
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(5-6)

= /iTo (5-7)

transit time in the drift space To is determined by the drift distance s0 
and the average electron velocity v0.

For the tube design being considered, Ari has a value of 0.9 cycle.
It was pointed out in Sec. 3.14 that short drift distances corresponding 

to values of less than unity require large voltages at the input gap to 
produce the electron bunching. Also, Fig. 3-11 in Sec. 3.17 shows that 
the bunching parameter defined by Eqs. (3-21) and (5-3) does not apply 
when the input gap voltage is a large fraction of the beam voltage. How­
ever, it is convenient to define the bunching parameter in this manner 
although the first-order analysis is not applicable.

5.11. Transit-time Effects.—The necessity for large input voltages in 
a klystron frequency multiplier also means that the average velocity of the 
electrons in the beam is less than the velocity corresponding to the accelera­
tion voltage. For example, a resonator gap voltage equal to the accelera­
tion voltage would increase the velocity of the electrons by only 41 per 
cent when the field was positive, but would completely stop the electrons 
when the field was opposing their motion. Since many electrons would 
have almost zero velocity, the average velocity would become less than the 
velocity of an unacceleratcd electron.

Many electrons travel much slower than the average velocity; therefore, 
the transit time across the output gap will not be the same for all of the 
electrons. Although this wide variation of transit time makes the simpli­
fied analysis of the beam coupling coefficient given in Sec. 3.12 of doubtful 
value, the general nature of the result applies to frequency multipliers as 
well as to amplifiers. The transit time at the output gap, based on the 
average beam velocity, must be kept reasonably small or a serious loss of 
output will occur.

5.12. Output Load Characteristics.—Since the harmonic component of 
the beam current remains constant if the beam voltage and the drive power 
of an amplifier or a frequency multiplier arc unchanged, either type of 
klystron can be considered as a resonant circuit excited by a constant­
current source. Therefore, the differences between the bunching character­
istics of a multiplier and an amplifier do not affect the behavior of the out­
put when the load is varied. Similarly, the transit time affects only the

T 5o1 o — ~ 
vo

Therefore, the transit time for the electrons with average velocity would 
be 3 X 10“9 sec. The number of cycles corresponding to the transit time 
in the drift space is proportional to the input frequency/i and the transit 
time 770.
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magnitude of the harmonic component. As a result, the discussion of load 
characteristics, resonator coupling, and Rieke diagrams in Secs. 4.9 to 4.11 
and Sec. 4.14 applies equally well to a klystron frequency multiplier.

The probability of attaining an output gap voltage as large as the beam 
voltage in a multiplier is rather remote, particularly if the multiplication 
ratio is large; therefore, the maximum output will be obtained when the 
equivalent load resistance is equal to the shunt resistance of the output 
resonator.



CHAPTER G

REFLECTION BUNCHING

6.1. Reflex Klystron Oscillators.—Any amplifier will oscillate if sufficient 
energy is fed back to the input circuit in the proper phase. It might seem 
logical to apply that principle to a two-resonator klystron amplifier to 
develop the theory of a klystron oscillator. However, it will be simpler to 
consider first a type of klystron that has only one resonant circuit and com­
bines the functions of input and output circuits in the same resonator. 
Feedback in this single resonator oscillator is obtained by reflecting the 
electron beam so that it passes through the resonator gap a second time. 
This type of klystron is called a “reflex oscillator.” The analysis of a reflex 
klystron is relatively simple because two coupled circuits are not involved.

In order to explain the operation of these reflex oscillators, an under­
standing of the electron bunching that occurs while the electrons are in 
the reflecting field will be required. A qualitative explanation of reflection 
bunching will be given as an introduction; then a ballistic analysis of a 
reflex klystron similar to that used in Chap. 3 will be derived. The 
similarity between reflection field bunching and bunching in a field-free 
drift space will be shown. These relations will be applied in Chap. 7 to 
an analysis of the electrical characteristics of a reflex oscillator.

6.2. Operating Principles of a Reflex Klystron.—A sectional view of a 
reflex klystron is shown in Fig. 6-1. An electron gun furnishes a beam of 
electrons which are accelerated toward the anode plane by the beam voltage 
Eq. The beam travels along the axis of the tube beyond the anode plane 
with a uniform velocity Vq corresponding to Eo, the acceleration voltage, 
until it reaches the resonator gap. A radio-frequency voltage across the 
resonator gap will modify the velocity of the electrons in the beam. Some 
electrons will be speeded up when the field has a direction that will ac­
celerate the beam. Other electrons will be slowed down during another 
part of the radio-frequency cycle, and the velocity of some electrons will 
not be changed because they pass the gap when the resonator voltage is 
zero. The velocity variation will be assumed to be small, and the average 
velocity of the electrons in the beam will be identical to the velocity cor­
responding to the acceleration voltage, since an equal number of electrons 
will be slowed down and speeded up during one radio-frequency cycle.

Beyond the resonator gap, the electrons encounter a retarding electric 
field produced by the potential between the reflector and the anode

73
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diagram represents the resonator gap voltage as a function of time, and 
plots the position in the reflection space of a number of electrons that pass 
the resonator gap at selected intervals during a complete cycle. The 
opposite action of the radio-frequency field on the electrons leaving the 
resonator and those returning to the resonator after bunching has been 
shown on the diagram.

An electron that has been speeded up by the action of the radio-frequency 
field will travel farther into the reflecting field and will take longer than the 
average time to return to the resonator. This behavior is similar to throw­
ing a ball into the air; the harder the ball is thrown, the longer it takes to 
return to the ground. Reference to Fig. 6-2 will show that an electron 
that passes the resonator gap early in the cycle at a time ta is accelerated 
and requires a longer time to return than an electron leaving at time tb 
when the radio-frequency field is zero. The electrons that leave at time 
tc later in the cycle require less than the average transit time and all these

control 
GRID "G“
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Fig 6-1.—Sectional view of a reflex klystron.

Eq 4- ET. This reflecting field brings the electrons to rest and returns 
them to the cavity resonator. The shape of the reflector electrode is 
designed to preserve the focus of the beam. The beam current is constant 
when the beam leaves the resonator gap, but electron bunching takes place 
while the electrons are in the reflection space, and the beam is density 
modulated when it returns to the cavity resonator.

6.3. Applegate Diagram.—If space-charge effects and the focusing action 
of the reflector shape are neglected, the bunching action is analogous to the 
motion of objects in a gravitational field. An Applegate diagram, in Fig. 
6-2, is a convenient method of illustrating the bunching action. This
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electrons return to the resonator in a bunch at time lr. Bunching of the 
electron beam is the result, and the uniform flow of beam current is con­
verted into an equivalent direct current with a superimposed alternating 
component.

6.4. Phase Conditions for Oscillation.—The arrival time k of a group of 
electrons returning to the resonator depends upon the physical dimensions 
of the klystron and also upon the acceleration voltage and the reflector 
voltage. In general, the transit time for the electron with average velocity, 
leaving at time tb, may correspond to any number of cycles of the radio

frequency, and this number need not be an integer. But in order to sustain 
oscillations, the electron bunch must arrive during the time when the radio­
frequency field is retarding the returning electrons, so that the electron 
velocity is reduced and some of the kinetic energy of the electrons is trans­
ferred into electromagnetic energy in the cavity resonator field.

The electron that is to become the center of the bunch leaves at the time 
tb when the radio-frequency voltage is zero and changing from acceleration 
to deceleration. At an integral number of cycles later, the radio-frequency 
voltage will again be zero but, for the returning electron, the field will be 
changing from deceleration to acceleration. This time is indicated by n 
cycles in Fig. 6-2. Since a maximum retarding field is required for maxi­
mum energy transfer from the bunched electron beam, the transit time for

—n cycles--------

•n-d- cycles------- -

Fig. 6 2.—Applegate diagram for a reflex klystron oscillator.
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J^nivo2 = EQe (6-D

Equation (6-1) is then rewritten in the form,

(6-2) ’v0 = -Eo 
m

an electron that enters the reflecting field with average velocity must cor­
respond to one quarter cycle less than an integral number of cycles. This 
transit-time requirement may be verified by inspection of Fig. 6-2.

6.5. Multiple Transits.—Most of the electrons are collected by the metal 
walls of the tube after they have given up energy to the resonator field. 
Other electrons may have been lost by interception by the grid structures. 
A few electrons may survive these chances of getting collected and will be 
decelerated near the cathode surface, then reaccelerated with the newly 
emitted electrons. Upon reentering the reflection space, these electrons 
will behave differently from the electrons that arc going through the round­
trip cycle for the first time. These electrons that make multiple transits 
may produce undesirable effects, but in most cases their effect may be 
neglected. More important factors (such as space-charge debunching 
forces) will be neglected in order to simplify the analysis.

6.6. Electron Ballistics.—It was mentioned previously that the electrons 
that pass the resonator gap when the radio-frequency voltage is zero enter 
the reflecting field without any change in velocity and are defined as elec­
trons with average velocity. Electrons that pass the resonator gap at a 
time tb (see Fig. 6-2), when the radio-frequency field is changing from ac­
celeration to deceleration, become the center of the bunch. The electrons 
in the bunch have different velocities, which are continually changing dur­
ing the time the electrons are in the reflection space; however, it is con­
venient to consider that the bunch moves as a unit along a path determined 
by the electron that is to become the center of the bunch. Note that the 
lines in Fig. 6-2 representing electrons leaving at times ta, fo, and te appear to 
converge about the center of the bunch.

A brief review of electron ballistics will derive the equations that are 
useful in determining the relationships between the transit time and the 
tube design parameters. The calculation of the transit time from the 
tube voltages and the reflector electrode spacing will not be accurate be­
cause the effects of space charge have been neglected. Although the effects 
of space charge are quite important, the assumption simplifies the analysis 
considerably, and the result is quite useful.

The average electron velocity vQ is determined by the acceleration voltage 
Eq- The relation is the same as that given in Eq. (3-1) and is repeated 
below.
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(6-6)

(6-7)F = ma = c

(6-8)— 4s0To =

(6-10)N = 4/s0

J

V (m/2e)Eo
Eq 4" Er

Evaluating the constant in the proper units so that Vq is expressed in 
centimeters per second and Eo is in volts gives

Vq = 6 X 107 Ve~0 (6-3)
6.7. Transit Time in the Reflection Space.—Other laws of motion of 

particles may be used to determine the transit time. If the deceleration 
is denoted by a, then the position of a particle as a function of time is 
given by

s = vol — (6-4)

When t is equal to the average transit time To, the electron has returned 
to the resonator, the electron velocity is again v0) but in the opposite 
direction, and s is equal to zero, i.e.,

0 = VqTq — (6—5)
There are two solutions to Eq. (6-5). Tq equal to zero corresponds to an 
electron that has not traversed the reflection space and is disregarded. 
The other solution is

T 2”0
a

The deceleration a may be evaluated from the familar equation for the 
force acting on a particle. This force is given by the product of the charge 
on the electron and the gradient of the potential between the anode and 
the reflector electrode. If the reflector field is assumed to be uniform, the 
gradient is simply the sum of the voltages on the reflector electrode divided 
by s0> the reflector spacing. Therefore,

E0 + Er
so

Substitution of Eqs. (6-7) and (6-2) in Eq. (6-6) gives

2i>q V (m/2e)E0
Q Eq 4~ Er Eq + Er
m sq

for the average transit time.
It is usually more convenient to express the transit time in terms of a 

number of oscillation cycles rather than as a time interval. This equivalent 
number of cycles will be designated N and is defined by

N = fT0 (6-9)
where f is the frequency of oscillation. Equation (6-8) may therefore be 
written
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(6-12)

ACCELERATION VOLTAGE
Fig. 6-3.—Family of theoretical curves showing voltage modes in a reflex oscillator.

T = — a

frequency for any value of acceleration voltage are shown in Fig. 6-3. 
Each curve represents a different value of N. The value of N may be 
estimated from the frequency, reflector spacing, and voltages involved. 
These transit times are an important factor in the behavior of reflex 
klystrons, and the importance of transit time will be discussed in greater 
detail in the sections that follow. In practice, transit times corresponding 
to values of N between 1% and 10% cycles are typical.

6.9. Electron Bunching Relationships.—It is obvious that electron 
bunching must occur in a reflex klystron because the velocity variation 
introduced by the resonator voltage produces a variation of the transit 
times of electrons that pass the resonator gap at different times during a 
cycle. This variation of transit time may be expected from Eq. (6-6), 
which may be rewritten in terms of a varying velocity instead of the average 
velocity, and becomes

6.8. Voltage Modes in an Oscillator.—If oscillation is to be at maximum 
strength, the number of cycles during the transit time in the reflection space 
must satisfy the relation mentioned in the discussion of Fig. 6-2, i.e.,

N = n-% (6-11)
where n is an integer greater than zero. Oscillation at the same frequency 
will occur for a number of values of iV, and each value of N may be provided 
by the proper choice of the acceleration voltage and the reflector voltage. 
A series of curves showing the reflector voltage required to give constant
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(6-13)V =

(6-14)T = 4s0

(6-15)

(6-16)

T = To

T To
E, .

1+^sinw<i

V (m/2e)Eo
E0 + Er~

Equation (6-8) may be substituted in Eq. (6-14) to give
E~i 

1 4- — sin wG 
■&0

When the ratio of E\/Eq is small an approximate form of Eq. (6-15) may 
be used:

when T and v arc varying quantities. The current distribution in the 
bunched beam is similar to the bunching in a two-resonator klystron, but 
the manner in which the electrons become grouped is different and there 
is a phase difference of 180 deg between the two types of bunching.

These differences between reflection field bunching and field-free bunch­
ing are introduced because the transit time is proportional to the electron 
velocity in a reflex klystron, while the transit time in the field-free drift 
space between the resonators in a two-resonator klystron is inversely pro­
portional to the velocity. As a result, the electron bunch in a reflex kly­
stron is formed around the electron which passed the resonator gap when 
the radio-frequency voltage was changing from acceleration to deceleration. 
In contrast, the bunch in a two-resonator klystron forms around the 
electron that passed the input resonator gap when the radio-frequency field 
was changing from deceleration to acceleration.

6.10. Bunched-beam Current. An analysis "I the bunching process in a 
reflex klystron may be made, following the method used for the two- 
resonator type of klystron. Negligible transit time across the resonator 
gap will be assumed in the preliminary analysis, and the factors that must 
be modified when this assumption is invalid will be discussed in a later 
section.

The electrons approach the resonator gap with an average velocity vQt 
which is determined by the accleration voltage Eo as shown in Eq. (6-2). 
The velocity of the electrons will be modified by the radio-frequency voltage 
at the resonator gap, and after passing the gap the velocity will be

— a/Eq -f- Ei sin coij 
m

where Ei is the peak value of the radio-frequency voltage at the resonator 
gap, is the angular frequency and equal to 2irf, and is the time an elec­
tron passes the resonator gap. The transit time of an electron will be 
given by Eq. (6-12) and may be rewritten in a form similar to Eq. (6-8).

I eT~.
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(6-17)

(6-18)

(6-19)

(6-20)dt2 = dtA

or

(6-21)dl2 — dti

(6-22)

I
(6-23)

(6-24)

(6-25)

(6-26)0 =

i

which may be rewritten
dt2 — dtA(l 4- z cos w^i)

The quantity x is known as the ‘‘bunching parameter” and is defined by

x = *ne-0
6.11. Gap Transit Time.—The effective gap voltage will be decreased 

if the transit time across the gap is not negligible, as pointed out in Sec. 
3.12. The value of the bunching parameter will be less, and Eq. (6-24) 
must be modified to include the beam coupling coefficient /?.

Ei

The value of /3 was derived in Sec. 3.12 and is given by
sin (6/2)

6/2

Returning electrons will arrive at the resonator gap at a time t2l which 
will be the sum of the transit time T and the departure time t\.

( Ei^2 — 4“ To ( 1 4- ztt- s1h i\
The number of electrons that return to the resonator during a time interval 
dt2 will be equal to the product of the instantaneous beam current in the 
reverse direction I2 and the time interval dl2. This same number of elec­
trons originally passed the resonator gap during an interval dtA, when the 
beam current in the forward direction was equal to /0, the d-c beam current. 
If these expressions for the number of electrons are equated,

12 dt2 = I o dt i
and the instantaneous bunched current is given by

12 = /o 7T d l2
Differentiating both sides of Eq. (6-17) gives

Ex
1 4~ wTo —— cos o)lA

I 4“ — COS 0)1 A
■Lq

Substituting Eq. (6-9) in Eq. (6-21) gives
/ E \dt2 = dti ( 1 4~ irN 7T cos o)tA
\ Eo /
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Time -
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Fig. 6-4.—Applegate diagram showing electron bunching in a reflecting field.
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When the two kinds of bunching occur in the same tube, the resultant 
bunching is decreased if the velocity modulation remains the same, since 
the two effects are out of phase. This result is shown in Fig. 6-5, which 
shows the bunching in a tube with a field-free drift space between the resona­
tor and the reflecting field. The velocity modulation has been maintained 
equal to that shown in Fig. 6-4 and the electron beam is underbunched 
owing to the effect of the field-free drift distance.

Acceleration voltage
____________ 1_______

Fig. 6-5.—Applegate diagram showing partial cancellation of electron bunching when a 
field-free drift space is combined with a reflecting field.

6.12. Reflection plus Field-free Bunching. - The existence of a field-free 
bunching space in addition to the reflection space requires a modification 
of this analysis. An rYpplegate diagram similar to Fig. 6-2, but including 
more electron paths during a cycle, is shown in Fig. 6-4. Compare this 
illustration with the Applegate diagram in Fig. 1-3, Sec. 1.5, showing the 
bunching in a field-free drift space. Note that the current distribution in 
the reflected bunch is similar to that in the field-free case, but that the 
manner in which the electrons reach this distribution is decidedly different.

Reflection ♦
space £I
Field free oj

I

In the field-free case, an infinite current peak exists before the bunched 
beam reaches the output gap. The electrons then pass each other; i.e., 
there is a “crossover” of electrons traveling along the beam. The infinite 
current peak separates and a large but finite current exists between two 
diverging infinite current peaks. This current distribution is illustrated 
in Fig. 3-3, Sec. 3.7. A similar current distribution occurs in a reflex 
tube, but there is no jingle infinite current peak formed prior to the double 
infinite current peak.

Reflection 
space
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(6-27)

(6-28)

(6-29)

(6-30)

(6-31)It =
/o

1 4- x cos

Equation (6-31) is similar in form to the expression for the bunched current 
in a two-resonator klystron.

The equations for the instantaneous current express this current as a 
function of t\, the departure time of the electrons when they enter the 
reflecting field. It is more desirable to know the relation between the 
instantaneous current and I2, the arrival time of the returning electrons.

6.13. Effective Bunching Time.—The equation for the bunching param­
eter can be modified to include the combination of field-free and reflection 
bunching. Since the two types of bunching tend to cancel each other, 
Eq. (6-25) becomes

x = @7rN'

The phase of the returning electrons depends upon the total transit time 
Nt, and for maximum output

Nt = Nr + Nff =
where n is an integer.

It is apparent from these relations that the beam must be considerably 
overbunched in the reflection space if proper bunching is to be obtained 
when the two types of bunching are combined in the same tube. The two 
types of bunching do not cancel exactly, since there is more distortion of 
the bunch in a field-free drift space when the input gap voltage is large.

If the reflection field is not uniform, and this is usually the case, the 
effective bunching time may be greater than the actual transit time. For 
this reason, an equivalent bunching time should be used, and its value may 
be either greater or less than the value of N, depending upon the design of 
the klystron. In order to simplify the analysis, a uniform reflecting field 
will be assumed, and the effective value of bunching time may be substituted 
for N in the final result.

6.14. Electron Arrival Time.—Substituting Eq. (6 23) in Eq. (6-19) 
gives

X = frvNr y - frNff

where Nff is the number of cycles during both trips in the field-free drift 
space and Nr is the number of cycles during the round trip in the reflecting 
field. Since Nr is usually greater than Nff, we can write

N' = Nr - Nff

and Eq. (6-27) becomes
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(6-32)

A phase difference of 180 deg, indicated by the formation of the bunch 
around the electrons that depart at a time equal to 7r/w, is the only signifi-

2TT
GO

UJ 
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S TI

(X

J
Q

(n+%)S
Fig. 6-6.—Electron arrival-time curves for three values of the bunching parameter.

cant difference between Fig. 6-6 and the similar curves for an amplifier 
given in Sec. 3.6 (Fig. 3-2). However, the transit time indicated by Fig. 
6-6 is (n — J4) cycles and the transit time for the amplifier corresponds to 
an integral number of cycles. The phase relation required between the 
input and output of an oscillator is not necessary in an amplifier.

The discussion in Sec. 3.6 of the significance of a negative slope for the 
arrival-time curve also applies to a reflex klystron and the curves in Fig. 
6-6. The instantaneous current is the sum of the absolute magnitudes of 
the slopes for any value of the arrival time t2.

This relationship is easily obtained if a curve of ti vs. t2 is available, and a 
family of such curves is illustrated in Fig. 6-6 for several different values of 
the bunching parameter x. This graphical representation of the relation­
ship is necessary because Eq. (6-17) cannot be solved explicitly for lv. 
Rewriting Eq. (6-17) in terms of the bunching parameter x gives a form 
that is convenient for computation of the curves in Fig. 6-6. Equation 
(6-17) then becomes

ARRIVAL TIME f2

X
^2 = G T To -I- sin 

a>
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x-i.oo
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(n-'4)g (n + i

6.15. Radio-frequency Current in Beam.—Curves of instantaneous 
current, corresponding to the vs. t2 curves in Fig. 6-6, are shown in Fig. 
6-7. The current peaks when the bunching parameter is unity, or greater, 
are not infinite if the transit time across the resonator gap is finite. How­
ever, it is convenient to treat the gap length as infinitesimal in deriving the 
expression for the radio-frequency component of the beam current. Then 
the correction factor /3, known as the “beam-coupling coefficient” and de­
rived in Sec. 3.12, can be applied when the transit time across the resonator 
gap is appreciable.

Since the instantaneous beam current is identical to that for the field- 
free case, the current may be expressed by a Fourier series with coefficients 
that are Bessel functions of the first kind.

I2 = Io [1 + 2Ji(x) sin (w^2 — 2tvN)
+ 2J2(2x) sin 2(w/2 ~ 2irN')

+ • • • 4- 2Jn(nx) sin n(ut2 — 27rTV)] (6-33)
Only the second term is of particular interest in an oscillator, and the funda­
mental component of the radio-frequency current in the beam, which will 
be designated i2, is given by

i2 = 2I0Ji(x) sin (w/2 — 2ttN') (6-34)
The higher harmonics are unimportant because reflex klystrons are usually 
designed to operate with a high effective Q.

ARRIVAL TIME t2

Fig. G-7.—Instantaneous beam current. Two complete cycles are shown and three values 
of the bunching parameter x are represented.
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Fig. G-S.—Ratio of the radio-frequency component of the bunched-beam current to the 
direct current in the electron beam.
given in Chart X in Appendix B.

This Bessel function output curve is characteristic of 
klystron tubes, anti Fig. 6-8 is similar to Fig. 3-7 for a two-resonator 
klystron.

e (j—8 shows the peak value of the radio-frequency component of 
Rched-beam current as a function of the bunching parameter. The 

Value has been divided by Jq so that the ordinates of the curve are



CHAPTER 7

REFLEX OSCILLATORS

7.1. General Oscillator Theory. -Reflex klystrons are a simple form of 
oscillator in which a single resonator acts as both input and output circuit 
and, for this reason, these tubes furnish a convenient introduction to oscil­
lator theory. There are two principal differences between reflex oscillators 
and circuits using conventional vacuum tubes. Velocity-modulation tubes, 
in fact, all transit-time devices including triodes operated at ultrahigh 
frequencies, introduce a phase angle between the input voltage and the 
output current. This means that a transconductance is no longer suitable 
for describing the tube characteristic and must be replaced by a trans­
admittance. The second difference between klystrons and triodes is 
introduced by the overbunching characteristic, which is decidedly different 
from the saturation characteristics of conventional low-frequency vacuum 
tubes.

The conditions for stable oscillation in any circuit are that the power 
supplied by the tube is equal to the losses in the circuit, including the 
coupled load, and that the total phase angle around the feedback circuit 
is zero. It is convenient to restate this principle by saying that the fre­
quency of oscillation and the strength of oscillation will adjust themselves 
until the transadmittance of the tube is equal in magnitude to the total 
admittance of the circuit and load, but of opposite sign. Another familiar 
form of the latter statement is that a circuit will oscillate if a negative 
resistance equal to the circuit resistance is introduced.

The effect of the reflected beam in a reflex klystron oscillator can be 
explained quite easily by assuming that the radio-frequency component of 
the bunched beam introduces an admittance Y2 in parallel with the reso­
nant circuit. This method reduces the analysis to a simple circuit problem 
in which a change in the value of Y2 may change the resonant frequency or 
losses in the circuit. The results are correct; in fact, it can be shown that 
this and various other methods of analysis are mathematically identical. 
The advantage of the method to be used here is primarily convenience in 
visualizing the problem, since the effect of varying components in a circuit 
is often more easily understood than the effect of varying the parameters 
in an equation.

7.2. Equivalent Circuit.—An equivalent circuit for a reflex klystron 
oscillator, based on the method outlined above, is shown in Fig. 7-1. The

86
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(7-1)

rl cRs
E

Fig. 7-1.—Equivalent circuit for a reflex klystron oscillator.
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ADMITTANCE

BUNCHED BEAM

E = Ex sin wZ (7-2)

where Ex is the peak value of the voltage across the resonator gap, and co 
and t represent the angular frequency of oscillation and time.

The bunching action produces a radio-frequency current t2, which de­
pends upon the beam current To and the bunching parameter x, as shown 
in Eq. (6-34.) This equation is repeated for convenience.

i2 — 2IqJ\(x) sin (cuZ — 2irN) (7-3)

N represents the number of oscillation cycles during the time an electron 
is in the reflection space. The effect of a nonuniform reflecting field will 
be neglected, and N will be used to represent both the actual transit time

from the formula for a parallel plate condenser, using the area and spacing 
of the resonator grids forming the gap for the dimensions of the condenser. 
The value of the equivalent inductance L is chosen to make the resonant 
frequency of the equivalent circuit equal to the resonant frequency of the 
cavity.

If the reflex klystron is oscillating, or if energy is coupled into the cavity 
resonator from an external source, then a voltage will exist across the 
resonator gap. This voltage is represented by the voltage E across the 
capacity C in the equivalent diagram in Fig. 7-1, and the value of E is 
given by

— <3i2F~1

cavity resonator and its coupled load are represented by the parallel RLC 
circuit. The copper losses and other resonator losses, such as loading 
caused by the beam itself or secondary electrons, are represented by an 
equivalent shunt resistance Ra, and the coupled load or output circuit is 
considered as another parallel resistance Rl. Then the effective resistance 
Rsl will be given by the expression for two resistances in parallel.

R,Rl 
sL Rs + El

The equivalent capacity C represents the capacity of the resonator gap. 
The value of this capacity can be estimated to a satisfactory approximation
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(7-4)Y. = + + j“C

l^| = (7-5)
2/3ZqJ i (.r)

E.

This form will be quite convenient in the analysis of a reflex oscillator 
because real and imaginary terms may be considered separately.

7.4. Equivalent Beam Admittance.—An evaluation of the admittance 
T2 which is added to the resonator admittance may be obtained from the 
fact that a voltage E must cause a current &i2 to flow. The magnitude of 
}z2 will be determined by the ratio of the peak value of 0i2 and the peak 
voltage Ei.

and the effective bunching time in order to simplify this analysis (see 
Sec. 6.13).

A current 0i2 is shown flowing out of the “fictitious” admittance Y2, 
which represents the effect of the bunched-beam current in the equivalent 
diagram. This direction for the current is chosen because Y2 represents 
the source of power. The beam coupling coefficient 0 is introduced in 
order to include the effect of the decreased energy transfer from the beam 
to the resonator when the gap transit time is large. This factor must be 
included in each step of the derivation in which it should appear; but a value 
of unity, corresponding to negligible gap transit time, will be assumed in 
most cases in order to simplify the discussion of this analysis.

7.3. Circuit Admittance.—Admittances are used in this discussion 
because they can be added when considering parallel circuits. The total 
admittance of the resonator lzs would include the susceptance terms for 
the inductance and capacity as well as the conductance terms representing 
the losses and load.

The phase of lz2 is determined by the transit time in the reflection-field 
If the transit time corresponds to (n — J4) cycles, where n is an integer, 
then the electrons in the bunch will be retarded, and the beam will transfer 
energy to the radio-frdquency field in the resonator. This relation was 
explained in the discussion of Fig. 6-2. Under these conditions Y2 will 
be a pure negative conductance. A transit time of (n + X) cycles cor­
responds to a transfer of energy from the radio-frequency field to the 
electron beam, and in this case Y2 is a positive conductance; i.e., the beam 
represents an additional loss in the circuit.

Other values of transit time cause Y2 to be complex, since the radio­
frequency component of the bunched-beam current will not be in phase 
with the resonator voltage. The phase angle of i2 will be represented by 
<t>, and <t> will be considered zero when the transit time in the reflection field

1
El

.71
Es
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(7-9)

(7-10)( — cos 0 — j sin </>)Y2 =

CONDUCTANCE 
COMPONENT

i2 — ZIqJl(.t) sin [o>Z — 2ir(n —• M) H- (7—6)
Comparison of Eqs. (7-3) and (7-6) shows that the phase angle 0 is defined 
by

corresponds to (n — J4) cycles. The expression for i2 in Eq. (7-3) may 
be rewritten

PHASE ANGLE 0---- -

Fig. 7-2.—Conductance and susceptance components of the electron-beam admittance.

REGION OF 
/OSCILLATION^■ SUSCEPTANCE 

^COMPONENT

0 = 2tt(?i - X) - 27T2V (7-7)

N may have any value and is determined by the transit time in the 
reflection space, but n is always an integer. If the transit time is correct 
for maximum output, then the phase angle 0 is zero, and N is given by

N = n - % (7-8)

Decreasing cither the beam voltage or the reflector voltage increases the 
transit time in the reflection space and therefore increases the value of N.

This means that the electron bunch returns to the resonator gap later than 
the correct time for maximum output. This arrival time corresponds to a 
negative phase angle 0, as indicated by Eq. (7-7).

It will be convenient to express i2 in the vector form instead of the 
sinusoidal form in Eq. (7-6). The phase will be referred to the time cor­
responding to the optimum adjustment of the voltages so that the term 
2jr(n — X) may be dropped. Then Eq. (7-6) may be written

i2 = 21 o J i (.r) (cos 0 + J sin 0)

Both components of the admittance are plotted in Fig. 7-2. The con­
ductance, which is the real term in Eq. (7-10), is shown as a solid line, 
and the susceptance is a dash line. The vertical scale in Fig. 7-2 is purely 
arbitrary since To, •T’i(x), and Ei are unspecified.

Since Y2 is a negative admittance when 0 is equal to zero, as defined in the 
discussion below Eq. (7-5), the complex admittance is

— /3?2 _ 2/3Zo./i(.r)

~eT ' W

^Cavity conductance J- 
rsl
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7.5. Simplified Theory of Oscillation. —A qualitative analysis of a reflex 
oscillator may be obtained from inspection of Fig. 7—2. As the phase 
angle is increased from a negative value to zero, the conductance changes 
from a positive value, indicating a loss, to a negative value representing a 
source of power. Oscillation will occur when the negative conductance 
is equal in magnitude to the conductance of the cavity; i.e., when the source 
of power is just sufficient to supply the losses in the resonator and the load. 
The magnitude of the circuit conductance is indicated by the horizontal 
dotted line in Fig. 7-2. The shaded portion shows the region in which 
oscillation will occur.

When </> is equal to zero, corresponding to the transit time for maximum 
output, the beam susceptance is zero and the tube will oscillate at the 
natural frequency of the resonator. Note that the equivalent capacity of 
the resonator corresponds to a positive susceptance in Eq. (7-4). Decreas­
ing the voltage applied to the klystron will increase the transit time and 
make </> negative. A negative value of sin in Eq. (7-10) makes the 
imaginary term positive and introduces an additional positive susceptance 
in parallel with C, and the frequency of oscillation becomes less than the 
natural frequency of the resonator. A negative susceptance might be 
considered a negative capacitance which decreases the effect of C, or it 

' x might be viewed as an inductance in parallel with L. Either viewpoint 
indicates that the oscillation frequency of the system will be increased 
when </> is positive.

7.6. Experimental Verification of Theory.—The value of this analysis 
can be demonstrated by experimental verification of the theory. If the 
beam current is kept quite small so that oscillation does not occur, the 
magnitude of the beam conductance and susceptance components will be 
sinusoidal, as shown by Fig. 7-2, and the effective Q and resonant fre­
quency of the cavity will vary as the phase of the feedback is changed by 
varying the reflector voltage. These changes were measured; the results 
of the experiment are shown in Fig. 7-3 and agree quite closely with the 
theoretical prediction.

A casual inspection of Figs. 7-2 and 7-3 might suggest that the tuning 
effect becomes small for large values of the phase angle </> near the points 
where oscillation fails to occur, because the sine function is not changing 
rapidly. This behavior is correct for the conditions represented by Fig. 
7-3, but when the beam current is large enough to maintain oscillation, 
i.e., when the beam current is much greater than the starting current, the 
sinusoidal variation of frequency does not occur. Actually, the scale in 
Fig. 7-2 depends upon the ratio and this ratio decreases as the
strength of oscillation increases. As a result, the tuning effect decreases 
rapidly as the transit time in the reflection space approaches the value 
required to make the phase angle </> equal to zero, and the frequency devia-
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tion is actually porportional to the tangent of the phase angle rather than 
to the sine. This effect will be apparent from the quantitative analysis 
that follows.

7.7. Analysis of Reflex-oscillator Characteristics.—When the shunt 
resistance of a resonator is independent of frequency, the analysis is sim­
plified because the power output and efficiency relations are obtained by

considering only the conductance component of the beam admittance. 
After the strength of oscillation has been determined, the frequency of 
oscillation can be obtained from the magnitude of the beam susceptance. 
If the beam conductance is greater than the value required to supply 
the losses in the resonator and its load, the strength of oscillation will 
increase until the value of the negative beam conductance is reduced to 
the conductance of the resonator and its load. This means that the con­
ductance of the system is zero when the klystron is oscillating. The sum 
of the susceptances must also be zero, and this relation determines the 
frequency of oscillation.

7.8. Starting Current.—The lowest value of beam current Iq which 
will allow oscillation to exist is known as the “starting” current. This

REFLECTOR VOLTAGE

Fig. 7 -3.—Experimental curves showing the effect of the electron-beam admittance on the 
resonant frequency and Q of a resonator.
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(7-H)cos 0 = 0

(7-12)

and may be rewritten

(7-13)

(7-14)COS <t>

(7-15)COS 0

(7-16)Atari

Representative values have been chosen and indicate that a beam current 
of 1 ma will maintain oscillation.

x are related, and the analysis is sim- 
The usual expression for the bunching

x 
2Ji(x)

Reasonable values that might be substituted into Eq. (7-16) in order to 
give some idea of the current required for oscillation arc shown below:

02 = 1.0
Eq = 300 volts 
N = 4% cycles

R8l = 20,000 ohms

rr K -- (

characteristic is quite important and will be used to illustrate this method 
of analysis. The sum of the cavity conductance and the beam conductance 
from Eq. (7-10) must be zero for oscillation to occur.

1 2/3/q.J i (x)
R,l e,

The peak resonator voltage E\ and 
plified if x is used as the variable, 
parameter is

x = (3-n-N
Eq

El =
/?7T/V

Substituting Eq. (7-13) in Eq. (7-11) and rearranging terms gives

^NIqRsL 
Eq

X _ P2ttNIqRsRl 
2Ji(x) “ EO(RS + liL)

Weak oscillation corresponds to extremely small resonator voltage, and 
the bunching parameter x is almost zero under these conditions. The 
Bessel function J\ (x) is equal to x/2 for small values of x; therefore, the left 
side of the equation will be unity when /0 is equal to the starting current. 
The current will be a minimum for the starting conditions only if the 
phase is correct, i.e., cos 0 must be a maximum and 0 is equal to zero, the 
phase for maximum output. When these conditions are imposed on Eq. 
(7-14), we obtain an expression for the starting current.

Eq

(?ttNRsL
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7.9. Reduction of Transadmittance.—If the beam current is increased 
above the starting value, the transadmittance would normally be increased. 
However, the klystron will oscillate more strongly and the curvature of 
the bunching characteristic, shown again in Fig. 7-4, will limit the 
transadmittance to the value that is required to start oscillation. This 
condition is in agreement with the general theory of oscillators stated in 
Sec. 7.1. As a result, any change in the input to the tube or the circuit 
will cause the strength of oscillation to change until the transadmittance 
becomes equal in magnitude to the circuit admittance.

6 e io
BUNCHING PARAMETER X = (3ttN^ 

EO
Fig. 7-4.—Ratio of the radio-frequency component of the bunched-beam current to the 

direct current in the electron beam. An accurate graph of the Bessel function 2Ji(z) is 
given in Chart X in Appendix B.

The transadmittance of a klystron will be the ratio of the peak value of 
the radio-frequency component of the beam current to the peak voltage 
at the input gap. The term y,n will be used to designate the trans 
admittance.

2/3Z0Ji(.t)

Substituting Eq. (7-13) for Ex in Eq. (7-17) gives
(32irNI0 2Jx(x)

~ F r-'-'0 .Z

The small signal transadmittance is defined as the tube transadmittance
for small input voltages. Under these conditions the Bessel function
Jx(x) is approximately equal to x/2. Therefore, the small signal trans­
admittance y,M is
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(7-20)Qms Vma COS </> COS 0

(7-21)

(7-22)xJL (.t)Pi =

In order to compute P2, it is necessary to know the dependence of 
or x upon the beam current Io. Equation (7-12) or (7-13) does not furnish 
this information, but the relation can be obtained indirectly from Eq. 
(7-14). Values may be substituted in Eqs. (7-14) and (7-15) to obtain

The ratio of the small-signal transadmittance to the large-signal trans­
admittance indicates the reduction that occurs in the transadmittance when 
the tube oscillates. This basic parameter, which applies to conventional 
vacuum tubes as well as to velocity modulation types, has been named 
“transreduction factor/1

The term is not limited to the analysis of oscillators but is equally useful 
in amplifier and other vacuum-tube circuits. When used in an analysis 
of klystron operation, the value of the parameter has the convenient 
mathematical equivalent, x/2J1(x). This result is apparent from Eqs. 
(7-18) and (7-19).

Since the large-signal transadmittance must be equal to the circuit 
admittance when the tube is oscillating, the transreduction factor for any 
oscillator is equal to the ratio of the small-signal transadmittance to the 
circuit admittance. Owing to the simplification introduced by a single 
resonator acting as both input and output circuit, it is convenient to treat 
the real components of the admittances separately. The _transreduction 
factor is also equal to the ratio of the small-signal transconductance (]ms, 
to the circuit conductance 1/Rsl- But the transconductance is the real 
part of the transadmittance, therefore,

f?irNI0
Eo

This definition of the transreduction factor furnishes another method of 
deriving Eq. (7-14).

7.10. Power Delivered by the Beam.—Increasing the beam current above 
the starting current value will greatly increase the output. This can be 
shown by deriving the expression for the power delivered to the resonator 
and load. This power will be designated P2 and is the power delivered 
by the bunched beam to the shunt resistance Rsl. The value of P2 is 
given by one-half the product of Ei, the peak resonator voltage, and the 
peak value of the in-phase component of i2. This product must be reduced 
by the beam-coupling coefficient 0, in order to include the effect of finite 
transit time across the resonator gap.

P2 — y2 jEi/312 cos </> = $E\IqJ\(x) cos 0

Substituting the expression for E\ in Eq. (7-13) in Eq. (7-21),
EqIq cos </>

irN
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Fig. 7-5.—Bunching parameter z as a function of the beam current and other variables, 
accurate graph of x vs. z/2./i(z) is given in Chart XI in Appendix B.

relation between x and x/2Jr1(x) is given in Fig. 7-5 for va'ues of x be­
tween zero and 3.83, corresponding to the first zero of the Bessel function. 
The value of x/2J\(x) computed from Eqs. (7-14) and (7-15) is used with 
Fig. 7-5 to obtain values for x and J\(x), corresponding to the assumed 
value of the beam current Iq, and the power can then be computed from 
Eq. (7-22).

BEAM CURRENT l0

Fig. 7-6.—Theoretical curves of power output as a function of beam current, 
modes corresponding to different transit times are shown.

the value of the transreduction factor x/2Ji(x) corresponding to the as­
sumed value of the beam current Zo- The relation between the bunching 
parameter x and x/2J\ (x) can be obtained from a table of Bessel functions, 
or from Fig. 7-4, which is a curve of 2J\ (x) as a function of x. This
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Curves of power delivered by the bunched beam as a function of beam 
current Io, computed in the manner described above, are shown in Fig. 
7-6 for various values of N. These curves not only show the increase of 
power as the current is increased above the starting value, but also indicate 
that the maximum power from a reflex oscillator and the starting current 
are inversely proportional to N, the number of cycles during transit in the

reflection field. In other words, increasing the number of cycles required 
for bunching, either by reducing the reflector voltage or by actually chang­
ing the tube design by increasing the reflector spacing, will decrease the 
output that can be obtained but will permit the tube to be operated with a 
smaller beam current.

7.11. Universal Efficiency Curve.—If any of the variables other than the 
beam current are changed, such as the load resistance or the phase angle 
0, the use of curves to show the effect of each variable becomes quite com­
plicated. Fortunately, all the variables can be combined into dimension­
less parameters and the characteristics can be presented in a universal 
curve as illustrated by Fig. 7-7. The transreduction factor rr/2Ji(x) 
in I£q. (7-14) and Sec. 7.9 is one example of a useful dimensionless param­
eter, and the efficiency parameter to be derived below is another example.

2J,(X) E0(Rs + Rl)
Fig. 7-7.—Universal curve for the efficiency of a reflex klystron oscillator. An accurate 

graph of xJi(x) vs. z/2Ji(x) is given in Chart XII in Appendix B.
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Pz = xJx(x) (7-23)

arc

xJx (x) = eff. (7-24)

(7-14)COS 0
X

2J! (x)

Rs___

+ Rs

Oscillation will not occur until cos</> has increased until the value of x/2Jx (x) 
is unity. As cos </> increases beyond this point, the output will increase as 
shown by Fig. 7-7. When cos </> is unity, x/2 Jx (x) will have its maximum 
value and the output will also be maximum. This is true for the region 
when the efficiency curve is decreasing because the cos </> term increases 
faster than the efficiency parameter in Fig. 7-7 decreases. As the re­
flector voltage is increased beyond the value giving maximum output, the

Figure 7-7 combines these two dimensionless parameters in a single curve 
which relates the output characteristics of a reflex klystron oscillator to 
the design factors that may be varied. The vertical coordinate is xJ\(x) 
and x/2J x (x) is the horizontal coordinate.

7.12. Effect of Voltage on Klystron Output.—Most of the output charac­
teristics that are typical of reflex klystron oscillators can be predicted by 
inspection of Fig. 7-7. Consider the case when the load, beam current, 
and acceleration voltage remain fixed, but the reflector voltage is varied. 
Assume that the phase angle </> is — tt/2 for zero reflector voltage, i.e., when 
the reflector electrode is at cathode potential, cos </> will be zero, cor­
responding to an operating point at the origin in Fig. 7-7. Increasing 
the negative reflector voltage will increase </>, and cos </> will vary from zero 
to a maximum of unity and then decrease again. The value of N will also 
vary, but if N is large this variation is not important in a qualitative 
analysis, and N will be assumed a constant for the range of each voltage 
mode.

When cos </> is zero, the transreduction factor x/2J\ (x) is also zero, since 
the value of x/2Jx(x) is determined by Eq. (7-14) or (7-15).

I3\NI0RsL
A’o

The power delivered by the bunched beam, defined by Eq. (7-22), is 
not all useful power since some is absorbed by the resonator losses. We 
are more interested in the power delivered to the load, which will be 
designated PL. Then

RsEqIq cos 0
7rA(/?L + R8)

If we divide the power output by the beam power input, we obtain the 
efficiency of the klystron'oscillator. Equation (7-23) can be rearranged 
so that the efficiency, abbreviated eff., and the other factors involved 
related to a dimensionless efficiency parameter xjx (x).

7F.V Rj, -J- R
cos </> Rs
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Fio. 7-8.—Power output and frequency characteristics when the reflector voltage of a reflex 
klystron is varied.
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will occur. Normally, there are several of these voltage inodes in the 
normal range of adjustment of the reHector voltage, and oscillation does 
not occur in the region between modes where the phase angle is incorrect. 
This behavoir is illustrated in Fig. 7-8.

The higher reflector voltage modes correspond to smaller values of N 
and the output is greater for two reasons: (I) the ordinate .tJ](.t) in Fig. 
7-7 becomes greater as N is decreased, since decreasing N corresponds to 
moving from right to left on the curve in Fig. 7-7; (2) the efficiency fora 
particular value on the curve is inversely proportional to N. Eventually 
it is no longer possible to observe modes with higher reflector voltage be­
cause N has become so low that the starting current is greater than the 
beam current. The last mode observed may have the highest output of 
the series, or it may have less output than the previous mode. The latter 
case corresponds to a point in Fig. 7-7 to the left of the maximum of the 
curve.

phase angle becomes negative, and cos </> decreases until the output is 
again zero.

7.13. Reflector Voltage Modes.—As the reflector voltage is increased 
further, the sign of cos </> will become negative and the beam conductance 
term in Eq. (7-10) has a positive value. This positive beam conductance 
represents an additional loss; therefore, oscillation does not occur. When 
the transit time has changed by an amount equivalent to one complete 
cycle, the phase is again correct for oscillation and another output mode

a. *”

o
sS
O



Sec. 7.15] REFLEX OSCILLATORS 99

Theoretical efficiency = (7-25)

7.14. Theoretical Efficiency.—The theoretical efficiency of a reflex kly­
stron oscillator is less than the value for a double resonator oscillator and 
is inversely proportional to N. The efficiency for any value of N can be 
calculated from Fig. 7-7. If most of the power is transferred to the load 
and the phase angle is adjusted for maximum output, then Eq. (7-24) 
may be rewritten

.t./i(.t) _ 1.25 
7rA TtN

The assumptions used in this derivation are not valid for small values of 
Nf and theoretical efficiencies between 20 and 30 per cent are indicated 
when better approximations are made in the computation of efficiency 
for values of N less than two.

It is interesting to note that the efficiency obtainable for any mode is 
independent of the beam-coupling coefficient. If the transit time across 
the resonator gap is large, making the value of 0 less than unity, then it is 
theoretically possible to overcome this disadvantage by increasing the 
beam current. The power output will be greater because the same maxi­
mum efficiency requires more power input. If sufficient beam current is 
available so that the load resistance Rl is small in comparison with the 
shunt resistance of the resonator Rs, the effect of a small value of ft may be 
counteracted by decreasing the load, i.e., by increasing the value of the 
shunt load resistance Rl.

7.15. Load Variations.—If the output load impedance is varied (by 
varying the length of the output line or some other method of impedance 
transformation) the output will increase to a maximum, then decrease 
suddenly, and the klystron may refuse to oscillate for certain load im­
pedances. This effect occurs first for the higher reflector voltage modes 
because the starting current is higher for these modes. When the beam 
current is constant, the load required for maximum output is different for 
each mode. Heavier loading is required for maximum output from the 
modes corresponding to the larger values of iV.

This effect can be demonstrated conveniently with a dynamic method 
of observing the output. An alternating voltage can be superimposed 
upon the reflector voltage, causing the output to be swept through several 
modes periodically. The output voltage is applied to a cathode-ray oscil­
loscope with the sweep synchronized with the reflector voltage modulation. 
A pattern similar to Fig. 7-8 will be observed. If the klystron is lightly 
loaded, all the modes will be small, but the output of all modes will in­
crease as the load is increased until the highest reflector voltage mode with 
the smallest value of N corresponds to the point of maximum efficiency 
on Fig. 7-7. Increasing the load further will decrease the output from 
the highest voltage mode until it disappears when the transreduction factor
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(7-26)

(7-27)sin </> =

(7-28)

Rearranging terms gives

(7-29)

(7-30)

(7-31)= 2
W — COf)

Wo

1____
Ex RiL cos </>

Then Eq. (7-26) may be substituted in the imaginary term of Eq. (7-10) 
to obtain the value of the beam susceptance in terms of the phase angle <p.

2/3Z0Ji(x) . — sin </> tan </>— ------------- sin </> =-------------- =-----------
Ex R8l cos </> RsL

Equating all susceptance terms in the resonator and beam admittance to 
zero gives an expression that may be used to determine the frequency of 
oscillation.

becomes less than unity. The other modes with larger values of N will 
continue to increase in output, with the modes disappearing successively 
until the load is so great that the klystron cannot oscillate at any reflector 
voltage.

7.16. Electronic Tuning.—The qualitative analysis based on Fig. 7-2 
predicted that the frequency of oscillation would change as the phase of 
the bunched beam was varied by changing the acceleration voltage or 
the reflector voltage. This effect is known as “electronic tuning.” The 
power output and efficiency relationships were obtained by considering 
only the conductance components of the beam and cavity admittances. 
Similarly, the electronic tuning analysts requires that the sum of the sus­
ceptances is zero. The magnitude of the beam susceptance depends upon 
the strength of oscillation, however. As a result, the imaginary component 
of the beam admittance depends upon the magnitude of the real component.

Equation (7-11) may be rewritten
20ZqJ i (x)

'^.-1
2 1

.Wq

— — + (j)C — 
ojL

= 2^
Jo

(u)2LC — 1) —= tan </>
W£

If the angular frequency of oscillation for a zero value of the phase angle 
</> is represented by w0, then LC is equal to l/w02. The loaded Q of the 
resonator Ql is equal to R8l/^L‘, therefore,

/ co“ \
( — — 1 ) Ql = tan 0
\wo“ /

When w and w0 do not differ by more than a few per cent, (co2/co02) — 1 
may be rewritten

tan </> =
R8l
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parallel

(7-32)

Zheavy loading

OPTIMUM LOADING

OPTIMUM LOADING

HEAVY LOADING

Fig. 7 -9.—Power output and frequency characteristics for different loads.
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and Eq. (7—30) becomes the familiar expression for the phase of a 
resonant circuit.

is often used in universal curves for resonant circuits.
frequency deviation to the loaded Q of the circuit.

7.17. Output and Frequency Characteristics.—Equation (7-23) and 
Fig. 7-7 allow the power output to be calculated as a function of the phase 
angle </>, and the frequency deviation from the resonant frequency of the 
cavity can be obtained from Eq. (7-32). However, it is more useful to

2Ql — = tan 0 
Jo

I he term 2Q/y(A///n) is a convenient frequency deviation parameter which

/ \I \
/LIGHT LOADING^

/ T
REFLECTOR VOLTAGE
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(7-33)A’ = 4/s0

(7-34)2Ql = tan 0

(7-35)

know these characteristics as a function of voltage instead of phase. Equa­
tion (6-10), repeated below,

/-/o 

/o

2Ql — = sec2 0 d<}) 
jo

y/ (m/2e)E0 
Eq + Er

may be substituted into Eq. (7-7) to obtain a value of 0, and this value 
of 0 may then be substituted into Eqs. (7-23) and (7-32), giving the out­
put power and frequency characteristics as a function of reflector voltage. 
Figure 7—2 was obtained in this manner.

Figure 7-9 repeats the characteristics shown in Fig. 7-2, for a single 
mode and a number of different values of loaded Q. The curves for heavy 
loading correspond to a load that is almost great enough to prevent oscil­
lation. Curves are also shown for the loading that gives maximum output, 
and very light loading when most of the power is absorbed by the resonator 
losses.

A number of interesting conclusions are illustrated by Fig. 7-9. The 
slope of the linear portion of the frequency characteristic is inversely 
proportional to the loaded Q of the resonator. This fact is apparent from 
Eq. (7-32). Increasing the Q by decreasing the load does not decrease 
the electronic tuning band width as might be expected, since this change 
will increase the bunching, and the phase angle may be varied over a larger 
range before the output decreases appreciably. The band width between 
zero output points actually increases as the loading is decreased, and the 
band width between half-power points is only decreased slightly. De­
creased loading causes the amplitude characteristic to become more uniform 
over a large range of voltage, but the frequency deviation curve becomes 
quite nonlinear.

7.18. Frequency Stability.—Although the curves in Figs. 7 8 and 7-9 
indicate the nature of the frequency characteristic satisfactorily, they do 
not furnish a means of obtaining values for the frequency stability under 
all conditions of operation. This information can be obtained from an 
expression for the slope of the frequency curve. The term A///o in Eq. 
(7-32) does not give this information because it represents the difference 
in frequency between two points; it is therefore the slope of a line connect­
ing these points and not the slope of the curve.

The slope of the curve may be obtained by rewriting Eq. (7-32) and 
differentiating this equation.
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(7-36)27T

27rrfA’r = 2irN (7-37)

sec2 </> (7-38)

(7-39)

(7-40)

(7-41)

(7-42)COS 0 =

An expression for </</> may be obtained by substituting Eq. (7-33) in Eq. 
(7-7) and differentiating the result.

1'
40 = 2tt ( )l - ^(m/2e)EQ

Eo 4- Er

The differentiation will be carried out first for the case when the beam 
voltage is fixed and the reflector voltage is varied. The frequency can be 
considered a constant.

V (tn 2e)Eq dEr

Substituting Eq. (7-37) in Eq. (7-35) and rearranging terms gives
df _ttN dEr 
Jo Ql Eq 4- Er

A similar computation gives the result for a varying beam voltage.

(If 7tN Eq — Er (IEq 2— = ----- ----------- ---- sec cb
fo 2QL Eq + Er Eq

Equations (7-38) and (7-39) may also be written in terms of the fre­
quency change per volt. These relations become

df irNfo sec2 </>
dEr Ql Eq + Er

df _ TtNJq Eq — Er sec2 0 
dE~o ~ 20Z Eq 4- Er EQ

Note that a reflex klystron is more stable with respect to variations of the 
beam voltage E0,also that the frequency is independent of the beam voltage 
if the reflector voltage and the beam voltage are equal. The latter result 
was also obvious in Fig. 6-3. Equation (7-41) neglects the tuning effect of 
the electrons in the gap which may change the resonant frequency of the 
cavity when the beam current varies owing to changes in the beam voltage.

7.19. Electronic Tuning Band Widths.—The qualitative conclusions in 
Sec. 7.17 regarding the electronic tuning band width are interesting, but 
a method of calculating the band widths is more valuable. The desired 
equations may be obtained by evaluating the phase angle </>, for the output 
being considered, and substituting this value of </> in Eq. (7-32). This 
process will be carried out for the zero-power point and also the half­
power point. Equation (7-14) may be rewritten

Eq(Rs + Rl) x
^ttNIqRsRl 2J1(x)
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For zero output, the value of x/2Ji(x) is unity; therefore,

(7-43)cos </>o

and

(7-44)- 1

2
(7-45)1

(7-46)- 12 tan 0o — 2

(7-47)

E0(R, 4- Rl) 
02irNIQRsRL

1
COS2 00

1
COS2 00

Pl =

Note that cos 0O, i.e., the cosine of the phase angle when the output is 
zero, has a value equal to the reciprocal of the transreduction factor 
x/2J! (x), for the operating conditions when the phase angle is zero, cor­
responding to maximum output. Therefore, Eq. (7-44) may be rewritten

0

7.20. Band Width between Half-power Points.—Evaluation of the band 
width between half-power points is somewhat more complicated and re­
quires the determination of the bunching parameter value which cor­
responds to one-half the maximum output. The power output lor any 
operating condition is the square of the peak voltage E\, divided by twice 
the load resistance RL.

tan 0o = yj x
_2Ji(x-)_

The band width between zero-output points is obtained by substituting 
Eq. (7-44) in Eq. (7-32). However, the frequency deviation A///o is 
measured from the point of maximum output; therefore, the band width 
between zero-output points will be twice the value indicated by Eq. (7-32). 
The term (2A///)0 will be introduced to avoid confusion between the band 
width between the two zero-output points and the frequency deviation 
from the frequency corresponding to maximum output. Then

Equation (7-13) has been substituted for E\ in Eq. (7-47). The value 
of the bunching parameter x for maximum output can be obtained from 
Fig. 7—5 with cos 0 equal to unity. This maximum output does not neces­
sarily correspond to the point of optimum efficiency in Fig. 7-7 but is the 
maximum output for the given conditions of load and input when the phase 
angle is zero. These conditions determine the value of x/2Ji(x), aQd x is 
then determined from Fig. 7-5. This value of x divided by V2 is the value

tan 0o =

E2 Eq2 x2 
2R~l = 2&2'k2N2Rl



REFLEX OSCILLATORSSec. 7.2I| 105

(7-48)COS 0^ =

(7-49)COS 0J4 =

2Ql 2 tan 01.; = 2 - 1 (7-50)
u

x/y/2 
2J,(x/v'2)

of the bunching parameter which corresponds to the half-power points.
Substituting this value of the bunching parameter in Eq. (7-42) gives

Eq(R9 + Rl)
^NIqR8Rl

Equation (7-48) may also be written
2Ji(x)

x

A definition for the band width between half-power points, similar to the 
definition for zero-output conditions, gives

I
COS2 01.;

These expressions may appear complicated, but the evaluation of cos 
01,4 from Fig. 7-5 is quite simple. The method can be illustrated by a 
sample calculation. Assume that x/2J\(x) equal to 2.30 corresponds to 
the operating conditions when the phase angle is zero. This corresponds 
to maximum output from the tube. The bunching parameter x for this 
value of x/2Ji(x) is 2.40, as indicated by the curve in Fig. 7-5. The 
value of x for the half-power point would be 2.40/ \/2 or 1.70, and corre­
sponds to x/2J[(x) equal to 1.47. cos0>_. is then 1.47/2.30, or 0.64. Sub­
stitution of this value of cos 0y. in Eq. (7-42) gives a value of 2.40 for 
2Ql (2^f/J)yi.

7.21. Electronic Tuning Curves.—The calculations for band widths 
between zero output and half-power points have been made, and the 
results are plotted in Fig. 7-10 as a function of x/2Jx (x), the transreduction 
factor. A dotted line has been drawn through the origin and tangent to 
the curve for the band width between half-power points. Since Ql is 
proportional to RSRL/(RS + Rl), this dotted line is proportional to Ql 
and (2A///)i_z, will be a maximum at the point of tangency. In other 
words, the maximum band width between half-power points occurs when 
the conductance parameter has a value of approximately 2.30, the same 
as the value required for optimum output from the tube.

It is interesting to note that the band width between half-power points 
for a single resonant circuit is 2.00 when these coordinates are used for the 
frequency deviation. The value for a reflex klystron oscillator with the 
load adjusted for maximum electronic tuning is 2.40, or 20 per cent greater 
than the band width associated with the loaded Q of the resonator. In­
creasing the bunching by increasing the beam current, decreasing the load­
ing, or in any other manner which increases the value of the transreduction 
factor, will increase the value of 2QL(2^f/f)yi. However, it is not correct 
to state that the electronic tuning of a reflex klystron is independent of the

x/V2 
2J1(x/vz2)
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........  2J,(X) E0(rs + rJ
Fig. 7-10.—Universal curves for the electronic tuning band widths of a reflex oscillator.

complete picture can be given only by a Rieke diagram similar to the dia­
grams used in Secs. 4.14 to 4.16 to show the load characteristics of klystron 
amplifiers. The equivalent load resistance RL has a magnitude similar 
to the shunt resistance of the cavity resonator; i.e., RL is usually several 
thousand ohms. The characteristic impedance of the coaxial output line 
is very much smaller, usually 100 ohms or less for convenient physical 
dimensions, and the coupling loop must be designed to transform an 
impedance of perhaps 100 ohms to the required value of several thousand 
ohms. Rieke diagrams are usually plotted on a scale based on the charac­
teristic impedance of the line.

loaded Q of the resonator. The frequency deviation in the linear region 
is inversely proportional to Ql, but increasing Ql by reducing the load 
causes overbunching and the tube can oscillate over a wider range of 
voltage variation. As a result, the half-power point is extended into the 
nonlinear region of the frequency deviation characteristic, and the actual 
frequency band width (2A///)^ decreases only slightly from the maximum 
band width when the oscillator is loaded to give maximum output.

7.22. Rieke Diagrams.—Some of the effects of varying the resistive 
component of the load have been mentioned in the discussion of Figs. 
7-7 and 7-9. The load may also have a reactive component, and the
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An admittance diagram will be used in order to represent the load by 
shunt elements. Zero susceptance then corresponds to a purely resistive 
load. Normalized coordinates will be used; ?.e., unity conductance cor­
responds to the characteristic impedance of the line; therefore, unity on 
the conductance axis of the Rieke diagram corresponds to unity standing 
wave ratio.

A klystron oscillator readjusts its frequency if a reactive component 
is introduced in the load, since the effect of the parallel reactance is the 
same as retuning the resonator. For this reason, the contours of constant 
power output from a reHex oscillator would be expected to be alone lines

CONDUCTANCE
Fig. 7-11.—Rieke diagram for a reflex klystron when the reflector voltage is adjusted for 

optimum output.

Her with the output resonator retuned. However, losses in the output 
line and the effect of a line that may be several wavelengths long will 
distort this ideal pattern.

The frequency changes that accompany load changes are indicated by 
contours of constant frequency on the Rieke diagram for a reHex oscillator.

7.23. Rieke Diagram for Optimum Phase.—The Rieke diagram for a 
typical reflex klystron is shown in Fig. 7-11. The reflector voltage has 
been adjusted to make the phase angle </> equal to zero. Note that there 
is a region where the conductance is large, and the klystron cannot oscillate 
in this region. This load corresponds to the region below unity in Fig. 
7-7 where the beam current is less than the starting current for such a heavy 
load.
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Fig. 7-12.—Rieke diagram for a reflex klystron when the reflector voltage is greater than 
the value giving optimum output.

7.24. Rieke Diagrams for Incorrect Phase. — If the reflector voltage is 
adjusted to a value that does not give the optimum phase, either by accident 
or in order to obtain an electronic tuning effect, the Rieke diagram for the 
klystron oscillator is considerably different. The case when the reflector 
voltage is greater than the optimum value is shown in Fig. 7-12. The 
frequency contours are spaced more closely. Also, the frequency contours 
are no longer horizontal.

One very important conclusion can be gained from these data. Elec­
tronic tuning not only requires a tube with a low Q, which indicates that 
electronic tuning is merely a form of frequency instability, but the fre­
quency instability due to changes in the load becomes greater when the 
reflector voltage is changed to produce the electronic tuning. These con­
siderations do not make electronic tuning an undesirable feature, since

If a variable length of line is used as an impedance transformer, the 
resistive component of the load can be varied (if there are standing waves 
in the line), but a reactive component will also be introduced. This re­
active component will affect the frequency of oscillation. The analysis 
of this effect will not be considered in detail, but the importance of the 
effect is apparent from an inspection of the Rieke diagram. Although a 
variable length line or trombone is one of the most convenient forms of 
impedance transformer for an experimental setup, such a device does have 
a considerable “pulling” effect on the frequency of an oscillator.

' I ?
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many applications are simplified considerably by the ability to control 
the frequency electronically. This feature does introduce certain limita­
tions that should not be overlooked.

Another interesting fact can be observed in Fig. 7-12. Changing the 
value of a purely resistive load will cause the frequency to change when the 
reflector is not adjusted for optimum phase. This effect may be noted in 
Fig. 7-9 when the reflector voltage docs not correspond to the adjustment 
for maximum output and the frequency deviation is not zero. Decreasing 
the load will decrease the frequency deviation. This effect is also indicated 
by the magnitude of the beam susceptance in Eq. (7-28). Decreasing 
the load corresponds to increasing the load resistance and this change 
also increases the effective shunt resistance Rsl\ therefore, decreasing the 
load will decrease the effective beam susceptance and the frequency devia­
tion will be less. This effect becomes greater when the reflector voltage 
deviates more from the value required for maximum output.

7.25. Power Losses in the Resonator.—If most of the power is not 
transferred to the load, then the derivation of the maximum efficiency in 
Eq. (7-25) does not apply, and the efficiency is dependent upon the load 
resistance. Actually, Rl must be small compared to Rs if most of the 
power is to be transferred to the load, and this condition can be obtained 
only if the beam current available is very much larger than the starting 
current. The maximum efficiency is less than the theoretical value for 
practical values of beam current. If the beam current is seven times 
greater than the starting current, the maximum value of the x/2 J\ (x) 
coordinate in Fig. 7-7 will be 7.0 when Rl is infinite, corresponding to no 
load. The output will be zero under these conditions and the efficiency 
will also be zero, since (Rl + Rs)/Rs becomes infinite. As RL is decreased 
corresponding to increasing the load, the output will increase.

A family of curves similar to Fig. 7-7 can be plotted to show the effect 
of power division between the resonator losses and the load. The factor 
(RL + R9)/R9 in the ordinate of Fig. 7-7 is computed for each value of 
Rl considered, and the ordinates for the revised efficiency curves in Fig. 
7-13 are directly proportional to the output efficiency. Each curve cor­
responds to some chosen value of beam current Iq, and ttN times the 
efficiency is plotted as a function of Rl- The other variables in the trans­
reduction factor arc held constant. The phase angle </> has been assumed 
to be zero in this illustration, corresponding to the voltage adjustment for 
maximum output; therefore, cos </> is unity and has not been included in the 
efficiency coordinate.

If the beam current Io were equal to the starting current Ia, the trans­
reduction factor x/2./r(x) would have a value of unity. The load would 
be zero, corresponding to an infinite value of Rl- When Io is seven times 
greater than Zs, the value of x/2J\ (x) would be 7.0 if the load resistance
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2J,(X)

greater than the starting current. Note that the actual efficiency is only 
90 per cent of the theoretical efficiency when the beam current is twenty 
times greater than the starting current.

7.26. Effect of Transit Time on Efficiency.—Figure 7-13 may also be used 
to compare the efficiencies for different values of N when the beam current 
remains constant. These conditions can be met by changing the reflector 
voltage. Consider that the curve in Fig. 7-13 for seven times the starting 
current corresponds to a value of N equal to 2% cycles, and the curve for 
twelve times the starting current corresponds to the same beam current 
but a value of 4% cycles for N. Then the actual efficiency for optimum 
loading would be 0.87/2.75?r or 10.1 per cent for N equal to 2% cycles, and 
1 .01/4.75tt or 6.8 per cent for N equal to 4% cycles. Although the loading 
required for maximum output is less for the mode with the shorter transit 
time, and therefore a larger proportion of the total power is dissipated in

Fig. 7—13.—Efficiency of a

7?£ was infinite. The output would be zero, of course. Decreasing R^ 
would increase the load, and the efficiency would increase until a maximum 
was reached. Eventually the load would become too great and the tube 
would fail to oscillate when Rl was reduced until x/2.J\ (x) has a value of 
unity. Similar curves are shown for values of Iq twelve and twenty times

E0(Rs + Rl)
reflex oscillator as a function of load. Curves for three values of 

beam current are shown.



Sec. 7.28] 111REFLEX OSCILLATORS

the resonator losses, the improved conversion efficiency for the shorter 
transit time allows the output efficiency to be greater.

7.27. Reflex Klystron Design Considerations.—Most of the previous 
discussion has been used to predict or explain the electrical characteristics 
of reflex klystron oscillators when operating voltages, current, and loading 
were the only variables. It is interesting to consider the effect of varying 
the design of the tube itself, although it is necessary to remember that the 
relation between the lumped constants used in the equivalent circuit and 
the physical dimensions of the cavity resonator is not clearly defined. 
However, considering the effect of changing these constants can be quite 
useful in a qualitative analysis of the factors which are important in the 
design of klystrons.

Reference to the equivalent circuit in Fig. 7-1 will indicate that increas­
ing the ratio of the small-signal beam admittance to the circuit capacitance 
will increase the amount of electronic tuning. This ratio may be increased 
by increasing the beam current Io, by increasing the transit time in the 
reflection space (increasing the value of N), or by decreasing the circuit 
capacitance. Decreasing the capacitance by increasing the resonator gap 
spacing may not be satisfactory because the transit time across the gap 
may become excessive. This change would reduce the beam-coupling 
coefficient, which has the same effect as reducing the beam current. There­
fore we shall consider only reducing the capacitance by decreasing the 
area of the resonator gap.

Either increasing the beam current without changing the capacitance, 
or reducing the area of the gap without changing the current, corresponds 
to increasing the current density. Therefore the problem of increasing 
the electronic tuning in a klystron design becomes a problem of increasing 
the current density. This conclusion assumes that N is already large and 
that additional transit time in the reflection space will not increase N 
appreciably.

7.28. Effect of Changing Q.—It is equally interesting to analyze the 
factors affecting electronic tuning from the viewpoint that increased elec­
tron bunching permits heavier loading of the oscillator, and therefore 
increases the electronic tuning because the loaded Q has been reduced. 
Reference to Figs. 7-5 and 7-7 will emphasize the fact that the bunching 
parameter x has a value of 2.40 when the oscillator is adjusted for maximum 
output. If the beam current is increased, with no design change in the 
resonator, the resonator voltage Ei will be increased and the value of the 
bunching parameter will increase. The magnitude of E± is determined 
by the radio-frequency current 2’2 and the loaded shunt resistance Rsl.

Ex = 2I0R.l Ji (*) (7-51)

Since E{ must be constant if x remains constant, an increase in Io must be
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(7-52)

(7-53)

(7-54)Ql = Q

Ql = taCRsL

The unloaded Q of the circuit will be
Q = coCRs

Therefore Eq. (7-52) may be rewritten
Rl 

Rs + Rl

Decreasing the circuit capacitance by reducing the resonator gap area 
without changing the gap spacing does not change the unloaded Q ap­
preciably, but does increase the shunt resistance Ra. This change will 
not affect the loaded shunt resistance Rsl, since Rl is usually much smaller 
than Rs', therefore, the oscillator will operate with the same degree of bunch­
ing if the beam current and the load resistance Rl are unchanged. How­
ever, Eq. (7-54) indicates that the loaded Q will decrease when the shunt 
resistance is increased, and the electronic tuning will be increased.

Note that the changes discussed in all the preceding sections correspond 
to increasing the current density in the electron beam. The various ex­
planations of the electronic tuning are merely different ways of looking 
at the problem.

7.29. High-power Reflex Klystrons.—The design of an efficient, high- 
power reflex klystron oscillator would require a different approach. The 
important design factor would be the transit time in the reflection space; 
therefore X must be small. As pointed out in the discussion of Eq. (7-25), 
the analysis is not valid for small values of N, but the trend is indicated 
correctly. Decreasing Ar increases the starting current and, if the beam 
current Is already as large as permitted by a practical design, then the load 
required for optimum output cannot be very great and the electronic 
tuning will be small. It is also apparent that the theoretical efficienc}' will 
not be attained if a large part of the total power goes into the resonator 
losses. In spite of this factor, however, the efficiency will be greater than 
that of a reflex klystron designed for a larger value of N. If it were pos­
sible to increase the beam current sufficiently so that most of the power 
could be transferred to the load, then the klystron would have as much 
electronic tuning as a design with a larger value of N and smaller beam 
current.

accompanied by a decrease in the loaded shunt resistance Rsl- Therefore 
the increased beam current permits the oscillator to be operated with 3 
greater load, and reducing the Q of the loaded circuit increases the elec­
tronic tuning.

The effect of decreasing the capacitance may also be related to the loaded 
Q of the resonator. One of the relations giving the Q of a circuit is

r R.sRl
COL T--------- 7T"

R, + Rl



CHAPTER 8

TWO-RESONATOR OSCILLATORS

Fig. 8-1.—Type 3K30/410R klystron oscillator mounted in a tuner.

8.1. Oscillator Circuits. Although a two-resonator klystron with an 
external (or internal) feedback line might appear to be a simple oscillator 
circuit because it resembles a tuned plate-tuned grid oscillator superficially, 
actually the analysis of this oscillator is more complicated than that of a

reflex oscillator because the theory of coupled circuits Is involved. The 
type of tube to be discussed is a two-resonator klystron of the construction 
illustrated in Fig. 3-1, Sec. 3.4, with a field-free drift space separating the 
input and output resonators. Feedback is obtained by adding a coaxial line 
from the output resonator to the input resonator. Figure 8-1 shows such 
a tube complete with its coaxial feedback line and a mechanical tuner for 
changing the spacing of the input and output gaps.

8.2. Oscillator Theory.—It will be more convenient to treat this type 
of oscillator by considering the transfer impedance of the coupled-circuit

113
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system as a function of the phase angle, since the usual sources of data1 
present the information in this form. The conditions for oscillations in 
this terminology become: The circuit transfer impedance is equal to the 
reciprocal of the tube transadmittance; and the phase angle around the 
complete feedback loop must be zero.

8.3. Equivalent Circuit.—The addition of a feedback line to the equiva­
lent circuit of a klystron amplifier is all that is required for an analysis 
of the tube as an oscillator. This circuit is shown in Fig. 8-2. A multigrid 
tube is shown in the equivalent circuit to indicate that the input and output 
circuits are completely isolated unless some means of feedback is supplied. 
The peak voltage across the input gap is which is also indicated as the

voltage across the input circuit of the equivalent diagram.
is shown across the output circuit and represents the peak voltage at the 
output gap.

A current 0i2 is shown Mowing into the output circuit. This current 
represents the radio-frequency component of the bunched-beam current 
and is related to the input voltage Ei by the usual bunching relationships

X =
■^0

#2 = 2^Z0Ji(x) (8-2)
These voltages and currents arc sinusoidal quantities but are conveniently 
represented by their peak values.

A four-terminal network is used to represent r, the transit-time phase 
angle. An output load is also shown coupled to the circuit. This load 

( will affect the Q of the output resonator and will be considered in the 
analysis by assuming that the Q of the output resonator, which is the pri­
mary of the coupled-circuit system, is one-half as great as the Q of the 
secondary. The length of the feedback line will be considered negligible.

1 F. E. Tcrman, Radio Engineers' Handbook, McGraw-Hill Book Company', Inc., 
New York, 1943.

FEEDBACK LINE

Fig. 8-2.—Equivalent circuit of a klystron oscillator.
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Fig. 8-3.—Phase relations in a klystron oscillator.
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maximum value of the electron current and arrive at the output gap after 
a phase delay equal to r. This phase delay corresponds to slightly less 
than 2)4 cycles in Fig. 8-3 and is indicated by the oblique line AB con­
necting the zero axes of the Ex and curves.

In order to transfer maximum energy to the resonator field, the electrons 
in the bunch must pass the output gap when the resonator field is a maxi­
mum and in a direction that will decelerate the electrons. The current 
in the equivalent circuit must be in phase with the voltage if maximum 
power is to be transferred. Since electrons are negative charges, i2 has 
a maximum negative value when the electron current is a maximum. 
Therefore, the transit-time phase angle t corresponds to the phase between 
a zero value of Ex and a negative peak of i2, and the phase angle between 
E[ and i2, introduced by the transit-time and bunching considerations, is 
equal to (r + tf/2).

A phase angle </>2 between fii2 and the output voltage E2 is shown because 
E2 need not be in phase with fii2. However, this phase angle is not used

8.4. Phase Relations.—Oscillation will occur when the sum of the phase 
angles around the complete loop is equal to some integral number times 
2ir radians, provided the magnitude of the feedback is sufficient to maintain 
oscillation. These phase angles and the relations among them are il­
lustrated in Fig. 8-3. The electrons that passed the input gap at zero 
phase (i.e., when E{ was zero and changing from deceleration to accelera­
tion) become the center of the bunch. These electrons correspond to a

G i 2 \
OUTPUT UGAP

\\ \\
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(8-3)

■ '

in this analysis of klystron oscillator theory. The angle </> represents the 
phase between (3i> and E\, introduced by the coupling between the two 
circuits. The phase relation which must be satisfied for oscillation can 
be written

where n must be an integer. The value of n in Fig. 8-3 is 3 cycles.
If the transit-time phase angle r is changed by varying the acceleration 

voltage Eq, a corresponding change in </> must occur in order to maintain 
the relation in Eq. (8-3). The phase angle </> between 3^2 and E\ can 
change only if the frequency of oscillation is changed; therefore a change 
in the acceleration voltage is accompanied by a change in the frequency of 
oscillation.

8.5. Coupled-circuit Theory.—The equivalent circuit in Fig. 8-2 shows 
that a klystron oscillator may be considered as two parallel-resonant 
coupled circuits, fed by a current source /3i2. Note that the output current 
of the klystron f3i2 is the primary current of the coupled-circuit system, 
and that the input gap voltage Ei is the secondary voltage. The analysis 
of coupled circuits to obtain the phase and magnitude of the voltage across 
the primary and secondary can be obtained, with some slight modifications, 
from radio engineering handbooks and other sources. This information 
about the phase and magnitude of the feedback can then be combined 

a klystron tube to obtain a prediction 
klystron oscillator as the acceleration

4" -- + — 2tt?i

with the bunching characteristic of 
of the output characteristics of a 
voltage is varied.

Certain assumptions will be made to simplify the analysis. The 
resonant frequencies of both circuits will be considered identical; this 
assumption will make the characteristics symmetrical with respect to 
frequency. A feedback line of zero length will be assumed so that the 
analysis for lumped constant circuits at low frequencies can be used with­
out modification. The Q of the two circuits will not be equal because 
the output resonator of the klystron is connected to a load. The Q 
of the output circuit, which corresponds to the primary of the two coupled 
circuits in Fig. 8-2, will be considered half as great as the Q of the input 
circuit, which corresponds to the secondary. Sample calculations wi 1 
be carried out for the case of an undercoupled klystron with a coupling 
coefficient one-half as great as the value for critical coupling. Curves 
will also be included for a klystron with coupling ten times greater than 
the critical value.

8.6. Characteristic Curves for Coupled Circuits.—Curves of primary and 
secondary voltage as a function of frequency are usually given in the ref­
erence texts. The curves of Fig. 8-4 show the typical characteristics
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when the coupling is one-half the critical value. The phase angle </> be­
tween the primary current 0i2 and the secondary voltage E\ is also shown. 
Ratios of Ei/(3i2 and E2/$i2 are plotted so that unit coordinates may be 
used, and the maximum possible ratio of Ei/(3i2 is indicated by a value of 
unity. Increasing the value of /3i2 will increase the value of voltage across 
the circuit but will not affect the ratio.
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Fig. 8—1.—Phase and voltage relations in two coupled resonant circuits when the coefficient 

of coupling is one-half the value required for critical coupling. The Q of the primary circuit 
has been assumed half as great as the Q of the secondary circuit. _ jtw -

- loco
The form of the curves in Fig. 8-4 is not ideally suited to the analysis 

of a klystron oscillator where the frequency is dependent upon the beam 
voltage as well as upon the tuning. To examine the behavior of such an 
oscillator as the acceleration voltage is changed, it will be convenient to 
replot the frequency as a function of voltage. This step is illustrated 
by the frequency vs. voltage curve in Fig. 8-5.

The relation between voltage and frequency is obtained by correlating 
the phase angle </> in Fig. 8-4 with the drift space transit angle r, using 
Eq. (8-3) to evaluate r. The value of the acceleration voltage EQ cor-
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(8-4)

(8-5)

22001200 1400

Ao = (8-6)

Co

responding to this value of transit angle can then be obtained from the 
relation

V 0

2
I ’

: O t z 7f7T

1.5 
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I'ig. 8-5.—The data in Fig. 8-4 have been replotted as a function of the beam voltage on 
the klystron oscillator.

As a typical example, consider a klystron with a drift distance of 2.8 cm 
operating at 3,000 megacycles per sec. Assume that n in Eq. (8-3) is 
equal to 3. Since </> is equal to ?r/2 for zero frequency deviation in Fig. 
8-4. t would have a value of 7tf. Equation (8-5) can be rewritten

.6 X 107r

2?r/so 
T = -----------
Vq

Equation (3-3) may be substituted for vQ in Eq. (8-4) giving
______ 2tt/Sq

6X107Ve^
A’o is the acceleration voltage, or beam voltage, s0 is the drift distance in 
centimeters, and f is the frequency in cycles per second.

3010
oy
^>3000
yS
£ 2 2990
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(8-7)

Equation (8-7) may also be derived by rewriting Eq. (8-1) in the form

(8-8)

(8-9)
o

(8-10)

(8-11)
X

2Ji(x)
V m s

0^/E 1

X

2Ji(x)

x
2Ji(s)

Eo x 
tf-W/o 2.7, (x)

Ei
" y"“ fa

Equation (8-11) is another way of stating that the transreduction factor 
for an oscillator is equal to the ratio of the small-signal transadmittance 
to the circuit transfer admittance.

8.8. Bunching Characteristic.—It is necessary to know i2 in terms of 
the transreduction factor z/2J,(.r) in order to compute E, or E2. The 
usual bunching characteristic, for example, Fig. 3-7 in Sec. 3.11, shows 
2J,(z) as a function of x. It will be convenient to replot 2J,(.r), which is 
proportional to i2i as a function of x/2Ji(x). This modification of the 
bunching characteristic makes it possible to obtain the value of i2 from a 
value of E\/fii2, since Eq. (8^-9) shows that x/2J,(.t) is proportional to

and substituting Eqs. (8-2) and (8-8) in the ratio E,//?i2.
Equation (8-7) may also be written

P2vNI0 Et
Eo /??2

EqX
51 “ 07T/V

Substitution of the above values gives a voltage of 1,600, which corresponds 
to zero frequency deviation. Voltage values for other values of 0 arc 
computed in the same manner. Then these data arc replotted to give the 
frequency vs. voltage curves in Fig. 8-5. The values of Ei/0i2 and E2 73? 2 
are transferred from Fig. 8-4 to Fig. 8-5, using this f vs. Eo characteristic.

8.7. Conditions for Oscillation. -One of the requirements for oscillation, 
discussed in Sec. 8.2, stated that the circuit transfer impedance E,/0?’2 
must be equal to the reciprocal of the tube transadmittance. Since the 
transreduction factor .r/2.7,(.r), discussed in Sec. 7.9, is equal to the ratio 
of the small-signal transadmittance (PttNIq/Eq, to the tube transadmit­
tance, this relation may be restated

The small-signal transadmittance (PitNIq/Eq can be replaced by the symbol 
y,ns.
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8.9. Oscillator Characteristics.—The method of obtaining the power out­
put characteristics of an oscillator will be illustrated by a sample calcula­
tion, using Figs. 8-5 and 8-6. Typical operating conditions might be

Eq = 1,600 volts
Iq — 60 ma 
N = 3.5

i » = °-8
, • 1 t ytna = 332 micromhos

■ I 5 'VU A
Figure 8-5 gives the value of Ei/^i2 in unit coordinates; therefore, the 

small-signal transadmittance must be converted to these coordinates be­
fore substitution in Eq. (8-10). Assume that a beam current of 15 ma 
corresponds to the starting current for the oscillator. The transadmittance 
for this starting current would be 83 micromhos. The beam voltage Eq 
would be adjusted for maximum feedback, corresponding to the maximum 
of the E1//3i2 curve in Fig. 8-6; therefore, the value of for the starting 
condition would be 0.8. Since x/2 Jj (x) is unity for the starting conditions, 
Eq. (8-10) shows that the small-signal transadmittance y,ns in unit co-

Ei/^2- Figure 8-6 shows such a characteristic. It was obtained by 
computing x/2Ji(x) for each point on the Bessel function curve in Fig.
3— 7 and by replotting these data.
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TRANSREDUCTION FACTOR - x/2J,(x)
Fig. 8-6.—Ratio of the radio-frequency component of the bunched-beam current to the 

direct current in the electron beam, replotted as a function of the transreduction factor. An 
accurate graph of 2Ji(z) vs. x/2Ji(z) is given in Chart XIII in Appendix B.
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(8-12)

(8-13)= 1.25
unit coordinates

(8-14)= 15,100

(8-15)

ordinates will be 1.25 for the starting current. This condition establishes 
the relation between the unit coordinates and the actual operating con­
ditions. The operating beam current is four times greater than the starting 
current; therefore, the value of ym, for the operating conditions with 60 ma 
beam current is equivalent to 5.0, and

x

3-A «•

= 5 0_ L
2</i(.r) fii2

expresses the required relationship corresponding to Eq. (8-10) for the 
unit coordinate system used in Fig. 8-5.

A value of Ei/(Si2 equal to 0.2 makes x/2J\(x) in Eq. (8-12) equal to 
unity; therefore, this value of E\/^i2 corresponds to the starting conditions 
for the oscillator when the operating beam current is 60 ma. This value 
is indicated by a dash line in Fig. 8-5. The acceleration voltage repre­
sented by the intersection of the dash line and the Ei/(3i2 curve in Fig. 
8-5 corresponds to the starting conditions for the oscillator and the output 
for this value of acceleration voltage is zero.

The output for other values of acceleration voltage may be computed 
in the following manner. A higher value of for some other accelera­
tion voltage is substituted in Eq. (8-12) to obtain a value of x/2 (x), and 
a corresponding value of 2J\(x) is determined from Fig. 8-6. The beam 
current IQ is computed from the % power law and the acceleration voltage. 
The value of @i2 is then obtained by substitution of Zo> and 2Jj (x) in 
Eq. (8-2). E2 is calculated from (Si2 and the value of E2/fii2.

Values of E2/$i2 in Fig. 8-5 must be converted from unit coordinates to 
conventional units before they can be used to compute the output. The 
conversion relation can be obtained from Eq. (8-10). The transreduction 
factor x/2Ji(x) is a dimensionless ratio, and any consistent set of units 
may be used in the right side of the equation. The product of ymi (mhos) 
and E2/fii2 (ohms) must equal the product of these two factors in the unit 
coordinate system. Since 83 micromhos corresponds to an admittance of 
1.25 in unit coordinates,

83 X 10-° (^) = 1.25 {^\
\/?2-2/ ohms \P^2/1

A more useful form of the relation would be

(fA = 15,100
\Pi2/ ohms \P*2/ unit coordinates

When the output gap voltage E2 has been computed, the power delivered 
to the load Is obtained from the relation

e2-
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8.10. Overcoupled Klystron Oscillators. - The undercoupled oscillator 
analyzed in the previous section has a fairly uniform amplitude character­
istic and a linear frequency deviation characteristic for a large portion of 
the voltage range. If maximum output is desired instead of a linear fre­
quency characteristic, the coupling between the two circuits should be 
greater. Most of the early klystron designs were overcoupled for this 
reason. As a result, many people are familiar with the output character­
istic of an overcoupled klystron oscillator.

A series of curves corresponding to Figs. 8-4, 8-5, and 8-7 are shown in 
Figs. 8-8 to 8-10 to illustrate the characteristics of an overcoupled klystron

tn
h-
£
? io

where /?£ is the equivalent load resistance (sec Fig. 8-2). These cal­
culations have been made for the case illustrated in Fig. 8-5, assuming a 
value of 140,000 ohms for R L. The corresponding theoretical power out­
put curve is shown in Fig. 8-7. The frequency curves are transferred 
directly from Fig. 8-5 to Fig. 8-7.

1200 1400 1600 1800
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Fig. 8-7.—Theoretical curves of power output and frequency for an undercoupled klystron
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0

Fig. 8-8.—Phase and voltage relations for two coupled resonant circuits when the coupling 
coefficient is ten times greater than the critical value.

oscillator. A value of feedback coupling ten times greater than critical 
coupling has been chosen. The method of obtaining the curves is similar 
to the procedure described in Sec. 8.9 and will not be repeated. A dis­
cussion of the differences between the two degrees of coupling is given in 
the next section.
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8.11. Voltage Modes.—There are a number of acceleration voltages cor­
responding to different values of drift transit angle r which satisfy the 
phase relations in Eq. (8-3). A series of voltage modes exist, and oscilla­
tion does not occur between them. This behavior Is quite similar to the 
characteristics of the reflex oscillators described in Chap. 7.

The voltage modes occur in pairs when the two resonators are tightly 
coupled. The maxima of the two modes occur when the frequency has 
values corresponding approximately to </> = 0 and </> = ir in Fig. 8-8. If
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220020001400

t = 2tt(?i ± X)

Equation. (8-16) is often stated in the form

these values of </> are substituted in Eq. (8-3), the value of r is given ap­
proximately by

0 
1200

3030
UJ 
o3020 
o 
§3010 
2

oscillation during the transit of an electron from the input gap to the output 
gap is an integer plus or minus one-quarter.”

It should be noted that this statement is a special case which does not 
apply to all klystron designs. For example, r is equal to (n + A) f°r 
the undercoupled klystron discussed in Sec. 8.9 because the two modes are 
merged into one. The latter characteristic is typical of the Type 3K30/ 
41 OR klystron oscillator and differs from overcoupled types which exhibit 
two separate families of voltage modes.
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Fio. 8-9.—The data in Fig. 8-8 replotted as a function of the beam voltage on the klystron 
oscillator.
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8.12. Typical Output Characteristics.—Actual data for a Type 3K30/ 
41 OR klystron oscillator are shown in Figs. 8-11 and 8-12. These curves 
were obtained by a dynamic method which eliminated tuning changes due 
to thermal variations caused by changing the power input to the tube. 
The similarity of Fig. 8-11 to the theoretical curve in Fig. 8-7 indicates

co 10
H
H< 
£

that the assumptions used in obtaining the theoretical curve are reasonably 
good. The equal height of the two peaks of each mode in Fig. 8-11 was 
obtained by purposely detuning the tube to produce the flattest character­
istic, and does not represent a deviation from theory. Detuning the tube 
in the opposite direction emphasizes the higher voltage peak and produces 
maximum power output and efficiency. This effect is illustrated in Fig. 
8-12.

Note that the frequency deviation characteristic in Fig. 8-11 is almost 
linear with acceleration voltage over the useful range of output. Because
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Fig. 8-10.—Theoretical curves of power output and frequency for an overcouplcd klystron 
oscillator.
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8.13. Overbunching.—An analysis of the effect of detuning a klystron 
oscillator requires consideration of the klystron characteristic known as 
“overbunching.” This characteristic was discussed in Secs. 3.9, 3.11, and 
4.7; however, overbunching in an oscillator does not necessarily reduce the 
output as it does in an amplifier. Optimum bunching in Fig. 8-6 cor­
responds to the maximum in the curve when .t/2Ji(.t) is equal to 1.59. 
This value of x/2Ji(x) corresponds to a value of 0.318 for Ei/^i2. Larger 
values of Ei/fii2 cause overbunching.

Note in Fig. 8-9 that the ratio E2/@i2 is increasing rapidly at the ac­
celeration voltages corresponding to points A, B, C, and D, which represent

1000 2000

BEAM VOLTAGE

Fio. 8-11.—Experimental curves of power output and frequency for a 
klystron oscillator.

of this characteristic, the Type 3K30/410R klystron is quite useful as an 
oscillator in frequency-modulation circuits. The frequency modulation 
is obtained by varying the acceleration voltage. However, considerable 
modulation power is required, and power output must be sacrificed to 
obtain this wide-band frequency characteristic.
and 8-12.)
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the ratio of Ei/fti2 required for optimum bunching. Increasing the ratio 
of E\/^i2 above the optimum value does not reduce i2 very rapidly, since 
?2 is proportional to and Fig. 8-6 shows that this factor decreases
slowly beyond the point of optimum bunching. The increased E2/(5i2 
ratio allows the output to increase in the region between A and B, also 
in the region between C and D. (Corresponding points have been marked 
on Fig. 8-10 to illustrate this effect.

8.14. Effect of Tuning the Klystron.—Any deviation from identical 
tuning will decrease one peak in the Ei/0i2 curve for an overcoupled 
klystron when the losses in the two resonators are unequal. The other 
peak may remain approximately the same, or it may increase slightly, 
depending upon the ratio of the losses in the two resonators. The effect 
of detuning the input resonator to a lower frequency, leaving the output 
resonator tuned to the frequency corresponding to the identical tuning 
represented in Fig. 8-8, is illustrated in Fig. 8-13 for the case when the 
losses in the output resonator are twice as great as the losses in the input
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Fig. 8-12.—Experimental curves of power output and frequency for a Type 3K30/410R 
klystron oscillator tuned to maximize the power output.
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resonator. Both patterns are moved in the direction of lower frequency, 
and they are no longer symmetrical. The higher frequency peak in Ei/fa 
is reduced and the corresponding peak in E2/^i2 is increased.

As a result of the detuning, the degree of overbunching in the high-fre­
quency mode will be less and (3i2 will increase. Since E2/$i2 has also been
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Fig. 8-13.—Phase and voltage relations for two overcoupled resonant circuits which are 
tuned to two different frequencies.

increased by the detuning, the output of this mode will increase con­
siderably. In contrast, the overbunching remains about the same in the 
lower frequency mode, but the ratio of E2/i2 is decreased; therefore the 
output of this mode decreases slowly as the input resonator is tuned to a 
lower frequency. The data in Fig. 8-13 have been converted into a 
theoretical output characteristic for the detuned case as shown in Fig. 8-14. 
Compare this illustration with Fig. 8-10.

The ratio of Ei/0i2 for the higher frequency mode can be reduped to the 
value corresponding to the starting conditions while the lower frequency 
peak in Ex/fii2 remains greater than this value. This relation means that
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8.15. Effect of Length of Feedback Line.—The previous discussion has 
been based upon a zero length of feedback line. This assumption ob­
viously does not apply to a Type 3K30/410R klystron, since an external 
feedback line of considerable electrical length must be used. The problem 
is complicated when the line is not terminated with its characteristic 
impedance. However, it is fairly satisfactory to assume that the phase 
shift in the line can be represented by an angle and to rewrite Eq. (8-3) 
in the form

t-|--4-04-0l = 2tt?i 
a

1600 1800
BEAM VOLTAGE

Fig. 8-14.—Theoretical curves of power output and frequency for an overcouplcd klystron 
oscillator when the input resonator is detuned to a lower frequency than the output resonator.

continued detuning of the input resonator to a lower frequency causes the 
higher frequency mode to increase at first, then disappear before the lower 
frequency mode is eliminated. The frequency of the higher frequency 
mode approaches the frequency of the tuning of the output resonator. 
The lower frequency mode can be accentuated by detuning the input 
resonator to a higher frequency than the tuning of the output resonator.
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The logical conclusion from Eq. (8-17) would be that the acceleration 
voltage, which determines r, could be arbitrarily chosen by adjusting the 
length of the feedback line. Some choice of operating voltage is permitted 
by such an adjustment. However, the feedback line is not usually matched, 
and certain line lengths may prevent operation at some frequencies within 
the tuning range of the tube. Therefore, it is not always possible to correct 
for changes in the transit time by changes in the length of the feedback

r ----------------- -------------------------------------- „ - X ; —« ----------------------------------

is important to know the behavior of the tube as the load is varied. The 
V v "

line. As a result, there are some regions of acceleration voltage where 
oscillation cannot be obtained by any simple adjustment of the tuning 
of the resonators or the length of the feedback line.

8.16. Load Characteristic.—All of the previous discussion is influenced 
by the ouput load that is connected to the tube, but this effect has been 
included implicitly in the assumption that the losses in the output resonator 
were twice as great as the losses in the input resonator. This assumption 
is equivalent to the statement that the resonators are identical and that 
the power transferred to the load is equal to the power losses in the output 
resonator itself.

- The Q of the output resonator will be one-half as great as that of the input 
resonator if the tube is loaded to give maximum output and the output 
gap voltage is less than the beam voltage. This relation was discussed 
in Secs. 4.11 and 4.13. Therefore the assumption used in the circuit 
analysis is satisfactory for the usual operating conditions. However, it
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(8-20)

(8-21)dr =

(8-22)r = 2nN

and Eq. (8-21) becomes

(8-23)

(8-24)

> -M 
'0

Eo
If N represents the number of oscillation cycles during bunching, Eq. (8—4) 
may be rewritten

(8-18) 

where r is the drift-space transit-time angle and </> is the feedback phase 
angle which is determined by the frequency and the relative tuning of the 
two resonators. Differentiating Eq. (8-18) gives

d<t> = - dr (8-19)

The transit angle r is proportional to the reciprocal of the square root of 
the acceleration voltage; therefore,

r = kE<

d<t> a* 2VQxQ2

, ,, dr = — Ntt ——
Eq

Inspection of Fig. 8-4 shows that the slope of the phase curve is ap­
proximately unity. This approximation is also quite satisfactory for the 
case when the two circuits are overcoupled but tuned to the same fre­
quency, and will be sufficiently accurate when the two circuits are detuned. 
The change in the phase of the feedback for a change in frequency may 
therefore be written

prediction of the load characteristic from a circuit analysis would be quite 
tedious, but the characteristic is not greatly different from that of a simple 
reflex oscillator.

A typical Rieke diagram for a two-resonator oscillator is shown in 
Fig. 8-15. There is a region of nonoscillation where the load Is too heavy, 
and frequency contours are shown on the diagram as well as contours of 
constant power output.

8.17. Frequency Stability.—Although the electronic tuning of an oscil­
lator is given by the curves in Figs. 8-7 and 8-10, these data are limited 
to one particular loading of the tube. It is possible to make an approximate 
calculation for the frequency stability for any loading. Equation (8-17) 
may be rewritten with the phase angles that are independent of frequency 
included in a single constant:

r + </> = a constant

- 1 kE0~y‘dE0 = - J r
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(8-25)

(8-26)

Substituting Eqs. (8-23) and (8-24) in Eq. (8-19) gives 
df ttN dE0 
f = Ep

Several important results are evident from Eq. (8-25). An increase of 
beam voltage is accompanied by an increase in the frequency of oscillation. 
The effective Q of the oscillator is the geometric mean of the Q of the input 
resonator and the loaded Q of the output resonator; therefore, the stability 
of a two-resonator oscillator is higher than that of a reflex oscillator. The 
stability is increased if the transit time in the drift space is decreased; i.e., 
operating at a higher voltage mode improves the stability. This does not 
mean that the total electronic tuning is decreased (see Figs. 8-11 and 8-12).

Equation (8-25) may also be written

d/ r/v _ JL_
dEp = Ep 2VQ1Q2

An idea of the frequency stability may be obtained by substituting the 
following typical operating values in Eq. (8-26):

Ep — 1,600 volts
jV = 3.5 cycles
/ = 3,000 megacycles

Qi = 2,000
Q2 = 1,000

The frequency stability would be 0.0073 megacycle per volt, or 7.3 kilo­
cycles per volt. It is apparent from this result that adequately filtered 
and well-regulated power supplies are required for klystron oscillators. 
This stability equation is also discussed in Chap. 10 on Modulation of 
Klystrons.

8.18. Beam-current Variation.—The frequency of oscillation is also 
affected by the current in the electron beam. The presence of an electron 
space charge in a resonator gap changes the effective dielectric constant 
of the gap. Varying the beam current will change the resonant frequency 
of the cavities and the frequency of oscillation will vary. This form of 
electronic tuning may also be obtained by using auxiliary electron beams 
which affect only the frequency of the resonators and do not interact with 
the resonators to change the radio-frequency energy.



CHAPTER 9

MULTIPLE-RESONATOR TUBES

k

9.1. Typical Tube Types. —Two-resonator klystron amplifiers, multipliers, 
or oscillators can be considered multiple-resonator tubes in the true mean­
ing of the term, but this designation will be reserved for klystrons with 
three or more resonators. Tubes with more than three resonators have 
been built, usually for multistage amplifiers. However, a discussion of 
three different types of tubes, each using three resonators, will illustrate 
the principal advantages of multiple-resonator tubes. The more com­
plicated designs will not be considered in detail.

One type of tube is analogous to an electron-coupled oscillator and is 
known as an “oscillator-buffer” klystron. A third resonator is excited 
by the bunched-beam current after it has passed through the second 
resonator. Part of the energy from the second resonator is fed back to the 
input resonator to produce oscillation. The load is coupled to the third 
or buffer resonator. Changes in load impedance are isolated from the 
oscillator portion of such a tube. This factor is important when an oscil­
lator-buffer klystron is followed by a modulated amplifier, since tuning the 
input resonator of the amplifier will react upon a conventional klystron 
oscillator because it is coupled to the input resonator of the oscillator by 
the feedback line. The beam-current variations in a modulated amplifier 
will affect the tuning of the input resonator of the amplifier, but these 
variations will be isolated from the oscillator section if an electron-coupled 
klystron is used. These tubes are also useful for applications where 
the radio-frequency power is switched rapidly from one antenna to another, 
or with other forms of variable load.

Another three-resonator tube of different construction gives high amplifi­
cation with a single tube by utilizing a single beam for a number of stages 
of amplification. This cascade amplifier system requires (a + I) resona­
tors for n stages of amplification, but the beam power consumption is that 
of a single tube. The same gain with separate klystron stages would re­
quire many more resonators and use more than n times the beam power of a 
cascade amplifier klystron because the gain per stage is one-half as great.

Cascade amplifier klystrons have many advantages in addition to a 
large gain and illustrate a number of interesting features which are in­
troduced when the velocity modulation is not a simple sinusoidal function. 
For these reasons, the theory of the operation of cascade amplifiers will 

133
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Fig. 9-1.—Sectional view of an oscillator-buffer klystron.

OSCILLATOR-BUFFER TUBES

9.2. Theory of Operation.—An oscillator-buffer klystron operates on the 
principle that the electrons in the bunch are not decelerated to zero velocity

by the voltage at the second resonator gap, but the bunch continues its 
motion along the axis of the tube and can give up additional energy to a 
third resonator. This implies that the gap voltage induced by the beam 
at the second resonator is much less than the beam voltage. This relation 
is generally true for low-power klystrons. The velocity of the electrons 
in the bunch will be changed by the voltage at the second gap, and the 
bunching will be altered. This effect is discussed in Sec. 9.4.

Figure 9-1 shows a sectional view of an oscillator-buffer tube. The first 
two resonators are similar to a Type 3K30/410R klystron. An internal 
feedback line is shown, which means that the first two resonators of 
this particular design may be used only as an oscillator. It is possible 
to build tubes of this type without the internal feedback line; then the 
tube may be used as an amplifier or converted to an oscillator by using an

FEEDBACK LINE

be considered in more detail than the other types of multiple-resonator 
tubes.

The third type of multiple-resonator tube to be described is similar to 
a cascade amplifier, but the last resonator is tuned to a harmonic of the 
input frequency. The first and second resonators act as an amplifier at 
the input frequency and reduce the drive power required for the tube. 
The second and third resonators function as a klystron frequency 
multiplier.

ELECTRON GUN
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external feedback line. The third resonator Is the buffer output resonator. 
The third resonator gap is normally located as close to the second gap as 
allowed by mechanical-design considerations. This spacing could be 
reduced by using a modified arrangement of the resonators, but some spac­
ing between the resonators must be maintained to prevent coupling be­
tween them.

9.3. Resonator Coupling.—If two resonators arc arranged with their 
gaps adjacent to each other, separated by a single grid structure, the leakage 
fields through the holes in the grid mesh act as a strong coupling between 
the two resonators. Obviously such a structure would not be satisfactory 
for a tube which should isolate the oscillator section from the output. If 
two grids are used, separated by a short drift tube, the fields will be at­
tenuated rapidly. The drift tube may be considered a wave guide that is 
too small to transmit energy. For the dimensions involved in a typical 
tube design, the attenuation of a “wave guide below cutoff” would be 50 
db per cm.

Although the attenuation of a short drift tube seems quite high and 
corresponds to a very low value for the coupling coefficient between the 
two resonators, the fact that the resonators have a very high Q means that 
even a very low value of the coupling coefficient may be an appreciable 
fraction of the critical coupling. Therefore, an attenuation of 50 db, 
corresponding to a drift distance of 1 cm, may be required to isolate 
adequately the third from the second resonator.

9.4. Additional Bunching.—A drift distance of 1 cm will be equal to 
35 to 50 per cent of the drift distance between the first and second resona­
tors of a tube designed for operation at 3,000 megacycles. Considerable 
change in the electron bunching will take place, particularly if the voltage 
at the second gap is high. The beam will become badly overbunched, and 
the output at the third resonator will be quite small. Therefore the design 
of an oscillator-buffer klystron must be a compromise between a large 
separation of the last two resonators to prevent coupling between the out­
put resonator and the oscillator section, and the short distance dictated 
by the electron-bunching considerations.

9.5. Tuning Considerations.—The effect of the overbunching in an 
oscillator-buffer tube can be overcome by detuning the oscillator section 
to reduce the bunching. This adjustment introduces instability and 
changes the frequency of oscillation slightly, but permits satisfactory 
operation. If the tube is tuned for maximum output with a load con­
nected to the second resonator, when the load is moved to the third resona­
tor the output will be quite small. Retuning either the first or the second 
resonator will increase the output from the third resonator by reducing 
the overbunching. Both must be retuned if the frequency of oscillation 
is to be accurately maintained.
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9.6. Load Characteristics.—An oscillator-buffer klystron is similar to a 
klystron amplifier, since the load on the third resonator does not affect 
the frequency of oscillation appreciably or the amount of bunching in the 
beam. Therefore the output characteristics are identical to those discussed 
in Secs. 4.11 and 4.14 to 4.16 for a two-resonator klystron amplifier. If the 
load is connected to the second resonator, the behavior is similar to that 
of a two-resonator oscillator, and the Rieke diagram would have frequency 
contours as well as contours of constant power output.

CASCADE AMPLIFIER KLYSTRON

9.7. Drift Spaces in a Cascade Amplifier.—An oscillator-buffer tube 
requires a small drift space between the second and third resonators to 
prevent overbunching, because the electrons are well bunched at the second 
gap of an oscillator and additional bunching is undesirable. If a three- 
resonator tube is used as an amplifier, the additional bunching is desirable 
because the tube can be operated with very low drive power. The bunch­
ing at the second gap will not be complete, but the additional bunching 
between the second and third gaps will produce optimum bunching at the 
output resonator. If maximum gain is desired, the second drift space is 
made equal to the drift distance between the first and second resonators. 
A typical three-resonator amplifier, known as a “cascade amplifier kly­
stron,” is illustrated in Fig. 9-2.

Fig. 9-2.—Sectional view of a cascade amplifier klystron.
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9.8. Cascade Bunching. —A small voltage at the input gap will introduce 
some velocity modulation, and the beam will be bunched slightly when it 
passes the second gap. The gain in a velocity-modulation amplifier is 
relatively independent of the input voltage when the voltage is small, 
and this gain is greater than the gain of an amplifier with sufficient bunch­
ing to give optimum output (see Fig. 4-4). The gain for the first stage 
will introduce a much larger voltage at the second resonator gap. A large 
velocity variation is superimposed upon the partly bunched electron beam 
at the second resonator. This velocity variation is much greater than that 
introduced by the input gap owing to the voltage gain in the first stage, and 
this additional velocity variation may give sufficient bunching for optimum 
output at the third resonator.

This means that a cascade tube may be used as a power amplifier, utiliz­
ing the preliminary voltage amplifying stage to reduce the drive power 
required. A two-resonator amplifier may have a power gain of approxi­
mately 15 and require a drive power of 1 watt. In contrast, a cascade 
amplifier, klystron makes possible a gain of several thousand in a single 
tube. A drive power of 6 mw is sufficient for a cascade amplifier klystron 
with an output of 15 watts.

9.9. Applegate Diagram. —This qualitative analysis of a cascade ampli­
fier is well illustrated by the Applegate diagram in Fig. 9-3. The ampli­
tudes of the voltages in the three resonators have been chosen to represent 
the conditions in a typical amplifier. The over-all voltage gain for the 
two stages is shown as 35; this corresponds to a power gain ofT,225. These 
figures are purely arbitrary but are not inconsistent with the actual con­
ditions in a typical three-resonator amplifier.

Although a qualitative explanation of a cascade amplifier gives a good 
picture of the bunching in such a tube and explains the high gain that can 
be achieved, it does not provide a satisfactory basis for the unusual charac­
teristics that these tubes exhibit. In order to explain the behavior of 
these tubes, which is described in more detail in Secs. 9.15 to 9.17, it will 
be necessary to consider the effects that occur when the electron bunching 
is caused by a complex combination of velocity modulation at several 
points along the beam. The result not only will depend on the relative 
amplitudes of the velocity modulation but will be determined by the phase 
angle between the voltages in the different resonators and the phase relation 
between the resonator voltages and the bunched-beam current.

9.10. Phase Relations in the Bunching.—There is a phase difference of 
90 deg between the bunching in the first and second resonators of a cascade 
amplifier if the second resonator is tuned exactly to the input frequency. 
This relation may be verified by referring all phases to the line in the 
Applegate diagram which represents the position of the electron that passed 
the input gap at zero time, instead of using absolute time as a reference.
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voltage at the second resonator will have a phase that will retard the great­
est number of electrons if this resonator is tuned to the input frequency. 
For this reason, the radio-frequency voltage at the second resonator will 
lag the voltage at the first resonator by an angle of 90 deg. Figure 9-3 
illustrates these phase relations.
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a cascade amplifier klystron with all resonators tuned to 
the input frequency.

This definition of phase is equivalent to subtracting the average drift 
transit time.

The electron that leaves the input gap at zero time becomes the center 
of the partly formed bunch at the second resonator. The radio-frequency
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I3 = G T ^12 "I- ^23 (9-l)

where T represents the transit time and the subscripts refer to the drift 
spaces between the first and second resonators or between the second and 
third resonators.

A set of data for a typical case is shown in Table IV. These data were 
used for constructing the Applegate diagram in Fig. 9-3 and are also 
plotted in Fig. 9-4. Time is shown in degrees, rather than in seconds or 
radians, in order to simplify the calculations.

9.13. Efficiency Increased by Cascade Bunching.—Comparison of the 
Applegate diagram for a two-resonator amplifier shows that there are 
fewer electrons passing the output gap of a cascade amplifier during the 
wrong half of the cycle when the field is transferring energy to the beam, 
and there are more electrons in the bunch. This means that the efficiency 
of a cascade amplifier is higher than that of a two-resonator klystron. 
The beam is partly bunched at the second resonator, and the additional ve­
locity modulation causes more electrons from the wrong half of the cycle to 
become a part of the bunch. This effect can be increased if the second 
'resonator is detuned on the high-frequency side of resonance so that the 
bunching action of the second resonator is more nearly in phase with the

9.11. Bunching Parameter Becomes Ambiguous.—-Although a value of 
the usual bunching parameter may be used to describe the bunching in the 
first drift space, the bunching in the second drift space is the result of the 
superposition of two velocity variations with different phases. Also, the 
beam current at the second gap is no longer uniform but has a radio­
frequency component. Therefore, the designation of a simple parameter 
to describe the cascade bunching is impractical. The resultant bunching 
may be described in terms of a complicated function of several bunching 
parameters for different parts of the tube, but the same result can be under­
stood more readily with the aid of a graphical analysis of the cascade 
bunching.

9.12. Arrival-time Diagrams.—The bunched current distribution and the 
output of a klystron can be computed from the curves showing arrival 
time as a function of departure time. This principle was discussed in 
detail in Chap. 3. The relation between the arrival time at the output 
gap of a three-resonator cascade amplifier, designated Z3, and the departure 
time G can be obtained by a step-by-step computation. The transit time 
for the first drift space is tabulated for different values of t\. A curve of 
Zi vs. ^2 is plotted from these data and the phase angle <t>2 of the voltage 
J?2 at the second gap is determined. The modified velocities permit the 
calculation of the transit times for the second drift space for each electron 
corresponding to the assumed value of t\. Then the arrival time is obtained 
from the relation

MULTIPLE-RESONATOR TUBES J
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Table IV.—Computation of Arrival Times for a Cascade Amplifier

sin (a>k-1260)sin wtj Cjjl-2

bunching from the first resonator. Therefore the highest output will 
occur when the second resonator is slightly detuned to a higher frequency.

9.14. Cancellation of Bunching.—Detuning the second resonator to the 
low-frequency side of resonance will reduce the voltage induced in the

Departure 
time, co/i

0 
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Fig. 9-4.—Arrival-time curve for a cascade amplifier klystron with all resonators tuned to 

the input frequency.
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9.15. Effect of Tuning Second Resonator.—Detuning the resonator to 
the high-frequency side of resonance decreases the voltage and makes the 
phases more nearly the same, so that the output decreases to the asymptotic 
value for the tube as a two-resonator amplifier. This characteristic is 
illustrated by curve B in Fig. 9-5. If the voltage gain per stage is much 
greater than two and the input power to the tube is reduced until the 
bunching at the second gap is negligible, the efficiency improvement due 
to the cascade bunching is unimportant and the maximum gain occurs 
when the second resonator is tuned to a frequency indistinguishably higher 
than the input frequency. The curve for this characteristic is shown as 
A in Fig. 9-5.

When the input power is increased considerably until the beam can be 
overbunched, the output vs. tuning characteristic has the form indicated 
by curve C. This curve is shown dotted so that it can be distinguished

second resonator until it is as small as the input voltage, and will shift 
the phase until the bunching from the two resonators is almost canceled. 
The output will vary from a maximum on the high-frequency side of 
resonance to practically zero as the second resonator is tuned to a lower 
frequency. Continued tuning to a lower frequency will reduce the voltage 
at the second resonator until it has no effect upon the beam, and the output 
will increase asymptotically to the value for the tube as a two-resonator 
amplifier using only the first and third resonators.

251------------------------ ------------ ------------ ------------ ------------ ------------ ------------

------70 MW. DRIVE-----  
POWERI ll

11
x-6 MW. DRIVE POWER

I MW. DRIVE 
POWER_____

-20 -15 -10 -5 0 +5 +10 +15 *20
TUNING DEVIATION OF SECOND RESONATOR-MEGACYCLES

Fig. 9-5.—Experimental curves for a Tjrpe 2K35 cascade amplifier klystron showing 
power output as a function of the tuning of the second resonator. Curves for three values 
of drive power arc shown.
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corresponds to the overbunched case in a two-resonator amplifier when 
the bunching parameter is approximately 7.02, the value for the second 
zero in the Ji Bessel function. As the bunching is decreased by detuning 
the second resonator in either direction, the output fluctuates in a manner

ACCELERATION
VOLTAGE

readily where it crosses the other curves. The point of maximum bunching 
is indicated by the minimum in the output when the second resonator is 
tuned to the input frequency (zero tuning deviation). This minimum

I'ig. 9 6. Applegate diagram for a cascade amplifier with increased drive power when the 
second resonator is detuned to prevent overbunching.
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ARRIVAL TIME t.

Fig. 9-7.—Arrival-time curve for the detuned cascade amplifier.
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9.16. Improved Efficiency of Cascade Amplifiers.—This improvement in 
the efficiency of a cascade amplifier klystron is caused by the increased 
bunching at the second gap before the cascade bunching is superimposed 
on the electron beam. The beam current is no longer uniform at the 
second gap, and the rebunching action is applied to electrons that would 
not have become a part of the electron bunch in a single-stage amplifier. 
As a result, more electrons are removed from the “wrong” half of the cycle 
and become a part of the electron bunch. This effect can be observed in 
the Applegate diagram in Fig. 9-6 for the case when the drive power is 
increased and the second resonator is detuned to avoid overbunching. 
Detuning on the high-frequency side of resonance improves the phase

+ E

(jj —
I2TT

similar to the variations for the two-resonator amplifier illustrated in 
Fig. 4-4. Then the output increases to two large maximum values.

The output maximum when the second resonator is tuned to a lower 
frequency than the input is very much smaller than the maximum output 
on the high-frequency side of resonance. The largest maximum represents 
a much greater efficiency than that of a two-resonator klystron and Is 
somewhat greater than the efficiency for the case illustrated in Figs. 9-3 
and 9-4.
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Fio. 9-8.—Current distribution for a cascade amplifier when the efficiency has been im­

proved by overdriving the tube and detuning the second resonator to prevent overbunching. 
The theoretical curve for optimum bunching in a two-resonator amplifier is shown as a 
dotted line.

phase relation in Fig. 9-7 is quite similar to the case of a two-resonator 
klystron as indicated in Fig. 3-2. This phase relationship is also indicated 
by the Applegate diagram for the detuned case illustrated in Fig. 9-6. 
Note in Fig. 9-6 that the input gap voltage is greater than in Fig 9-3, 
but the voltage at the second gap is reduced by the detuning and the bunch­
ing from the two resonators is more nearly in phase.

9.17. Bunched Current Distribution.—Adding the magnitudes of the 
slopes in the arrival-time curve in Fig. 9-7 gives the current distribution 
in the bunched beam. This result is illustrated in Fig. 9-8. The current 
distribution giving optimum output with a two-resonator amplifier is 
shown by a dotted curve for comparison. The principal contribution of 
the improved efficiency of the cascade amplifier is due to the smaller cur­
rent in the region between bunches. The theoretical efficiency for the two- 
resonator case is 58 per cent. A graphical integration similar to that shown

n

I
relationship between the voltage at the second resonator gap and the 
partly bunched beam.

An arrival-time curve for this case is shown in Fig. 9-7, which appears 
quite similar to Fig. 9-4 for the case when the drive power is less and the 
second resonator is tuned to resonance. The only difference that is very 
apparent is in the phase relations. The electron that left the input gap 
at zero time (ti = 0) is not the center of the bunch in Fig. 9-4, but the
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in Fig. 3-13 in See. 3.18 indicates a theoretical efficiency of 68 per cent for 
the current distribution in Fig. 9-8.

The actual increase in output will generally be greater than that indicated 
by the increase in the theoretical efficiency. The maximum efficiency is 
obtained only if the voltage at the output gap is equal to the beam voltage. 
When the gap voltage is less than the beam voltage, the load required 
for maximum output is constant and the voltage at the gap is proportional 
to the radio-frequency current component in the beam. Therefore the 
output will be proportional to the square of the radio-frequency component. 
As a result, increasing the current component from 0.58 to 0.68 will in­
crease the output by a factor (0.68/0.58 )2or 1.38, and the actual efficiency 
is 38 per cent greater than that of a two-resonator klystron.

9.18. Equivalent Bunching Voltage.—Another viewpoint may be used 
to explain the improved bunching of a cascade amplifier klystron. Owing 
to the partial bunching of the electron beam at the time the electrons pass 
the second gap, the sinusoidal voltage at this gap will act on electrons that 
left the input gap at very different times during the cycle, and the equiva­
lent bunching voltage will be nonsinusoidal. The Applegate diagram in 
Fig. 9-6 illustrates this effect. For example, the electron that passes 
the second gap one-quarter of a cycle before the voltage is zero left the 
input gap one-third of a cycle before the voltage at the input gap was zero. 
In other words, the voltage acting on the electrons at the second gap would 
not be sinusoidal if referred to the time an electron left the first gap, but 
would have some resemblance to a saw-tooth wave that decreases suddenly 
and then increases slowly.

A saw-tooth wave produces the most efficient bunching action. Un­
fortunately, the cavity resonators that must be used at the microwave 
frequencies cannot produce a voltage with this wave form. However, 
the equivalent wave form of the two resonators of a cascade amplifier is 
quite an improvement over a sine-wave voltage.

The analysis proposed above, referring the voltage at the second gap 
to the time an electron left the first gap, does not give the true picture. 
The electron does not travel the entire distance with the velocity it acquires 
at the second gap. It is possible to calculate the voltage at a single gap 
which would be required to produce the cascade bunching from the data 
in the arrival-time curve in Fig. 9-7. The transit time for the total drift 
distance from the input gap to the output gap would be equal to (£3 — ti). 
The equivalent velocity would be proportional to the reciprocal of this 
transit time, and the equivalent voltage is proportional to the square of 
the equivalent velocity.

These calculations have been made, and the equivalent bunching voltage 
for the case illustrated by Fig. 9-7 is shown in Fig. 9-9. The wave form 
has a strong second harmonic component; also higher harmonics are present ;
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Fig. 9-9.—Equivalent nonsinusoidal voltage at the input gap corresponding to the arrival­
time curve in Fig. 9-7.
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but the approach to a saw-tooth wave is far from complete. The ideal 
wave form for bunching with this drift distance is shown as a dotted line. 
This ideal curve was obtained by assuming that all electrons corresponding 
to departure times from — 7r/w to 4- tt/w arrived at the output gap simul­
taneously at a time £3 = 13tt/w. The ideal bunching voltage is not a 
perfect saw-tooth wave when the drift-space transit time is less than 10 
oscillation cycles, although the deviation is not great for this case when 
the transit time is 6V£ cycles.

9.19. Variation of Drive Power.—Although the bunching in a cascade 
amplifier is quite different from the bunching in a two-resonator tube, the 
output characteristic for changes in drive power is quite similar for the two 
types. However, the gain of a cascade amplifier is much greater and is 
quite dependent on the tuning of the second resonator. If this resonator 
is tuned to the input frequency, the output curve has a very steep slope 
corresponding to maximum gain at very low input power; then the electron 
beam becomes overbunched and the output decreases. Additional drive 
power produces a second smaller maximum. This curve is labeled 3,000 
megacycles in Fig. 9-10. It has the appearance of the squared Ji Bessel 
function and resembles the characteristic for a two-resonator klystron as 
shown in Fig. 4-4, but the gain is very much greater.

Detuning the second resonator 1 megacycle decreases the gain of the
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is obtained when this resonator is tuned to the input frequency. This 
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Fig. 9-11.—Experimental curve of the power output of a Type 2K35 cascade amplifier as 
a function of drive power. The tuning of the second resonator has been adjusted to give 
maximum output for each value of drive power.
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AMPLIFIER-MULTIPLIER TUBES

9.23. Multiplier Drive Power Requirements.—A klystron frequency 
multiplier usually requires more drive power than an amplifier with the 
same input frequency because the drift distance is shorter in order to reduce 
the effects of space-charge debunching. The decreased drift distance 
requires a larger voltage at the input gap for optimum bunching, and this

Curves for other degrees of detuning are also shown in Fig. 9-10. A 
curve that is the envelope of the maxima of the curves in Fig. 9-10 is 
plotted in Fig. 9-11 and shows the maximum output to be obtained with 
any drive power if the second resonator is tuned to maximize the power. 
The tuning is different for each point on the curve. Power gains as high 
as 3,000 are obtainable in the low-level region and, if more drive power is 
available, the efficiency and output may be increased by sacrificing power 
gain.

9.20. Loading the Second Resonator.—An increase of the efficiency may 
also be obtained by loading the second resonator instead of detuning it 
to reduce the gain, permitting more bunching at the second gap without 
causing overbunching at the output gap. The result is almost the same. 
This method of improving the efficiency is particularly valuable when a 
klystron amplifier with a wide band width is required, because the second 
resonator, if not loaded, determines the band width of the tube since it has 
the highest Q. Loading this resonator increases the band width faster 
than it reduces the gain because the cascade bunching becomes more 
efficient.

9.21. Output Load Characteristic.—All the factors discussed previously 
affect the electron bunching at the third resonator but do not influence 
the output characteristic as a function of the load on the output resonator. 
Changes in the load do not affect the electron bunching; therefore, the out­
put resonator may be considered a resonant circuit fed by a constant­
current source. The equivalent diagram of the output resonator will be 
similar to the diagram in Fig. 4-3. The behavior of a cascade amplifier 
klystron with different loads will be the same as a two-resonator amplifier; 
and a Rieke diagram similar to Fig. 4-12 in Sec. 4.16 would apply equally 
well to a cascade amplifier klystron.

9.22. Low-level Amplifiers.—The high gain of a cascade amplifier tube 
at low-power levels suggests the use of these tubes as radio-frequency 
amplifiers for receivers. However, the present tube types are not satis­
factory for this purpose because they introduce a very large “shot noise” 
which limits the sensitivity of a receiver. The noise problem in a cascade 
amplifier is similar to the problem of a two-resonator amplifier, which 
was discussed in Sec. 4.18, and the conclusions in that discussion are also 
applicable to cascade amplifier klystrons.
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effect offsets any decrease in voltage permitted because a multiplier re­
quires a smaller value of the bunching parameter than an amplifier. 
Fortunately, the cascade bunching principle is equally effective in a fre­
quency-multiplier klystron and allows a low drive power to be used.

A typical amplifier-multiplier klystron resembles a three-resonator 
cascade amplifier, but the third resonator is made smaller and is tuned to 
a harmonic of the input frequency. The first two resonators act as an 
amplifier at the input frequency. A few milliwatts of power at the input 
will produce sufficient voltage at the second resonator to bunch the elec­
tron beam adequately in the drift space between the second resonator 
and the harmonic output resonator. This type of tube may have a power 
gain; i.e., the output at the harmonic frequency may be greater than the 
drive power required. However, the output power of a klystron multi­
plier is not very large, and the output efficiency based on the total power 
input to the electron beam is low.

9.24. Cascade Bunching Characteristics.—An amplifier-multiplier kly­
stron combines the bunching properties of a multiplier, as described in 
Chap. 5, with the behavior of a cascade amplifier discussed in the previous 
sections. The simple Bessel function relations in Chap. 5 do not apply, 
but the general form of the curves is very similar. This result may be 
expected from the comparison of the beam-current curves in Fig. 9-8, 
which shows that the current distribution is not radically different for 
simple bunching or cascade bunching. Space-charge effects probably 
modify the characteristics more than the cascade bunching.

Regardless of the effects of space charge on the output of a klystron 
frequency multiplier, certain generalizations are true when cascade bunch­
ing is used. The drive power is reduced. The efficiency is improved 
and may be increased still more if drive power can be sacrificed and the 
gain of the amplifier stage reduced by loading or detuning. It is these 
characteristics of cascade amplifiers which are added to the usual multiplier 
characteristics when the two types are combined in a single tube using 
the same electron beam for the amplifier and the multiplier.

A word of caution is necessary, however. The first two resonators must 
be a satisfactory amplifier or these advantages will not be obtained. 
Klystron frequency multipliers with input frequencies as low as 300 
megacycles usually have resonators that are capacitively loaded to reduce 
the physical size of the tube. Also, the length of drift space required for 
a 300-megacycle klystron amplifier would be rather impractical. The 
combination of a short drift distance and low-impedance resonators makes 
amplification at this frequency impractical in any klystron of reasonable 
size. Therefore the amplifier-multiplier klystron is most useful at higher 
frequencies.



CHAPTER 10

MODULATION OF KLYSTRONS

10.1. Types of Modulation.—Radio-frequency energy may be used to 
transmit information by superimposing another signal upon the radio­
frequency carrier in any one of a number of familiar means of modulation. 
Perhaps the simplest form of modulation is merely keying the transmitted 
energy is some manner. If the keying determines whether the carrier 
is on or off, the system is a form of amplitude modulation. In general, 
amplitude modulation refers to controlling the amplitude of the carrier 
envelope in proportion to the amplitude of the modulating signal.

Another modulation system, known as “frequency modulation,” does 
not affect the amplitude of the carrier but changes the instantaneous 
frequency in proportion to the amplitude of the modulating signal. Phase 
modulation is a somewhat similar scheme in which the phase of the carrier 
is proportional to the modulating signal. Phase modulation also in­
troduces a variation of frequency, but the frequency deviation is propor­
tional to the product of the modulation frequency and the amplitude of 
the modulating signal.

Phase modulation and frequency modulation are produced in a different 
manner, but phase modulation may be used to produce frequency modula­
tion if a compensating network is introduced so that the frequency devia­
tion is independent of the modulation frequency. The differences between 
these two types of modulation are discussed in more detail in later sections 
of this chapter.

Radio energy may also be modulated by keying at a very rapid rate 
with the modulation information contained in the manner in which the 
keying pulses are arranged. This method is known as “pulse modulation. 
It differs from simple keying because the aggregate effect of a large number 
of closely spaced pulses is used to convey the information, and each pulse 
is not identified individually as in normal keying.

10.2. Modulation Coefficients.—The magnitude of the different types of 
modulation is an important consideration in their analysis and is usually 
expressed by some coefficient that describes the amount of modulation. 
In amplitude modulation, this coefficient is the percentage of modulation. 
In frequency modulation, the degree of modulation is determined by the 
maximum frequency deviation A/. The frequency deviation is not the 
only important factor, and a coefficient known as the “modulation index,”

150
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which is defined as the ratio of the frequency deviation to the modulation 
frequency A//fmf is used to describe the amount of frequency modulation 
present in a radio signal. The modulation index is also useful in analyzing 
phase modulation and has the same value of A/7/,,,, although the relation 
between the modulation index and the modulation signal is different for 
phase modulation and frequency modulation.

10.3 Multiple Side Bands.—All types of modulation introduce side 
bands, or frequencies on either side of the carrier frequency. Amplitude 
modulation produces a single pair of side bands. One side band has a 
frequency equal to the sum of the carrier frequency and the modulation 
frequency; the other side band has a frequency equal to the carrier fre­

quency minus the modulation frequency. This relation is indicated by 
Fig. 10-1. The amplitude of the unmodulated carrier is shown for com­
parison. Other types of modulation have more than a single pair of side 
bands. The distribution of side bands for a frequency-modulated wave 
may become quite large. A typical example showing five pairs of side 
bands is given in Fig. 1O-2A. This illustration corresponds to a value of 
3.0 for the modulation index.

The number of side bands is determined by the modulation index. If 
the modulation index is the same as illustrated in A in Fig. 10-2 but the 
modulation frequency is half as great, there will be the same number of 
side bands as in A spaced more closely as shown in B. However, if the 
modulation frequency is half as great but the frequency deviation is the 
same as in A, the modulation index Af/fm will be doubled and the number 
of side bands will be increased. This result is shown in Fig. 10-2C for a 
modulation index of 6.0. Note that the frequency band occupied by the 
side bands depends upon the frequency deviation and not upon the modula­
tion index.

Figure 10-2 may also be used to illustrate the difference between fre­
quency modulation and phase modulation. If the modulation voltage 
is constant, the frequency deviation will be constant in a. frequency­
modulation system and the modulation index Af/fm will be inversely pro­
portional to the modulation frequency. Figures 10-2A and C correspond

Fio. 10-1.—Carrier and side-band frequencies for an amplitude-modulated signal. The 
amplitude of the unmodulated carrier is also shown for comparison.
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Fig. 10-2.—Carrier and side-band frequencies for frequency-modulated signals, showing 
multiple side bands.

to a constant modulation voltage in a frequency-modulation system. With 
phase modulation, the frequency deviation A/ is proportional to the modula­
tion frequency; therefore, the modulation index is constant if the modulation 
voltage is unchanged, and Figs. 10-2A and B correspond to a constant 
modulation voltage in a phase-modulation system.

10.4. Combining Two Types of Modulation. The distribution of side 
bands is symmetrical in a signal with pure amplitude modulation or pure

frequency modulation, as shown in Figs. 10-1 and 10-2. However, if a 
small amount of frequency modulation were superimposed on an amplitude- 
modulated signal, the two side bands would not be of equal amplitude, as 
shown in Fig. 10-1, but would differ in amplitude. Similarly, a small 
amount of amplitude modulation superimposed on a frequency-modulated 
signal would cause the patterns in Fig. 10-2 to become unsymmetrical. 
The effect of the undesired amplitude modulation in a frequency-modula­
tion system can be overcome by using a limiter in the receiver, but in an 
amplitude-modulation receiver the presence of frequency modulation 
causes distortion and can be quite undesirable.

10.5. Frequency Modulation in Klystrons.—Two factors make it dif­
ficult to obtain pure amplitude modulation with any micro wave vacuum 
tube. This difficulty exists with microwave triodes and magnetrons as
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is introduced by the presence of 
The electron beam changes the

FREQUENCY MODULATION

10.7. Inherent Characteristics of Klystrons.—The fact that klystrons 
are easily frequency-modulated but pure amplitude modulation is difficult 
to obtain serves to emphasize an important factor in superhigh-frequency 
design. It is not wise to attempt to use familiar techniques merely be­
cause they are successful at the lower frequencies. Applications should 
be modified to utilize the characteristics of new tubes to the best advantage, 
rather than attempt to adapt the older techniques. In the case of klystron 
oscillators, the electrical characteristics are ideal for frequency modulation, 
and it is desirable to design equipment with this factor in mind.

well as with klystrons. The first effect 
the electron beam in the resonator gap. 
effective dielectric constant of the capacity represented by the resonator 
gap, and variation of the beam current changes the resonant frequency 
of the cavity. This effect is present in any tube utilizing cavity resonators 
as an integral part of the tube; therefore, a variation of beam current pro­
duces frequency modulation.

Frequency modulation caused by voltage changes in any device that 
depends upon transit time in its operation is the second factor that makes 
pure amplitude modulation difficult to obtain. Magnetrons exhibit this 
characteristic as well as klystrons. It is also true of triodes operated in 
the microwave region, since a triode is quite dependent on transit time at 
these frequencies. The difficulty in obtaining pure amplitude modulation 
with a klystron is not a handicap, since the transit-time dependence simpli­
fies the use of frequency modulation with these tubes. As a result, kly­
strons can be frequency-modulated as easily as low-frequency triodes can 
be amplitude-modulated.

Frequency modulation is particularly convenient with reflex klystron 
oscillators because the modulation voltage can be applied to the reflector 
electrode. No current is drawn by this electrode and the power require­
ments are therefore small. These advantages of reflex klystrons, plus 
their simplicity and ease of tuning, make this type of tube more desirable 
than microwave magnetrons and triodes for many applications.

10.6. Demodulation.—Klystron tubes may also be used as detectors or 
mixers. If an amplitude-modulated signal is applied to the input resonator 
of a klystron, both the carrier and the modulation frequency are present 
in the bunched electron beam, and a velocity-sorting electrode will detect 
the modulation frequency. When a klystron tube is used as a mixer, a differ­
ent radio frequency from a local oscillator may be introduced at a second 
resonator and the difference frequency will be detected by the velocity-sort­
ing electrode and may be coupled to an intermediate-frequency amplifier.
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In order to obtain the improvement in the signal-to-noise ratio, which 
is possible when frequency modulation is used, the modulation index must 
be much greater than unity. This means that the frequency deviation 
must be large compared to the highest modulation frequency to be used 
if the noise-suppression feature of the frequency modulation is to be 
obtained. Large frequency deviations are readily obtained with klystron 
oscillators. Reference to the frequency curves in Figs. 7-9 and 8-11 
indicates that frequency deviations of several megacycles are possible. 
Therefore high modulation frequencies are possible with these tubes when 
frequency modulation with a modulation index greater than unity is used.

It is not necessary to use large values of the modulation index 
when using frequency modulation. If the modulation index is small there 
is very little difference between frequency modulation and amplitude 
modulation in quality or band-width requirements. If frequency modula­
tion is the simplest to obtain, then it is logical to use this type of modulation. 
The receiver circuit may be somewhat more complicated but the advan­
tages of simplicity when using frequency modulation with klystron oscil­
lator’s are usually far more important.

10.8. Self-excited Klystron Oscillators.—The basis for the frequency 
deviation that occurs when the voltage on a klystron oscillator is varied 
is evident from the phase relations in any self-excited oscillator. The total 
phase angle of the tube and feedback circuit must be an integral number 
times 2-n- radians. The phase angle introduced by a triode at low fre­
quencies is relatively independent of the electrode voltages, but the drift 
time phase angle of a klystron varies over a wide range if the voltage is 
changed. Then the frequency of oscillation must change so that the phase 
shift introduced by the circuit equalizes the phase shift produced by the 
voltage change.

10.9. Frequency Deviation.—Relations giving the frequency deviation 
in terms of the voltage variations were derived for reflex klystrons and 
two-resonator oscillators in Chaps. 7 and 8. These relations apply only 
to the linear portion of the characteristic, but this region is the one of 
interest for frequency modulation. If the reflector voltage on a reflex 
klystron is varied, the frequency deviation can be obtained from a modified 
form of Eq. (7-40):

Variation of the beam voltage of a reflex klystron also changes the fre­
quency and the relation is obtained from Eq. (7—41).

ttV/ Eq — Er 
J 2QL Eo(JEo + Er)
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Fig. 10-3.—Frequency-modulation characteristic of a reflex klystron oscillator.

of the Q of the input and output resonators is the effective Q of the oscil­
lator. Since the input resonator is not loaded, the two-resonator oscillator 
is more stable than a reflex oscillator under most operating conditions. 
Theoretically, if the reflector voltage is equal to the beam voltage on a 
reflex klystron, the beam voltage does not affect the frequency. This result 
is indicated by Eq. (10-2) and is also illustrated by the curve for N equal 
to 2% in Fig. 6-3.

Typical curves showing the frequency-modulation characteristics of 
klystron oscillators are given in Figs. 10-3 and 10—4. Note that the 
frequency deviation is not linear over the entire range of oscillation. The 
curves are similar to tangent curves, but considerable frequency deviation 
can be obtained in the linear regions of the characteristics, and the cor­
responding amplitude variations are small.

Eo

The relations in Eqs. (10-1) and (10-2) assume that the reflecting field 
is uniform and neglect space-charge effects. In addition, Eq. (10-2) 
neglects the tuning effect of the electrons in the resonator gap, which 
changes the resonant frequency of the cavity when the beam current varies 
owing to changes in the beam voltage.

A two-resonator oscillator can be frequency-modulated by varying the 
beg-m voltage, and the deviation is

irNf

This relation was derived in Eq. (8-26).
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Fig. 10-4.—Frequency-modulation characteristic of

10.10. Modulation Index.—The ratio of the maximum frequency devia­
tion to the modulation frequency A/ fm is known as the “modulation index.” 
1 his factor determines the number of side bands that exist when a carrier 
is frequency-modulated. If the modulation voltage superimposed upon 
the reflector voltage is denoted Em, the modulation index is proportional

a two-resonator klystron oscillator.

to Em/fnii since Em corresponds to &Er. This relation may be written
A/ irNf Em
Sin Ql(Eq + Er) f,n

for reflector modulation of a reflex klystron. For a two-resonator oscillator,

A/ irNf Em
fm 2^qV/Q1Q2 f,n

A constant value of modulation voltage Em will give the same value of 
frequency deviation as the modulation frequency is varied. A low modula­
tion frequency will correspond to a large value of the modulation index
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and will produce many side bands, but these side bands will be closely 
spaced and will occur within approximately the same band width required 
by a higher modulation frequency.

10.11. Frequency Multiplication. —Frequency modulation of klystrons 
is not limited to oscillators but may be used also with klystron frequency 
multipliers. Some frequency-modulation systems use a very small fre­
quency deviation at a low frequency and depend upon frequency multipli­
cation to increase the frequency deviation. If the frequency deviation is 
not increased sufficiently by multiplying from 1 to 60 megacycles, for 
example, the difference frequency between the modulated 60 megacycles 
and a fixed oscillator with a frequency of 59 megacycles may again be 
multiplied. In this manner a multiplication of the deviation by a factor 
of 3,600 may be obtained when the final carrier frequency is 60 megacycles.

Klystron frequency multipliers make possible tremendous ratios of 
frequency multiplication. For example, an oscillator with a frequency of 
1 megacycle may be used to drive a series of frequency multiplier stages 
with a multiplication ratio of 300 and an output frequency of 300 mega­
cycles. A single klystron frequency multiplier will give an additional 
multiplication factor of 10 with an output frequency of 3,000 megacycles. 
This system has a direct multiplication ratio of 3,000, which is adequate 
for increasing the frequency deviation without resorting to the frequency 
mixing method required for the lower frequencies.

10.12. Phase Relations in Klystrons.—Although pluise modulation and 
frequency modulation are closely related, and phase-modulation methods 
may be used to obtain a frequency-modulated signal if corrective networks 
are used, the two methods of modulation are quite different. Frequency 
modulation is an inherent characteristic of klystron oscillators when the 
beam voltage is varied, while the same variation of voltage produces phase 
modulation in a klystron amplifier. This difference is caused by a dif­
ference in the phase relations between the input and output voltages in 
the two types of tubes.

Frequency modulation occurs in klystron oscillators because the bunch­
ing frequency at the input resonator can vary as the drift time is changed. 
If the drift time Is decreased, for example, the tube will oscillate at a new 
frequency which will introduce a change in the phase angle of the feedback 
to compensate for the change in the drift-space transit angle. As a result, 
a change in the beam voltage of an oscillator produces a change in fre­
quency, and the tube continues to oscillate at this new frequency as long 
as the voltage change is maintained.

The input frequency of an amplifier cannot change owing to any variation
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(10-6)

(10-7)T =

Equation (10-7) may be expanded in the series form, giving

(10-8)1

___________ _____________
V (2e/m) (Eo + Em sin

T = 7’o

•$o
V(2c.'?h) '’0

= Tq

T so
1 0 — ~ 

»o

I sin2 omt + • • •

If we consider only the phase of the electrons that are to become the center 
of the bunch, the radio-frequency voltage at the input gap will be zero and 
need not be included in the analysis. This simplification is equivalent 
to assuming that the phase modulation and the radio-frequency modulation 
of the beam can be superimposed, and it is accurate for small variations 
of voltage.

A modulation voltage Em sin added to the beam voltage Eq will 
cause the transit time through the drift space to vary. This transit time 
will be designated T and is determined by a relation similar to Eq. (10-6).

of the beam voltage because the bunching frequency is determined by a 
separate driver source which does not vary. If the beam voltage of an 
amplifier is changed to some new fixed value, the phase of the radio­
frequency voltage at the output resonator will change with respect to the 
input gap voltage, but succeeding cycles will have the same phase difference 
and the output frequency will be identical to the input frequency.

10.13. Rate of Change of Phase Produces Frequency Deviation.—As 
indicated in the preceding paragraph, a difference in the phase angle does 
not change the output frequency of an amplifier. It is the instantaneous 
phase angle that is important in phase modulation, not the phase with 
respect to a fixed reference. The instantaneous frequency will differ from 
the average frequency (input frequency) only if the phase angle between 
successive cycles is greater or less than 2% radians. This instantaneous 
phase variation occurs only if the phase is changing. Therefore the instan­
taneous frequency of the output depends upon the rate of change of the 
phase angle. If the drift time could be decreased continuously at a 
constant rate, the output frequency would be constant and higher than 
the input frequency.

10.14. Transit-time Relations.—The phase angle at the output gap 
depends upon the transit time of the electrons in the drift space. The 
average transit time Tq is determined by the drift distance so and the 
average velocity.

1 A’,„ . , , 3/E„V
2 +

, , E,n . \-«
1 + — SIU 03,nt J 

Eq /
£
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(10-9)

(10-11)

(10-12)

(10-13)

(10-14)CO 2

(10-15)

(10-16)

(10-17)

A/2 = LiTT-V cos uml 
Ao

The maximum frequency deviation occurs when
cos uml = 1

/•! = I - T (10-10)

In other words, a time I at the output gap is related to an earlier time 
(I — T) at the input gap.

Since the electrons that become the center of the bunch pass the input 
gap when the voltage is zero but pass the output gap when the field has its 
maximum retarding value, there is a phase difference of tt/2 between the 
input and output voltages. Therefore the output phase angle r2 is given 
by the relation

m CJj / q A,„ . 7T
r2 = co it — coi 1 0 + - yr sin — — 

-Ao

Equation (10-11) may also be written in terms of AT, the number of cycles 
corresponding to the average transit time.

u>iT0 = 2irN
Em . TT

T2 = 60— 2irN 4~ 7T.V —- sin a>inl — —Ao 2

An expression for the instantaneous angular frequency at the output 
gap is obtained by differentiating r2 with respect to time.

cl t 2 A hi
— = Wi 4- w,rtJrA' — cos iatnl 
(it JLq

Therefore the instantaneous frequency deviation A/2 is determined by

w2 — U>1 = 27rA/o = 2irfmTrN COS wlnt 
. “ Ao

The higher power terms can be neglected when the modulation voltage 
is small, giving an approximate relation for the transit time.

To Em .
T K sin

10.15. Frequency Deviation.— The instantaneous angular frequency at 
the output gap is determined by the rate of change of the phase angle. 
In order to evaluate the variations of the output frequency it is necessary 
to relate the phase angle at the output gap and the transit time. The 
phase angle at the output gap will be determined by the phase angle at 
the input gap and by the transit time. This relation may also be stated 
in terms of time, t.e.,
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(10-18)

(10-19)

(10-20)~j" (Z)
where Jn is the ?ith order Bessel function of the first kind. Af/fm. must 
be equal to 1.84 for maximum output at the first side band. Note the 
similarity between the expressions for the bunching parameter and the 
modulation index for phase modulation. It is interesting to note that the 
modulation voltage for maximum output at the first side band is the same 
as the radio-frequency voltage required for optimum bunching.

10.17. Multiple Side Bands.—A number of pairs of side bands exist 
simultaneously if the modulation index is large. These multiple side 
bands were discussed in Sec. 10.3 and illustrated in Fig. 10-2. However, 
it is not necessary for all of the side bands to be resent in the resonant 
circuit when phase modulation is used, although all the side-band com­
ponents are present in the beam. If the modulation frequency is suf­
ficiently high, so that the side bands are widely separated, it is possible

and the expression for the maximum frequency deviation A/ is obtained 
by substituting Eq. (10-17) in Eq. (10-16).

a r r at= fmirN —
■C'O

Comparison of Eqs. (10-18) and (10-3) emphasizes the differences 
between phase modulation and frequency modulation. The frequency 
deviation is proportional to the modulation voltage in both cases. The 
frequency deviation obtained with frequency modulation is independent 
of the modulation frequency but is inversely proportional to the effective 
Q of the circuits. Phase modulation gives a frequency deviation that is 
independent of the Q of the circuits, but it is proportional to the modulation 
frequency. Phase modulation is not entirely independent of the circuits, 
since the Q will affect the magnitude of the side bands. However, the 
frequency deviation will be unaffected by the Q of the output circuit if the 
Q is low enough and none of the side bands are suppressed. Phase modu­
lation is completely independent of the Q of the input resonator.

10.16. Modulation Index.—The ratio of the maximum frequency devia­
tion to the modulation frequency Af/fm is the modulation index for phase 
modulation as well as for frequency modulation. Equation (10-18) may 
be rewritten

Af AT 
f- = vNE~0

The amplitude of the current at the nth side-band frequency is designated 
An and is determined by the magnitude of the modulation index in ac­
cordance with the relation
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to select a single side band with a high Q circuit and suppress the carrier 
and other side bands. A number of single side-band systems arc described 
in more detail in Sec. 10.18.

The ability of a klystron amplifier to select a single side band and exclude 
the others gives a striking demonstration of the existence of multiple side 
bands. If a modulation frequency of 30 megacycles is used with a klystron 
amplifier operating at 3,000 megacycles, for example, the output resonator 
may be tuned successively to the carrier frequency of 3,000 megacycles and 
to side-band frequencies of 2,910, 2,940, 2,970, 3,030, 3,060, and 3,090 
megacycles. The Q of the output resonator will be sufficiently high so 
that only one side band is observed at a time, and the distribution of side 
bands illustrated in Fig. 10-2 may be experimentally verified.

A simple graphical illustration of the phase relations between the electron 
bunches in a klystron amplifier can be used to explain why an amplitude- 
modulated electron beam can give up energy to only one pair of side bands, 
while a phase-modulated electron beam can excite a resonator at the fre­
quency of a second side band. A carrier frequency of 3,000 megacycles 
will be assumed and a modulation frequency of 300 megacycles will be 
chosen for the illustration in order to emphasize the effect. The amplitude- 
modulated electron beam can transfer energy to a frequency of 3,300 
megacycles but not to the 3,600-megacycle side band, while the phase- 
modulated beam can excite the frequency of the second side band.

Ten electron bunches pass the output gap during one cycle of the modu­
lating voltage. These bunches are represented by 20 vertical lines with 
different amplitudes in Fig. 10-5, corresponding to two cycles of the modu­
lation frequency. The amount of energy transferred to the output resona­
tor in an amplitude-modulated klystron depends on the phase of the bunch 
with respect to the radio-frequency voltage as well as to the amount of 
energy in the electron bunch. The energy in an electron bunch depends 
upon the current the number of electrons) in that electron bunch,

Fig. 10-5.—Transfer of energy from a modulated, bunched electron beam to a side-band 
frequency. Amplitude modulation and phase modulation are shown.
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which is determined by the modulation voltage and indicated by the ampli­
tude of the vertical line representing the electron bunch.

The high-frequency side band (3,300 megacycles) is shown directly 
above the amplitude-modulated bunches. When the radio-frequency 
voltage at the output gap is negative, indicated by the lower half of the 
sine wave, the output resonator will absorb energy from the bunched beam 
by slowing down the electrons in the bunch. If the bunches coincide with 
the upper or positive half of the cycle, they will be speeded up and energy 
will be transferred from the resonator to the electron beam. Note that 
the amplitude of the electron bunches is small when the output gap voltage 
is positive; i.e., very little energy is transferred from the resonator to the 
electron beam when the phase is incorrect. The energy in the electron 
bunches is large when they have the correct phase; therefore, 1 he amplitude- 
modulated electron beam will transfer energy to the 3,300-megacycle 
side band.

Note in Fig. 10-5 that the amplitude-modulated bunches cannot be 
phased properly to transfer energy to the 3,600-megacyclc side band which 
is shown below. Amplitude modulation does not produce more than a 
single pair of side bands. This result was shown in Fig. 10-1.

The same number of bunches is shown for the phase-modulated case, 
but the amplitude is constant and the phase of the bunches has been chosen 
to correspond to the conditions for optimum output at the second side 
band. The output frequency in this case is 3,600 megacycles. A large 
percentage of the bunches arc phased so that the output gap voltage is 
negative and energy is extracted from the beam. Other bunches are 
approximately 90 deg out of phase and have no effect. A few bunches 
pass the output gap during the wrong half of the cyclo, but the net effect 
is a transfer of energy from the beam to the resonator tuned to the second 
side band on the high-frequency side of the carrier.

10.18. Applications of Phase Modulation.—Although klystron ampli­
fiers can be phase-modulated readily, this type of modulation is not very 
suitable for audio frequencies without special circuits. If a modulation 
voltage one-tenth as great as the beam voltage were available, the fre­
quency deviation would be the same order of magnitude as the modulation 
frequency. Larger modulation voltages are not desirable; therefore, the 
method is not satisfactory for audio modulation.

It is possible to utilize the phase modulation characteristic of klystron 
amplifiers with double modulation systems. The low-frequency modula­
tion may be applied to a high-frequency subcarrier, using either amplitude 
modulation or frequency modulation; then the subcarrier is used to phase- 
modulate the klystron amplifier. The output resonator is tuned to one 
of the first pair of side bands. If the subcarrier frequency is high compared 
to the band width of the resonator, the other components will be suppressed
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A (1021)

and the side band that is selected will be identical to a different carrier 
frequency with modulation.

Phase modulation is quite useful with klystron frequency multipliers, 
particularly with crystal-controlled klystron multipliers for frequency 
standards. If a submultiple of the input frequency to the multiplier is 
used to phase-modulate the klystron, output frequencies may be obtained 
at intervals separated by the submultiple of the input frequency according 
to the relation

where/! and f2 arc the input and output frequencies, k is determined by 
the submultiple used, and M and n are integers which may have any 
reasonably small value. The value of n may also be zero.

10.19. Synchrodyne Systems.—Another important application of phase 
modulation is known as a “synchrodyne” system. A second frequency 
is synchronized with a control frequency so that the two frequencies are 
always separated a fixed amount. This typo of system is valuable as a 
means of furnishing a local oscillator frequency which always differs from 
the transmitter frequency by the intermediate frequency of the receiver. 
If the transmitter and receiver arc at the same location, as in a radar 
system, the transmitter frequency may vary but the receiver will always 
be properly tuned without using automatic frequency control. If the 
transmitter frequency is quite stable, as required for narrow channel 
communication systems, a phase-modulation scheme similar to the syn­
chrodyne system may be used. The local oscillator frequency in this case 
would be synchronized with another stable source, perhaps the frequency 
of the transmitter at the receiving location, but would be mixed with the 
signal received from a transmitter at a different location to give an inter­
mediate frequency.

10.20. Phase Modulation with Oscillators.—It has been stated that 
klystron oscillators give frequency modulation because the frequency of 
oscillation can change to counteract the variations of transit time. If the 
modulation frequency becomes so high that the Q of the circuits does not 
permit the oscillation frequency to vary appreciably, the transit-time 
variations then introduce a phase-modulation component in the electron 
beam. The side bands will not be observed in such an oscillator because 
they are suppressed by the narrow band width of the resonant circuit. 
The only noticeable effect will be a decrease in the output which is caused 
by the decrease in the amplitude of the carrier when phase modulation is 
present. Since the amplitude of the carrier is proportional to the Jq 
Bessel function, the decrease will not be serious unless the modulation index 
becomes large.

Mf, ±nf-± 
k
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When a third resonator is available, as in an oscillator-buffer type of 
klystron, a phase modulation side band may be utilized by using the first 
two resonators as a self-excited oscillator and tuning the third resonator 
to one of the side bands. Since the modulation index cannot be very 
large without suppressing the oscillation, only the first pair of side bands 
have any appreciable output. This method of operation is satisfactory 
when the modulation frequency is quite large, for example, 30 megacycles, 
and has been used for a synchrodyne system combining the transmitting 
oscillator and the local oscillator for the receiver in a single tube.

10.21. Klystron Oscillators.—Although klystrons are better adapted to 
frequency modulation than they are to amplitude modulation, their ampli­
tude-modulation characteristics are of considerable importance. The 
properties of these tubes which are best suited to applications of amplitude 
modulation will be indicated, and the difficulties that are met will be dis­
cussed in order to indicate which characteristic should be avoided.

The amplitude variations in an oscillator with modulation of the beam 
voltage or reflector voltage are greatest when the frequency deviation is a 
maximum and the tube is quite unstable. This characteristic may be 
observed in Figs. 7-15 and 8-12. In addition, the modulation character­
istic is not linear and will introduce considerable distortion. Modulation 
of the voltage of a klystron oscillator is therefore not recommended as a 
method of obtaining amplitude modulation.

As pointed out in Sec. 10.4, varying the beam current of a klystron oscil­
lator will introduce frequency modulation. For example, a 3K30/410R 
klystron oscillator will change its operating frequency as much as 10 
megacycles if the beam current is changed from 100 to 10 ma. However, 
this effect may be compensated by combining current modulation and 
voltage modulation in the proper phase. The current modulation will 
produce considerable amplitude modulation and some frequency modu­
lation. The voltage modulation will affect the output somewhat, but 
its principal purpose is to introduce a source of frequency modulation 
that will cancel the frequency deviation caused by the current mod­
ulation.

10.22. Klystron Amplifiers.—Current modulation of klystron amplifiers 
is much more satisfactory than similar modulation of oscillators because 
the resonator detuning effect introduces phase modulation of the output 
instead of frequency modulation. Since the frequency deviation in a 
phase-modulated amplifier Is proportional to the rate of change of the 
phase, the frequency deviation will be quite small if the modulation fre­
quency is low. Audio-frequency modulation will not introduce serious
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Fig. 10-6.—Amplitude-modulation characteristic of a klystron amplifier.

have a very good control characteristic. The control electrode does 
not have a linear characteristic, and affects the focus of the beam as 
well as the emission current. More complicated electron guns have 
not been designed because other methods of modulation have proved 
satisfactory.

10.23. Beam Voltage Modulation.—Varying the beam voltage of a kly­
stron amplifier will cause the power output to vary as indicated by Fig. 
4-5. The characteristic is nonlinear if the square root of the power output 
is plotted, and modulation would be satisfactory only if the percentage of 
modulation was quite small. Phase modulation would also be introduced 
by the variation of transit time accompanying the voltage variations, but 
this effect would not be serious for audio-frequency modulation.

10.24. Loss-type Modulation.—Several types of modulation that do not 
change the beam input but merely introduce a loss to reduce the output 
are possible, but obviously do not have many advantages. A reactance 
tube modulator is one example of such a system. If another cavity resona­
tor with a controllable beam is coupled to a klystron amplifier, changes

frequency modulation if the amplifier is isolated adequately from the driv­
ing source by a buffer klystron.

A typical amplitude-modulation characteristic for a klystron amplifier 
is shown in Fig. 10-6. The vertical coordinate is plotted as the square 
root of the power output in order to show the approximate linearity of the 
modulation characteristic. Beam current is shown as the horizontal 
coordinate. Ideally, the beam current should be proportional to a control 
electrode voltage for the best modulation characteristic. However, the 
relatively simple electron-gun structure used in most klystrons does not
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in the tuning or losses in the reactance-tube resonator will affect the output 
of the amplifier.

Another example of a loss-modulation scheme is the beam-deflection 
system. Current modulation is obtained by deflecting the beam at right 
angles to its axis so that only a fraction of the beam passes the output gap 
of the klystron. Although this method gives results, it is undesirable 
because the modulation decreases the efficiency of the tube and the peak 
output is no greater than the unmodulated output of the tube.

10.25. Definition of Pulse Operation.—Various types of pulse modula­
tion, which have certain advantages in systems using multiplex channels 
for communication, are particularly applicable to klystrons because they 
overcome some of the difficulties in obtaining satisfactory amplitude 
modulation. This type of operation is distinct from normal keying, where 
the information is obtained by the recognition of coded groups. In pulse 
modulation, the arrangement of a large number of short pulses with a 
duration of a few microseconds is translated by a circuit into speech or some 
other form of information.

One form of pulse modulation depends upon a variation of the energy 
in the pulses when the amplitude of the pulses is changed. Pulse-amplitude 
modulation is not very satisfactory for use with klystrons because these 
tubes do not have linear amplitude characteristics. This difficulty is 
easily overcome by using pulse-length modulation, also called “pulse­
width” modulation, where the variations in energy are introduced by using 
pulses of equal amplitude, but the duration of the pulses is controlled by 
the signal. A third method of varying the energy uses pulses of equal 
amplitude and duration, but the signal determines the number of pulses 
that occur during a chosen interval. This form of modulation is known 
as “pulse number modulation.” All these types of modulation correspond 
to amplitude modulation because the energy is varied by the modulation 
process.

Pulse time modulation, also called “pulse position modulation,” does 
not vary the amount of energy but uses pulses of equal amplitude and 
duration. The amplitude of the modulation signal determines the time 
these pulses occur. In this respect, pulse time modulation is analogous 
to phase modulation. A somewhat similar type of modulation, using 
different circuits for controlling the pulses, is known as “pulse frequency 
modulation.”

Illustrations of two of the types of pulse modulation are given in Fig. 
10-7. Two multiplex channels are shown in the illustration of pulse 
length modulation. One channel is shown dotted to help identify the
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Fig. 10-7.—Pulse-length modulation and pul&c time modulation.

mitter. For this reason, this form of modulation is most useful in multi­
plex communication systems.

It is possible to reduce the band width if the pulses are deformed so that 
the sides are not steep. But pulse-shaping circuits are quite complicated. 
A simple method of avoiding the difficulties in pulse-shaping circuits con­
sists of a narrow band filter inserted in the output of the pulse-modulated 
transmitter. Such a filter suppresses the energy in the side bands outside 
the band width of the filter and has the same effect as modifying the shape 
of the pulse.

10.27. Pulsed Klystron Oscillators.—Either the reflector voltage or the 
beam voltage, and in some cases the control grid voltage of a reflex klystron, 
may be pulsed. Pulsing the reflector voltage requires very little power 
because the reflector electrode does not normally draw current. This 
method of pulsing does not decrease the power input to the tube, and it is 
often preferable to pulse the beam voltage in order to reduce the average 
input to the tube. The latter form of modulation must be used with two- 
resonator klystron types if a control grid is not provided, since there is 
no reflector electrode in that type of tube. A word of caution may be 
advisable. Most klystrons are designed for c-w operation, and pulsing 
such tubes at voltages higher than their maximum rating may reduce the

PULSE LENGTH MODULATION

two channels. Channel selection is obtained by using circuits that respond 
only during a short interval. Only one channel is shown in the illustration 
of pulse time modulation.

10.26. Band-width Considerations.— If steep-sided pulses are used, as 
illustrated in Fig. 10-7, the energy will be distributed over a band width 
approximately equal to the reciprocal of the pulse duration. For example, 
a pulse with a duration of 1 jusec will correspond to a band width of 1 
megacycle. Therefore pulse modulation may be wasteful of the frequency 
spectrum unless a large number of channels are used with the same trans-
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KLYSTRON DETECTORS

10.30. Velocity Sorting.—Early klystron types included a collector or 
deflector electrode similar to the reflector electrode in reflex klystrons. 
This electrode was used as a detector of electron bunching by connecting

life of the tubes, although the average power input may not exceed the 
rated value.

The build-up time of a pulsed oscillator is an important consideration. 
Reflex oscillators have unity coupling (single-resonator types only are 
considered), and these tubes are usually loaded rather heavily, so that the 
build-up time is quite short, a small fraction of a microsecond. Therefore 
pulses of very short duration may be used with reflex tubes. Two-resona­
tor klystron oscillators may have a long build-up time (a large fraction 
of a microsecond), and special designs are required if this type of tube is 
to be pulsed.

10.28. Klystron Amplifiers.—If a tube that exhibits a long delay in 
starting as an oscillator is used as a pulsed amplifier, with drive power 
supplied continuously to the input resonator, the output power will reach 
its maximum value without any appreciable delay after the beam voltage 
is applied. Therefore klystron amplifiers may be used satisfactorily with 
pulses of short duration.

10.29. Other Applications of Pulsed Klystrons. In addition to appli­
cations of pulse modulation for communication, pulsed operation is also 
useful with signal generators and in measurement work when it is desired 
to superimpose an alternating component on the microwave power so that 
audio-frequency amplifiers may be used to increase the level of weak signals 
until they can be measured easily. Ordinary methods of amplitude 
modulation would cause undesirable frequency variations, but a flat-topped 
pulse will provide the audio-frequency component without introducing 
serious frequency modulation. Long pulses or ordinary keying is often 
used for this purpose. Short pulses are required when the klystron is used 
as a pulse generator for testing the response of circuits by observing the 
effect that the circuits have on the shape of the envelope of the radio­
frequency pulse.

Circuits for pulsing the reflector voltage of a reflex klystron are discussed 
in Chap. 12. These simple circuits are suggested as a means of interrupting 
the oscillations for test purposes and are not intended as illustrations of 
pulse modulation. The more complicated circuits required for converting 
sound or other information into pulse modulation, and multiplexing a 
number of channels on a single transmitter, present problems that are 
relatively independent of the modulation characteristics of klystrons; 
therefore they will not be included.
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BEAM VOLTAGE ♦

DETECTOR ELECTRODE

DETECTOR 
CURRENT

Fig. 10-8.—Circuit diagram for a kly­
stron detector.

3i:

trons that pass the output gap during 
the interval between bunches and are ac­
celerated by removing energy from the 
output resonator. The oscillation-detec­
tor current is not proportional to the 
strength of oscillation, and the maximum 
oscillation-detector current does not cor­
respond to the adjustment of acceleration 
voltage or tuning for best output. At high 
voltages the secondary emission from the 
detector electrode exceeds the primary 
electron current, and the oscillation de­
tector current is in the reverse direction. 
The number of secondary electrons is 
roughly proportional to the number of primary electrons that strike the 
detector electrode, and the detector behavior is the same regardless of the 
direction of the detector current.

10.31. Klystron Detectors.—This oscillation-detector principle is quite 
useful, however, for a klystron detector or mixer. Figure 10—8 shows the 
circuit for one design that has been used. The single electrode is replaced 
by one or more grids connected to a voltage supply which can be made 
positive or negative with respect to the cathode potential. A collector 
electrode beyond these grids is connected to the anode and collects all 
electrons that the grids allow to pass. No electrons reach the collector 
plate when the detector grids are sufficiently negative with respect to 
the cathode. Practically all of the beam reaches the collector plate 
if the detector grids are quite positive. A typical static characteristic 
for such a detector is shown in Fig. 10-9. Collector current is plotted 
as a function of detector grid voltage. Extension of this characteristic 
to the actual case when the detector grid voltage is fixed and the beam 
voltage is varying is obvious. Dynamic characteristics as sensitive as 
predicted by the static characteristics have not been attained in practice, 
however.

it to the cathode through a milliammeter. Electrons that are accelerated 
to a velocity greater than the velocity corresponding to the beam voltage 
strike the detector electrode and cause a current indication in the milliam­
meter when the tube is oscillating. Reflex tubes when operated with the 
reflector electrode near cathode potential exhibit the same detector charac­
teristics, but the method fails when the reflector electrode is sufficiently 
negative and reflects all electrons.

Unfortunately, the reflector or deflector type of oscillation detector 
does not give a true indication of oscillation strength. The electrons that 
strike the detector electrode in a two-resonator klystron are usually elec-

DETECTOR
GRID VOLTAGE
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Fig. 10-9.—Static characteristic of a klystron detector.

klystron detectors have not been generally used in receivers. The noise 
problem in klystron detectors is caused by the same factors that limit the 
use of klystrons as low-level amplifiers. A successful design for a low- 
noise amplifier at microwave frequencies would also make klystron detectors 
practical because the power level in the receiver could then be raised above 
the noise level of the klystron detector. At present, however, the most 
sensitive receivers use a crystal mixer without any preamplification, and 
the necessary gain is obtained in the intermediate-frequency amplifier.

10.32. Noise Considerations.—Random fluctuations of the beam current 
introduce shot noise in klystron detectors. This noise may be 25 or 30 
db above the theoretical value for thermal noise. Since crystal rectifiers 
are considerably better than this figure when used as microwave mixers,



CHAPTER 11

KLYSTRON TUNERS

11.1. Cavity Tuning Methods.—Tuning requirements vary so widely, 
depending upon the construction of the tube, the number of resonators 
and the application in which the klystron is used, that the subject will be 
discussed only in general terms. Specific examples will be introduced to 
illustrate various points, but they are not intended as a recommendation 
of a particular method of tuning. Obviously, many variations are possible 
and cannot all be illustrated.

There are three basic methods of tuning a resonator. The capacitance 
of the resonator gap may be varied by changing the gap spacing. The 
capacitance of the resonator may be increased by inserting a movable 
plunger close to the resonator gap. Or the volume of the resonator may 
be reduced by inserting a plunger into the resonator at some distance from 
the gap. The latter method of tuning is analogous to tuning a conventional 
circuit by varying the inductance. Combinations of more than one of these 
methods are used in some klystron designs.

11.2. Variable Gap Spacing.—Klystrons that include the resonators as 
an integral part of the vacuum tube are easily tuned by changing the gap 
spacing. One wall of the resonator is a flexible diaphragm which permits 
the gap spacing to be changed. Moving the diaphragm changes the volume 
of the resonator slightly, but the capacity change introduced by the varia­
tion of resonator gap spacing has a greater effect than the volume change 
and is the principal factor in determining the resonator tuning. The 
volume of the resonator is decreased when the diaphragm is collapsed, 
increasing the resonant frequency slightly, but the increased capacity 
loading due to the reduced resonator gap spacing offsets the decreased 
volume so that the resonant frequency of a klystron resonator is decreased 
when the diaphragm is collapsed.

Parallel motion of the resonator grids is desirable but not essential. 
Wide angularity should be avoided since it prevents good tracking of the 
tuning of the two resonators with a gang tuner, may waste beam current, 
reduce output, weakens the flexible diaphragm, and may shorten the life 
of the tube. The Type 2K41 klystron illustrated in Fig. 11-1 is an example 
of a klystron tuner designed to give parallel motion of the resonator grids.

Some angularity is permissible, however, and tuners that operate by 
varying the angle and spacing of the resonator grids are used frequently.

171
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(Courtesy of Bell Telephone Laboratories.)

Type 723A /B klystron.

Resonator
Flexible I
diaphragm .. —
Tuner screw ■ ■■ 
Coupling loop------------

Accelerating grid-*■'■

Tuner bow--------------- -H

Beam forming 
electrode

Cathode

Cathode 
heater

The Type 723A/B reflex oscillator is tuned in this manner (see Fig. 11-2). 
The flat disk where the diameter of the tube changes, just below the reflector 
cap, is the flexible diaphragm. The smaller diameter, cylindrical portion 
of the tube surrounding the reflector electrode is supported on one side by

Fig. 11-2.—Cutaway view of a

i
Coaxial output lead-------*1 I

■ , Tuner back strut

1 Repeller
—------- Cavity grids

Fig. 11—X-—Type 2K41 klystron. The tuning mechanism is an integral part of the tube 
and maintains the resonator grids in parallel alignment.
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a back strut which acts as a hinge. A right- and left-threaded screw on the 
opposite side of the tube changes the shape of the “bow” and changes the 
position of the upper portion of the tube surrounding the reflector electrode. 
This motion distorts the flexible diaphragm slightly and changes the spac­
ing of the gap of the resonator within the larger diameter part of the tube.

The Model 11C tuner used with the Type 410R klystron is an example

of a gang tuner which operates by changing the angularity between the 
resonator grids. An isometric drawing of a cutaway tube and timer is 

. shown in Fig. 11-3. Three adjusting screws for each^resonator permit a 
rough adjustment of the gap spacing and allow the angularity of the clamp­
ing rings to be controlled. The fine tuning control varies the gap spacings 
of the two resonators an equal distance by moving one pair of struts 
simultaneously while the other two pairs of tuning struts act as the ful­
crum. Similar tuners are also designed with a trimmer control on one 
of the other tuning struts to change the grid spacing of one resonator 
without affecting the grid spacing of the other. An equal motion of the

Fig. 11-3.—Isometric view of a Type 3K30/410R klystron mounted in a tuner.
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two struts being moved simultaneously by the fine tuning control should 
be translated into an equal tuning effect on each resonator. This condition 
will be met if the two end clamps holding the rough adjustment screws 
are approximately parallel to the plane of the diaphragms when the fine 
tuning control is at the center of its range.

Building the tuning mechanism as an integral part of the tube avoids 
the problems introduced by insecure clamping arrangements and permits 
presetting the tube to any desired frequency band within the operating 
range of the tube. This construction is used in newer klystron designs. 
The tuner becomes merely a mounting bracket for the klystron and a sup­
port for the fine tuning control, or the mounting bracket may be an in­
tegral part of the tube itself. In these newer designs, the klystron can 
be removed from the tuner and replaced without affecting the frequency 
band to which it is tuned.

A fine tuning control is not always required and, for many purposes, 
particularly transmitter tubes, the tuning rings are a part of the tube. 
The spacing of the tuning rings is rigidly maintained by three machine 
screws which are equally spaced around the resonator. The Type 2K35 
cascade amplifier is an example of this style of tuning. Adjustment of the 
tuning is made by loosening two nuts on one strut and changing the spacing 
between the rings, which determines the gap spacing. All three struts 
should be adjusted equally if a large change in tuning is required.

The use of variable gap spacing as a tuning method limits the total tuning 
range to approximately 20 per cent of the center frequency, although this 
range may be extended if one is willing to accept reduced output. As the 
gap spacing is decreased, the losses in the resonator become quite high 
and the output will decrease. The difficulties in maintaining a small 
spacing accurately are serious, and the tuning of the tube becomes critical 
when the gap spacing is small because a small change in the spacing gives 
a large change in the capacity of the gap. Either or both of these factors 
determine the lower frequency limit of the tube.

If the gap spacing is increased too far, the transit time of the electrons cross­
ing the gap becomes excessive and the output again falls off. As the gap 
spacing increases, the frequency change produced by a change in the gap 
spacing decreases, owing to the smaller change in the capacity of the gap. 
There is a limit to the amount that the diaphragm can be distorted without 
danger of mechanical failure and loss of vacuum. Therefore, there is an 
upper limit to the frequency range of the tube.

This method of tuning the resonators by changing the gap spacing is not 
limited in application to klystrons in which the resonators are a part of the 
vacuum envelope; it can also be used in cases where part of the resonator 
is external to the vacuum envelope. Disk-seal tubes usually have the 
gap spacing fixed by the glass envelope, although tubes of this type can
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be designed so that one disk is flexible, permitting variation of the gap 
spacing. However, disk-seal tubes are usually tuned by changing the 
volume of the external portion of the resonator.

11.3. Volume Tuning Methods.—External resonator tubes are ideal for 
tuning over wide ranges because the volume can be changed considerably 
without danger of damaging the tube. One of the most effective schemes 
for wide-range tuning uses the tube as part of a coaxial line, and the length 
of the coaxial line is varied by changing the position of a shorting plunger 
which moves along the axis of the tube and the resonator. Much greater 
frequency ranges can be covered when 
a tube is tuned in this way than is pos­
sible when the resonator is tuned by 
changing the gap spacing.

Sliding contacts are a source of 
trouble in any radio-frequency circuit 
and can be eliminated if a smaller tun­
ing range is satisfactory. Two simple 
types of volume tuning arrangements 
are shown in Fig. 11-4. Both of these 
methods have a small tuning effect be­
cause they affect only a small percentage 
of the total volume of the resonator. 
One of the tuning mechanisms in this 
illustration is a metallic rod which is Fig. u-4.—Two methods of tuning a 

i 1 i • . ,i . resonator by changing the volume.pushed or screwed into the cavity to re­
duce the volume. The other tuning member is a flat paddle or vane, 
which can be rotated 90 deg. The vane has little effect on the tuning of 
the resonator when the vane lies in a plane perpendicular to the axis of 
the reentrant portion of the cavity. When the vane is in the position 
shown, in a plane parallel to the axis, it effectively decreases the volume of 
the resonator almost as much as the solid plunger. Either of these methods 
reduces the inductance and therefore increases the resonator frequency.

The two tuning methods described in the previous paragraph are also 
used with tubes that have resonators as an integral part of the vacuum 
envelope. In this case some method of distorting the vacuum envelope 
must be provided, such as a bellows arrangement to permit motion of the 
plunger, or a glass appendix may be built into the cavity and the plunger 
can then be rotated within the cavity but outside the vacuum envelope.

11.4. Capacity Loading.—If the plunger or paddle is inserted in a region 
where the electric field is strong, it will not reduce the inductance ap­
preciably, but the effective capacity of the gap will be increased. This 
change will decrease the resonator frequency. Therefore, the effect of a 
tuning plunger depends upon where it is placed within the resonator.



176 KLYSTRON TUBES [Sec. 11.4

A circular ring surrounding the reentrant portion of the resonator will 
decrease the inductance and increase the resonant frequency. If this ring 
is moved toward the gap, the inductance will increase and the capacity 
loading will also increase. Both of these factors decrease the frequency. 
Considerable tuning range can be obtained in this manner without any 
moving contacts. A total tuning range of more than 50 per cent of the 
center frequency can be obtained with this method. A dielectric ring 
may also be used, but the tuning range is considerably less than that 
obtained with a metallic ring of the same dimensions.

11.5. Increased Resonator Losses.—All these volume tuning methods 
cause an unequal current distribution within the resonator, with the 
exception of the movable shorting plunger, and therefore increase the losses 
in the resonator. These extra losses may reduce the Q of the resonator 
as much as 20 per cent or more, although the effect is not usually that large. 
These added losses do reduce the efficiency and should be minimized.

11.6. Thermal Effects.—Changes in temperature cause a resonator to 
expand or contract, and these changes in the dimensions of the resonator 
affect the resonant frequency. When the resonant circuits are an integral 
part of the tube structure, as in klystrons and other microwave tubes, the 
resonators are heated by the beam power supplied to the tube and changes 
in the power input will affect the temperature of the resonator. Changes 
in ambient temperature also cause changes in the tuning. Since the 
capacity effect of the resonator grids is the most important factor in the 
tuning of a reentrant cavity, changes in the spacing of the resonator gap 
can produce a large tuning effect. The difference between the expansion 
of the reentrant portion of the resonator and the external tuning supports 
may become a large percentage of the gap spacing, and the change in 
tuning can be very much greater than the percentage of expansion or 
thermal coefficient of the materials involved.

11.7. Temperature Compensation.—If the resonator and the external 
tuning struts that maintain the gap spacing were of the same material 
and at the same temperature, the volume of the resonator, the area of the 
gap, and the gap spacing would increase uniformly and the frequency would 
decrease as the temperature increased. The frequency coefficient would 
be negative and equal to the linear coefficient of expansion of the material 
for small changes of temperature. However, the use of a strut material 
with a smaller linear coefficient of expansion, and/or a strut operating at 
a lower rate of temperature increase than the reentrant part of the resona­
tor, would increase the volume and decrease the grid spacing, causing an 
increase of the negative frequency coefficient. Both of these effects may 
exist unless the klystron tuner is carefully designed. It is evident that a 
tuning strut that expands, under operating temperature conditions, faster 
than the reentrant portion of the resonator, can increase the resonator
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grid spacing as temperature increases and counteract the effect of the 
volume expansion, giving a zero frequency coefficient or causing the fre­
quency coefficient to become positive if the strut expansion is too great.

The amount of compensation required depends upon the linear coefficient 
of expansion of the resonator material, the temperature gradients in the 
various parts of the tube and tuner, and the resonator grid spacing. Low- 
expansion alloys usually have low thermal conductivity as well, causing 
the temperature inside the resonator to reach a higher value because the 
heat is not conducted away, but definite gains in frequency stability may 
be obtained by using Invar and similar alloys in klystron construction. 
The effect of the gap spacing on the amount of compensation required is 
readily understood because the same percentage of capacity change requires 
a greater change in the gap spacing when the gap spacing is large.

11.8. Thermal Effects in Disk-seal Tubes.—Glass has a very low thermal 
coefficient of expansion; therefore, the change in the gap spacing of a disk­
seal tube is determined almost entirely by the expansion of the reentrant 
portion of the resonator. It is possible to design the shape of this part of 
the resonator so that the longitudinal expansion is minimized over a wide 
temperature range. Satisfactory frequency stability for large variations 
of operating temperature can therefore be obtained.

11.9. Thick Metal Construction.—High-power klystron transmitter tubes 
are difficult to compensate because the added heat dissipation creates 
large thermal gradients within the tube. This difficulty can be overcome 
by discarding the flexible diaphragm type of construction and using thick 
copper walls for the resonators. Liquid cooling may be used for very 
large power inputs. Such tubes have a frequency-stability coefficient that 
is nearly equal to the thermal expansion coefficient of copper, which is 
quite satisfactory for most applications. Since tuning must be accom­
plished by some method of volume tuning, the tuning range of these tubes 
is relatively small.

11.10. Thermal Tuning.—Thermal expansion can be used to advantage 
if the heat is controllable and is restricted to a tuning member. For 
example, one of the tuning struts of a klystron can be a small thin-walled 
tube which is heated by passing current through it. As the expansion of 
this strut will depend upon the current, the tuning of the klystron can be 
controlled by changing the current in the thermal strut. Remote control 
of the klystron frequency is possible as a result of this method of tuning.

Direct conduction as a source of heat has certain disadvantages. Such 
a strut has a very low electrical resistance and must be operated with a 
large current and a low voltage. This power is difficult to regulate or 
control satisfactorily without special circuits. One method of controlling 
the power input to such a strut depends on heating the strut with a low 
radio frequency, perhaps 100 kilocycles, using a vacuum tube to generate
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and control the power. A simple radio-frequency transformer matches 
the low impedance load to the vacuum-tube oscillator. Stability is 
obtained by using a regulated voltage on the plate of the oscillator.

Heat losses are quite high if thermal tuning struts are operated in air, 
and most tubes using thermal tuning have the resonators and the tuning 
elements built into the vacuum envelope. When this construction is used, 
it is convenient to heat the tuning stmt by electron bombardment. The 
electron current is easily controlled by a grid electrode between the bom- 
barder cathode and the tuning element which becomes the anode. There 
is no problem of impedance matching, and the heat is furnished by d-c 
power at a reasonably high voltage which can be regulated easily. The 
power required by the control grid can be negligible.

Thermal tuning is most useful in reflex tubes used as local oscillators. 
The method has one handicap; power is required continuously to keep the 
tube properly tuned. If the tuning power fails, even momentarily, the 
frequency of the tube will return to the zero tuning power limit. In ad­
dition, there is a lag in the response of thermal tuners when the power input 
is changed.

11.11. Electronic Tuning.—Tuning by changing the voltage applied to 
a klystron oscillator was described in Chaps. 7 and 8 on oscillator theory. 
The term “electrical tuning” has been given to all forms of tuning that can 
be controlled electrically and includes both thermal tuning and tuning 
by means of the beam voltage or reflector voltage. The latter method is 
generally referred to as “electronic tuning.”

The electronic tuning band width is defined as the frequency difference, 
usually in megacycles, between the two points of equal power output. 
The points that give half the maximum power that can be obtained when 
the voltage is adjusted to the correct value are frequently chosen. This 
definition is indicated on Fig. 11-5, which shows the electronic tuning and 
power output characteristics of a typical reflex klystron oscillator when 
the reflector voltage is varied. When the load on a reflex oscillator is 
adjusted for maximum output, the half-power electronic tuning band 
width is approximately 20 per cent greater than the band width associated 
with the loaded Q of the resonator. This relation was derived in Secs. 
7.19 and 7.20.

Band widths of 30 megacycles or more are obtained easily with reflex 
klystrons. This property makes these tubes useful as local oscillators 
because automatic-frequency control can be obtained by applying the 
d-c component from a frequency discriminator to the reflector voltage.

Electronic tuning is not gained without some sacrifice. It is a form of 
instability. Power-supply regulation must be very good, and the ripple 
voltage very small, or the frequency of the output will be modulated. 
Also, the residual noise in an oscillator is greater when the Q is decreased
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These considerations do not detract from the general usefulness of tubes 
with wide electronic tuning. In addition to the simplicity of automatic 
frequency control which was mentioned previously, reflex oscillators are 
ideal for panoramic receivers or spectrum analyzers. The latter term has 
been rather generally adopted for the type of panoramic receiver developed 
for use in the microwave region. A spectrum of 30 megacycles or more 
can be viewed on the oscillograph screen when a reflex klystron is used in 
such an instrument.
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Fig. 11 .">. —Electronic-tuning characteristic of a reflex klystron.

to obtain electronic tuning, and the residual noise becomes greater when 
the reflector voltage is changed from the value required for optimum output. 
This residual noise is too low to be of importance in most local oscillator 
applications, but it does become important in some radar receivers.



CHAPTER 12

KLYSTRON OPERATION

I

i

12.1. Operating Suggestions.—Although most of the factors that affect 
the operation of klystron tubes have been discussed in the preceding 
chapters, some of the most important problems will be reviewed here. A 
number of suggestions intended to aid in using klystrons without previous 
experience will be included. Considerable repetition will be unavoidable, 
but it is justified in order to group the suggestions for using the different 
types in a unified manner. The use of reflex klystrons will be discussed 
first because these tubes are the simplest and best known type. Then the 
operation of two-resonator klystron oscillators will be considered in some 
detail. Finally, klystron amplifiers and frequency-multiplier tubes will 
be discussed briefly.

12.2. Reflex Oscillators.—Single resonator reflex klystrons are quite 
simple to operate. If the beam voltage and beam current are adjusted 
to the correct value and the reflector voltage is varied, oscillation will be 
observed at some point within the range of adjustment of the reflector 
voltage, provided that the output load is not too great. The correct 
load ordinarily corresponds to a small standing wave ratio in a 50-ohm 
line, although variations between different tubes will occur and an im­
pedance transformer will usually increase the output. A crystal detector 
connected directly to the output terminal generally gives a satisfactory 
indication of oscillation without loading the tube too heavily.

If the klystfon is tuned by varying the gap spacing, another precaution 
must be observed. The tube will fail to work if the resonator grids are 
too close together, and will require high voltage for operation if the spacing 
is too great and the gap transit time becomes large. It is usually possible 
to determine whether the spacing is approximately correct by inspecting 
the flexible diaphragm of the resonator. The diaphragm will appear 
approximately flat when the spacing is normal. The spacing in disk-seal 
tubes generally cannot be varied and, in designs such as the Type 723A/B, 
the spacing can be varied but the tuning mechanism limits the motion in 
both directions.

When in doubt regarding the gap spacing, the best procedure is to keep 
it small. Then a crystal detector or some other oscillation indicator is 
connected to the output terminal of the tube, the beam voltage is applied, 
and the reflector voltage is varied until oscillation is observed.

180
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Fig. 12-1.—Voltage modes in the operation of a reflex klystron oscillator.

12.3. Voltage Modes.—There are a number of combinations of beam 
voltage and reflector voltage which will give the correct phase for oscil­
lation (see Fig. 6-3). If the beam voltage is fixed and the reflector voltage 
is varied, oscillation will be observed at several regions within the total 
range of the reflector voltage. Each region is known as a “voltage mode,” 
and oscillation does not occur in the region between modes. This be­
havior is typical of all klystron oscillators and is illustrated for a reflex 
klystron in Fig. 12-1. These voltage modes also occur when the reflector 
voltage remains constant but the beam voltage is changed.
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This dependence between voltage and oscillation in klystron oscillators 
exists because the phase of the feedback is determined by the transit time 
of the electrons. A particular value of transit time corresponding to the 
correct phase for one frequency of oscillation will give a different phase it 
the frequency is changed. The relation between the phase angle </>, the 
transit time TQ, and the frequency is given by

0 = 27t/T0 <12-1)
If the klystron is tuned a considerable amount without a corresponding 

change in the beam voltage or reflector voltage, the phase angle between 
the electron bunch and the gap voltage may become so great that the tube 
will not oscillate. The tuning range that is permissible without changing 
the voltage depends upon N, the number of cycles during bunching. 
Differentiating Eq. (12-1) gives

d<f> = 2ttTq df
The number of cycles corresponding to the transit time To is

N = /To
Therefore Eq. (12-2) may be rewritten

df 
cl<t> = 2ttN y
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If N is large, i.e., the beam voltage is low, a frequency change of a few per 
cent will require changing the voltage. However, tuning over the entire 
range of a reflex klystron (20 per cent of the center frequency) may usually 
be accomplished without exceeding the normal range of the reflector voltage 
or changing to a different mode.

12.4. Circuit for Observing Characteristics.—Obtaining the necessary 
data for the output characteristic shown in Fig. 12-1 becomes a tedious 
process if taken point by point. The number of points required becomes 
tremendous if additional curves are desired for a number of frequencies

_ 'IMPEDANCE 
- TRANSFORMER

- 100,000-n. 
rAAAAA ■

X
ATTENUATOR

REFLEX KLYSTRON 

—If
WAVEMETER

CLIPPER TUBE 

00000f

fObWOT 

’ 60* T

f-----------o—
\crystalTcathode ray
DETECTOR OSCILLOSCOPE

Er - +
Fig. 12—2.—Circuit diagram for observing the voltage modes of a reflex klystron.

within the tuning range of the tube. Fortunately, a simple circuit can 
be used to obtain this information dynamically, and the curves can be 
observed with a cathode-ray oscilloscope. Such a circuit is given in 
Fig. 12-2.

The reflector voltage is varied periodically by the 60-cycle voltage in 
series with the lead from the reflector electrode to the reflector voltage 
power supply. As the voltage is varied, the output will follow the form 
of the voltage modes. A sample of the reflector voltage is applied to 
the horizontal deflection plates of a cathode-ray oscilloscope, and the 
output from the detector is applied to the vertical plates. As a result, 
a pattern similar to Fig. 12-1 is traced periodically on the oscilloscope 
screen.

If the peak value of the 60-cycle voltage is greater than the reflector 
voltage, the reflector electrode will become positive with respect to the 
cathode during part of the cycle and a current will flow in the reflector 
circuit. The reflector electrode is not usually designed for operation at a 
positive potential. Protection for the reflector electrode is provided in 
the circuit in Fig. 12-2 by a clipper tube between the reflector electrode and 
the cathode. This tube limits the positive excursion of the reflector
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corresponds to the tuning of the cavity resonator, some power will be 
absorbed and a “dip” will occur in the output curve. This effect is il­
lustrated in Fig. 12-3.

The dip in the curve appears in each mode at approximately the same 
point in the pattern. If the frequency meter cavity is tuned, the dip will 
move along the curve. The electronic tuning between half-power points 
may be measured in this manner by noting the calibration point of the 
resonator when the dip is halfway between the zero line and the peak out­
put, then changing the tuning of the wavemeter until the indication has 
moved along the curve to the other half-power point It is obviously 
possible to plot the entire frequency characteristic as a function of reflector 
voltage by using this technique.

Rather high-Q cavities are required for this application if a sharp in­
dication of frequency is to be obtained. For example, a frequency meter 
with a Q of approximately 10,000 will usually be necessary. This means 
that a cylindrical cavity resonator is required. A lower Q cavity similar to 
the resonators used in the klystrons will merely warp the pattern gradually

voltage. The value of the 60-cycle voltage should always be adjusted so 
that the clipper tube is not overloaded.

12.5. Frequency Measurement.—An indication of the frequency of 
oscillation as well as the power output may be obtained if a high-Q cavity 
resonator that has been calibrated as a frequency meter is coupled to a 
“tee” in the transmission line between the klystron and the output load. 
As the reflector voltage sweeps through a mode, the frequency of oscillation 
changes as indicated by Fig. 7-14. When the frequency of oscillation

302o --------------- --------------- --------------- --------------- ------------------------------
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as the resonator is tuned through the operating frequency of the klystron.
12.6. Effect of Changing the Output Load.—An impedance transformer 

is indicated in Fig. 12-2 between the klystron and the load. This arrange­
ment permits the load to be changed. If sufficient attenuation is intro­
duced, the crystal detector used to sample the power output will not 
become saturated. It may therefore be considered a square-law device, 
and the output indication on the oscilloscope will be proportional to the 
radio-frequency power. It is not always necessary to use all these refine­
ments and, if the klystron is a low-power tube, the crystal detector may 
be the only load and the impedance transformer may be a simple trombone 
or “line stretcher.”

If the impedance transformer is adjusted so that the tube is loaded 
lightly, there will be little power transferred to the load and all the modes 
will become small and appear to vanish simultaneously. As the loading 
is increased, the amplitudes on the oscilloscope screen will increase. The 
mode for the highest reflector voltage will have the most output. As the 
load is increased further, this high-voltage mode will reach its maximum 
value, then decrease suddenly, and disappear. The next lower voltage 
mode will continue to increase until its output reaches a maximum. The 
modes will disappear in turn until the loading is so heavy that the lowest 
reflector voltage mode is finally suppressed. This behavior was discussed 
in Sec. 7.15.

12.7. Detection of Unsatisfactory Tubes.—Dynamic methods of observ­
ing klystron characteristics are ideal for determining whether a tube is 
unsatisfactory. The effect of varying the load can be observed con­
veniently. If the tube is loaded lightly, there should be a number of 
modes observable. (Note: Some transmitter reflex designs operate at 
high voltages and only one mode may be present.) This test furnishes 
an ideal method of rejecting unsatisfactory tubes. A tube which does 
not have the usual number of modes, or which does not give the desired 
output, can be detected with ease.

12.8. Bench Oscillators.—The ease of tuning reflex oscillators makes 
these tubes particularly suitable as sources of power for experimental 
tests and measurement work. There is actually little difference between 
the tubes used as local oscillators in receivers and those used as bench 
oscillators. A local oscillator is usually operated at the lowest power input 
that will give satisfactory operation, while the power demands from a 
bench oscillator are normally much greater. For example, a klystron used 
as a source of power for checking the standing wave ratio of equipment 
will be affected by the adjustment of the equipment being tested unless 
considerable attenuation is inserted between the tube and the test equip­
ment. Both the frequency of oscillation and the power output are de­
pendent upon the load. A variation of either of these factors will introduce
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errors in the measurement of the standing wave ratio. An attenuation 
of 20 db may be required for the necessary isolation, although less attenua­
tion will be satisfactory for many applications.

12.9. Pulse Operation.—Many applications of bench oscillators require 
that the output be modulated. Standing wave detectors may use a high- 
gain audio amplifier to obtain a sensitivity comparable to a galvanometer. 
Since amplitude modulation without undesired frequency modulation is

difficult to obtain, the klystron is often operated by keying with a square 
wave. Short pulses of radio-frequency power are often required for testing 
the response of circuits.

Either the beam voltage or the reflector voltage of a reflex tube may be 
changed to obtain the pulsed output, or the control grid may be pulsed 
if this electrode is included in the klystron design. More power is re­
quired by the keying circuit when the beam power is cut off, but this method 
has the advantage that the power input to the klystron is reduced. This 
simplifies the cooling problem. Pulsing the reflector circuit requires very 
little power. It is only necessary to change the reflector voltage a small 
amount in order to shift the voltage from the correct operating point to a 
value that does not allow the tube to oscillate.

This method of pulsing the reflector circuit is illustrated in Fig. 12-4. 
The pulse voltage that is superimposed on the reflector voltage is indicated

MODULATION —i— 
SIGNAL—H r—

I

Fig. 12-4.—Pulsed output from a reflex klystron with square 
reflector voltage.
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circuit generates the pulses. A clipper tube is used to ensure a steep pulse 
wave form with a flat top. Controls to change the frequency and the 
amplitude of the square wave are included.

12.11. Frequency Modulation.—A frequency-modulated output is useful 
for many tests and is easily obtained with a reflex klystron by varying the 
reflector voltage. Saw-tooth modulation is particularly useful for oscil­
lators to be used in spectrum analyzers and similar applications because 
there is no difficulty due to the pattern on the return sweep failing to coin­
cide with the pattern when the sweep is in the opposite direction.

The effect of saw-tooth modulation on the output of a reflex klystron is 
illustrated in Fig. 12-6, which is similar to Fig. 12-4 for pulse operation, 
but is designed to utilize the frequency-modulation characteristic rather 
than to suppress it. Note that some amplitude modulation is present.

12.12. Two-resonator Klystron Oscillators.—In many respects, a two- 
resonator klystron oscillator is similar to a reflex oscillator. There are 
voltage modes, but only the beam voltage can be varied to choose the proper 
operating point. The tuning of the two resonators must be correct when 
the voltage is varied, or oscillation will not be observed. Similarly, the 
voltage must be of the correct value when changing the tuning or the tube

■ 2 MEG

CM

in the lower part of the illustration. The reflector voltage and the ampli­
tude of the pulse voltage are adjusted so that the tube does not oscillate 
during the “off” period and operates at the point of maximum output 
during the “on” period. The pulse output is shown at the right of the 
typical output characteristic. If the sides of the pulse are very steep and 
the pulse is flat-topped, the frequency will remain constant with this type 
of modulation.

12.10. Pulse Circuits.—A circuit for obtaining the pulse voltage and 
applying it to the reflector circuit is shown in Fig. 12-5. zY multivibrator

25 K 
**“1 500K|
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Fig. 12-7.—Pretuning a klystron resonator with a signal source.

will not oscillate. Satisfying these two conditions simultaneously presents 
a very difficult problem if the proper equipment is not available.

12.13. Pretuning with a Signal Source.—A source of radio-frequency 
power in the desired tuning range simplifies the tuning of a two-resonator
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oscillator considerably. Figure 12-7 shows a typical setup for pretuning 
the resonators. One of the klystron resonators is connected with a trans­
mission line to another klystron oscillator used as a signal source. A “tee” 
in the coaxial line is connected to a crystal detector. The tee may be 
located at any point in the line, but the location near the resonator being
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If two coaxial terminals are available on a single resonator, the crystal 
may be connected to one coaxial terminal and the signal source to the other. 
In this case resonance will be indicated by a crystal current maximum 
when tuning through the oscillator frequency.

A two-resonatdr klystron with an internal feedback line and a single 
coaxial terminal in one resonator may be pretuned quite easily. The 
resonator with the coaxial terminal is first tuned, using a crystal detector 
in the tee connection. The first resonator should be tuned for the current 
minimum in Fig. 12-7. Then the second resonator is timed and the crystal 
current will again vary, somewhat less sharply than indicated in Fig. 12-7, 
as the second resonator is tuned through the oscillator frequency. After 
the resonators have been pretuned in this manner, the klystron will oscillate 
when the correct beam voltage and current are applied. Some slight 
retuning adjustments may be required to obtain the best output from the 
tube.

12.14. Tuning without a Signal Source.—Finding the proper adjustment 
of tuning and acceleration voltage for a two-resonator klystron oscillator 
requires special technique if the tube is being tuned for the first time and 
no other source of r-f power at the desired frequency is available. The

tuned (resonator A) is recommended. The current in the crystal detector 
usually varies as shown in Fig. 12-8 as the resonator is tuned through the 
oscillator frequency. The shape of the curve indicating resonance depends 
on the position of the tee and the length of the line. Both resonators 
should be tuned to the same frequency; the klystron will oscillate when 
proper beam voltage and current are applied to the tube. Slight retuning 
may be necessary in order to obtain maximum output from the tube.
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a two-resonator klystron

procedure is not at all difficult, and experience with the tubes will allow 
many of the following instructions to be ignored. These instructions 
apply primarily to klystrons similar to the Type 3K30/410R which do 
not have the tuning mechanism permanently attached to the tube.

Some means of varying the beam voltage automatically during the 
tuning adjustment is desirable. Either self-rectified alternating current

HOV 60- |

Fig. 12-9.—Circuit diagram for modulating the beam voltage of 
oscillator during tuning adjustments.

may be used by applying a 60-cycle voltage directly to the klystron, or a 
combination of a-c and d-c voltage may be used, as shown in Fig. 12-9. 
The latter method is similar to the circuit used for examining the charac­
teristics of a reflex klystron dynamically and may also be used for that 
purpose. The procedure for adjusting a two-resonator oscillator is as 
follows. Do not consider these suggestions as inflexible rules.

1. Determine the spacing of some reference points for each resonator on 
the klystron or tuner when the klystron grids are touching. This 
adjustment may be determined by turning the rough adjustment 
screws until the struts are loose and the diaphragms are collapsed 
completely. If the diaphragms have been “work-hardened” by use, 
it may be necessary to apply slight pressure in addition to the springs 
that normally collapse the resonator diaphragms. Do not force the 
tube, or damage to the grids may occur.

2. After the reference spacings have been determined for each resonator, 
increase both distances approximately 0.030 in. for a klystron operat­
ing with a wavelength of 10 cm. This adjustment will make the
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3.

4.

5.

6.

9.

7.
8.

12.15. Families of Voltage Modes.—When the input and the output 
resonators are tuned to the same frequency, as with a separate signal 
source, the output is not so great as the maximum output that can be 
obtained by detuning one of the resonators. This effect, introduced be­
cause the two circuits are coupled by the feedback line, was discussed in 
Chap. 8. If the two resonators are overcoupled, there will be two separate 
families of voltage modes. This behavior is typical of oscillators such as 
the Type 412 or 710 klystrons. The voltage modes correspond to transit 
times in Eq. (8-16) which make n an integer. One family of modes cor­
responds to the plus sign in this equation, and the second family is as­
sociated with the minus sign.

If- the two resonators are tuned to the same frequency, one family will 
operate at a lower frequency and the other modes will occur at a higher

resonator gaps approximately correct and equal. For shorter wave­
length tubes decrease the gap spacing proportionately. Move each 
rough adjustment screw equally so that the tuning rings remain 
approximately parallel.
Choose some operating voltage and current from past experience or from 
data supplied with the tube. Do not exceed the maximum voltage 
rating of the tube. Apply about 110 volts rms of 60-cycle modulation. 
Vary the tuning of one resonator, either the input or the output 
resonator. Variations as great as 0.010 in. may be necessary if the 
original settings were not made accurately. Do not move the dia­
phragms too far.
Vary the acceleration voltage in 200-volt steps and repeat the tuning 
procedure if oscillation cannot be detected.
Turn off the beam voltage modulation after oscillation is found. 
Readjust the beam voltage until oscillation is at maximum strength. 
Retune the resonators for maximum output.
Crystal detectors connected directly to the kystron should not be 
used as oscillation detectors when the beam voltage is greater than 
600 volts, as damage to the crystal detector is possible if excessive 
power is applied to it. The crystal-detector current is not a good 
indication of overloading, since excessive input may reduce the current 
or even cause it to reverse in direction. Use a neon lamp across the 
output terminal as an indicator for high-power tubes, or use one of 
the suggestions in Sec. 14.20 for monitoring the power.
When changing the frequency to the desired range, vary both resona­
tors simultaneously, or vary first one resonator and then the other a 
small amount, so that the tube continues to oscillate at all times. 
Readjust the beam voltage when necessary to improve the output, 
if the frequency change is considerable.
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frequency (see Fig. 8-10). When the input resonator is tuned to a higher 
frequency than the output resonator, the output from the first family of 
modes will be increased and the frequency of oscillation will approach the 
resonant frequency of the output resonator. Detuning the input resonator 
in the.opposite direction will emphasize the other family of modes. Oscil­
lation corresponding to one family may not be detected between two vol­
tages corresponding to the other family when the relative tuning has been 
changed to maximize the power output. Or a higher voltage mode may 
fail to give as much output as a lower voltage mode until the relative 
tuning of the resonators is readjusted.

Two modes of different families merge into a single mode if the beam 
current is large enough. This effect may be observed in the oscillator 
section of a Type 2K34 oscillator-buffer klystron. The modes also merge 
into one when the coupling is reduced. Figures 8-9 and 9-11 illustrate 
this characteristic, which is typical for the Type 3K30/410R klystron 
oscillator.

12.16. Range of Tuning without Changing Voltage.—Two-resonator 
klystron oscillators require a different beam voltage if the tuning is changed 
over a considerable range. This behavior is similar to that of a reflex 
klystron described in Sec. 12.2 and will not be discussed in detail.

12.17. Effect of the Load.—A two-resonator klystron oscillator differs 
from a reflex oscillator in its dependence upon the output load because the 
input resonator is a separate resonator and the bunching voltage can be 
controlled by detuning the input resonator. In a reflex oscillator, the 
bunching voltage in the single resonator can be reduced to prevent over­
bunching only by loading the resonator. For this reason, modes cor­
responding to a large value of N require heavier loading than modes with 
fewer cycles during the bunching time. This situation does not exist 
in a two-resonator oscillator because optimum bunching is obtained by 
detuning the input resonator. Maximum output is obtained when the 
load corresponds to an equivalent load resistance equal to the cavity 
shunt resistance Rs (see Secs. 8.15 and 4.11). The optimum load is the 
same for all modes.

Although the discussion of detuning in the preceding paragraph men­
tions tuning only the input resonator, it is obvious that either resonator 
may be tuned in order to maximize the output. It is the relative tuning of 
the two resonators that is important.

A Rieke diagram for a klystron oscillator (Fig. 8-14) shows the effect of 
the load on both the output and the frequency of oscillation. If the load 
on the klystron corresponds to a large standing wave ratio, small changes 
in frequency may shift the phase of the load into an unstable region. 
“Dead spots” may occur; i.e., there may be frequencies at which the tube 
will refuse to oscillate. A similar effect may be introduced if a resonant
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load such as a wavemeter is coupled to the tube. As the wavemeter is 
tuned through resonance, the load may correspond to a point in a region 
of nonoscillation, and the indication of the wavemeter may have two peaks 
with oscillation suppressed at the setting when the wavemeter is tuned to 
the frequency of the tube.

The effect of the load on the frequency of oscillation is known as “pull­
ing.” The “pulling figure” of a tube is defined as the difference in mega­
cycles per second between the maximum and the minimum frequencies 
of oscillation reached when the load impedance varies through 180 deg, 
while the absolute magnitude of the VSWR is constant and equal to 1.5.

12.18. Dynamic Measurement of Characteristics.—A circuit similar to 
Fig. 12-9 may be used in the manner described in Sec. 12.3 in order to 
observe the characteristics of a two-resonator oscillator with a cathode-ray 
oscilloscope. Or, if half the sweep range of the oscilloscope is sacrificed, 
the d-c power supply is unnecessary and a transformer may be used to 
supply power that is self-rectified by the klystron. This arrangement is 
not suitable for operating a tube, since the oscillator will be swept con­
tinuously through many voltage modes, but the circuit is ideal for observ­
ing the different modes simultaneously and determining the effect of tuning 
on the output of a klystron oscillator. The data for the curves in Figs. 
8-11 and 8-12 were obtained with such a circuit.

12.19. Length of the Feedback Line.—This dynamic method of observing 
the output of a tube simplifies the problem of determining the correct 
length for the feedback line of a two-resonator klystron oscillator. The 
simple theory discussed in Sec. 8.14 implies that a change in beam voltage 
could be compensated by a change in the length of the feedback line. This 
result would be true if the line were matched but, when standing waves 
are present, certain line lengths may prevent the tube from oscillating 
at any voltage.

A trombone or variable length of line in the feedback circuit can be 
used to show the effect of the line length on the output of an oscillator. 
The correct beam voltage for any adjustment of the feedback line is auto­
matically provided by sweeping the beam voltage over a wide range at a 
60-cycle rate. Any change in the power output appears immediately on 
the screen of the cathode-ray oscilloscope. The phase of the reflections 
in the line will vary as the length is changed, and the shape of the mode 
will vary. It may appear that the relative tuning of the two resonators 
is changing. This effect may be avoided by retuning one resonator in 
order to maximize the output each time the length of the feedback line 
is changed.

As the line length is changed, the output will remain satisfactory over a 
large variation of length, indicating that the length of the line is not critical 
if the line is nearly correct. Varying the length of the line will shift the
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mode slightly to a different voltage. Eventually the output will fall off, 
and no adjustment of the tuning will give the maximum output that can 
be obtained with the correct length of line. The tube may stop oscillating 
for some adjustment of the line length. When the line length is increased 
further, the tube will oscillate again. The position of the mode will be 
the same as before when the line length has been changed one-half wave­
length.

It would be possible to use an impedance transformer in the feedback 
line to obtain output at any chosen voltage. However, the two additional 
adjustments that would be required would complicate the tuning of the 
oscillator considerably and are not recommended. The simplest solution 
is to provide a number of lines of slightly different length and use the one 
that is best for the frequency range to be covered. Four different lengths 
of line differing by one-eighth of a wavelength would be adequate for the 
range of most two-resonator oscillators. Remember that a wavelength 
is a shorter distance in a solid dielectric line than in air.

12.20. Adjustment of Amplifiers.—Klystron amplifiers are simpler to 
adjust than two-resonator oscillators and involve several differences in 
technique. There are no voltage modes as in oscillators and any voltage 
may be used on an amplifier, although variations in output resembling 
voltage modes appear owing to overbunching if the excitation is constant 
and the voltage is reduced (see Fig. 4-5). The obvious remedies for 
overbunching are reducing the driving power, detuning the buncher resona­
tor, or increasing the acceleration voltage. When the emission is space­
charge limited, the beam current follows the %-power law and the output 
increases with acceleration voltage after the voltage for optimum bunching 
is exceeded. This case is illustrated in Fig. 4-5.

12.21. Tuning Procedure.—If desired, a klystron amplifier may be pre­
tuned before the beam voltage is applied. Each resonator is tuned sepa­
rately with a signal source as described in Sec. 12.12. Then the beam 
voltage is applied to the tube, and the drive-power source is coupled to the 
input resonator. A slight readjustment of the tuning of the resonators 
may be required after the tube has reached its operating temperature.

A klystron amplifier may also be tuned with the beam voltage applied. 
If the excitation is reduced to ensure that overbunching does not occur, 
the tuning of a klystron amplifier is identical to the procedure used at 
the lower frequencies with conventional vacuum-tube amplifiers. The 
input resonator is tuned until the excitation is a maximum as indicated by 
a crystal detector coupled to the input resonator. If the output resonator 
is tuned near the correct frequency, it is possible to use a detector loosely 
coupled to the output resonator as an indicator for tuning the input resona­
tor. When only one coaxial terminal is available in the input resonator, 
resonance may be determined by the reaction on the source of the excitation
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by connecting a detector to a “tee” in the input line, as indicated in Fig. 
12-7.

After the input resonator has been tuned to approximately the correct 
frequency, the output circuit is tuned until a maximum occurs in the power 
output. Readjustment of the input resonator may increase the output 
slightly. Then the drive power may be increased until a maximum in the 
output indicates that optimum bunching has been obtained.

12.22. Tuning Cascade Amplifiers.—Cascade amplifiers may also be 
tuned as described in the previous section, tuning the first two resonators 
as a single-stage amplifier; then the third resonator can be tuned. The 
precaution regarding overbunching is more important with this type of 
tube because the drive power required is so much less.

If the second resonator of a cascade amplifier is not provided with an 
output line, the correct tuning adjustment may be obtained by tuning the 
first and third resonators as a single-stage amplifier; then the second 
resonator is tuned until the output at the third resonator is a maximum. 
The output will vary as indicated in Fig. 9-5 when the tuning of the second 
resonator is varied. It is important to avoid having the second cavity 
tuned to the frequency that cancels the bunching when making the pre­
liminary adjustment of the first and third resonators. The best procedure 
is to tune the second resonator to a high frequency by making the gap 
spacing greater than that of the other two resonators during the pre­
liminary adjustments. This procedure ensures that the output at the 
third resonator is always greater than it would be if the second resonator 
were not present.

12.23. Adjustment for Optimum Bunching.—It is easy to tune an ampli­
fier with reduced drive power and then increase the excitation until optimum 
bunching occurs and the output is a maximum. An excess of drive power 
is desirable, and some means of controlling the amount of drive power is 
necessary. A variable attenuator with a low insertion loss is ideal for 
this purpose.

When an attenuator is not available, overbunching may be used to 
determine the correct adjustment of a klystron amplifier. Determination 
of the adjustment for optimum bunching is certain only when excess 
driving power is available. This is most easily obtained by reducing the 
acceleration voltage of the amplifier. Overbunching will be indicated by 
a double peak in the output as the input resonator is tuned through reso­
nance with the source of drive power. These two output peaks occur 
when the input resonator is detuned sufficiently from the driver so that 
the radio-frequency voltage at the input gap is correct for optimum bunch­
ing, and the output peaks are found on either side of resonance with the 
source of drive power. At resonance, the radio-frequency voltage at the 
input gap is too great, the output is reduced, and a minimum in the power
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This behavior is illustrated in Fig. 4-6 and described inoutput occurs.
Sec. 4.8.

After overbunching has been observed, the acceleration voltage of the 
amplifier should be increased until optimum bunching occurs when the 
input circuit is tuned to resonance. Overbunching may be avoided by 
detuning the input resonator until the output is a maximum, but this 
procedure is not recommended. Reducing the drive power and tuning 
the input to resonance give better stability. The latter adjustment allows 
operation at a point where a small frequency change causes only a small 
change in the input voltage, and a small change in input voltage affects 
the output only slightly. This adjustment corresponds to operation on 
the flat portion of both the input resonance curve and the Bessel function 
bunching curve (Fig. 4-6, Sec. 4.8).

12.24. Adjustment of Frequency Multipliers.—The tuning procedure for 
a klystron frequency multiplier is quite similar to the adjustment of a 
two-resonator amplifier. However, multiplier excitation is more critical. 
Reference to Figs. 5-2 and 5-3 shows that the bunching curve for a multi­
plication factor of ten is almost zero until optimum bunching is approached. 
The basis for this characteristic may be readily understood because the 
Bessel function of the nth order is approximately proportional to x" for 
small values of x. An apparent increase in the Q of the input resonator 
is one result of this multiplier bunching characteristic. This effect was 
discussed in Sec. 5.5.

Amplifier-multiplier klystrons have characteristics similar to those of 
cascade amplifier klystrons and are tuned in a similar manner. The 
efficiency can be improved by overdriving these tubes and detuning the 
second resonator to a frequency higher than the input frequency. These 
tubes combine the excitation or bunching characteristics of a multiplier 
with the tuning characteristics and high gain of a cascade amplifier.



CHAPTER 13

KLYSTRON POWER SUPPLIES

13.1. Special Requirements.—Several of the electrical characteristics 
of klystrons, such as the existence of voltage modes and the frequency 
dependence upon voltage, and some of the mechanical features of the tube 
design impose conditions upon the power supplies for these tubes such as 
are not encountered in the design of power supplies for more conventional 
tube types. These conditions are not difficult to meet, but they do require 
special care in the design of the power supplies.

As an example of a simple difference in the design of klystron power 
supplies, the beam current of these tubes is much less than the usual 
maximum rating of commercially available transformers. It may not be 
economical to use special transformers for a small, low-voltage klystron 
power supply, but a considerable saving in size, weight, and cost may be 
gained if special transformers are built for a larger klystron power supply. 
Other considerations, which apply in general to the design of klystron 
power supplies, will be discussed in the following sections; then a few 
typical power supplies for several types of applications will be described.

13.2. Ground Connection on Power Supplies.—The resonant cavities 
used in klystron tubes form the anode of the electron gun and, since the 
radio-frequency output line is usually directly connected to the cavity, 
it is desirable to ground the positive terminal of the power supply so that 
the output terminal may be connected directly to a grounded load that 
can be handled with safety. Exceptions to this rule are possible, but these 
exceptions emphasize the importance of the precaution. For example, a 
Type 723A reflex oscillator, which is frequently used as the local oscillator 
in micro wave receivers, has an output line which is part of the shell of the 
tube and is therefore at anode potential. However, this type of tube is 
often plugged into a wave guide with the output line of the tube insulated 
from the wave guide. This arrangement is used in order to operate the 
tube with the cathode grounded so that a single power supply may be 
used for the local oscillator and the other vacuum tubes in the receiver. 
It has the disadvantage that the shell of the tube is not grounded and must 
be protected from accidental contact by a grounded shield surrounding 
the tube, and the tube must be tuned with an insulated tool.

When klystrons are operated at higher voltages, the positive terminal 
of the beam-voltage power supply is usually grounded as a safety pre-
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caution. The desirability of grounding the negative lead becomes less 
important when a separate power supply is required for the klystron. 
However, there are some cases when the operation of a high-power klystron 
with the cathode at ground potential is advisable. For example, the 
operation of a reflex klystron transmitter tube with the cathode grounded 
will simplify the use of reflector voltage modulation. The choice between 
grounding the positive or the negative terminal of the power supply will 
depend upon the relative difficulty of insulating the radio-frequency output 
line or insulating the modulation circuit in the reflector lead.

The power transformer should be insulated for a higher voltage when 
the positive terminal is grounded instead of the negative terminal. This 
statement refers to a power supply using a full-wave thermionic rectifier. 
Grounding the negative terminal is equivalent to grounding the center 
tap of the power transformer; therefore, the maximum voltage from the 
secondary winding to ground is equal to the voltage from the center tap 
to one side of the winding. If the positive lead is grounded, first one and 
then the other side of the secondary winding is grounded as the rectifier 
becomes conducting, and the opposite side has twice the center tap voltage 
appearing between it and the ground. This factor becomes quite im­
portant in high-voltage supplies, and the insulation of the power trans­
former should be designed to withstand this extra voltage.

13.3. Frequency Stability Requirements.—Probably the greatest dif­
ference between klystron power supplies and the supplies for lower fre­
quency vacuum tubes is the degree of voltage stability required. Con­
ventional low-frequency tubes are relatively insensitive to small changes 
in voltage. For example, a ripple voltage of one-tenth of 1 per cent would 
introduce a small amount of amplitude modulation and practically no 
frequency deviation in a low-frequency triode oscillator. However, with a 
klystron operated at 500 volts, one-tenth of 1 per cent ripple corresponds 
to a volt variation in the power supply voltage. Since the electronic 
tuning rate for a klystron oscillator may be 100 kilocycles per volt, or 
even greater, this amount of ripple would introduce an amount of fre­
quency modulation that would be undesirable in some applications.

A frequency deviation of several kilocycles can be tolerated in many 
applications but would not be satisfactory for a narrow-band (60-kilocycle) 
frequency-modulation communication system. In the latter case the 
power-supply ripple must be reduced to a few millivolts. It is possible 
to build filter circuits to suppress the ripple adequately, but it is more 
convenient to use an electronic voltage regulator which permits the use of 
a less effective filter and also regulates the output voltage.

13.4. Electronic Regulators.—All electronic voltage regulators may be 
considered variations or refinements of three basic regulator circuits. The 
circuit used most frequently is the degenerative type. All the circuits to
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Fig. 13-1.—Basic circuit diagram of a 
ative-type voltage regulator.
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be described in this chapter are of this type, 
regulator consists of

A voltage divider across the output,
A battery or some other source of constant voltage, such as a gaseous 
discharge tube, 
A d-c amplifier,
A control tube or gate tube in series with the output lead from the 
power supply.

When the voltage across the divider exceeds the value of the comparison 
source, the d-c amplifier increases the negative grid voltage on the control 

tube in order to reduce the output 
voltage. Such a circuit may be 
considered as a negative feedback 
circuit with a high gain and a large 
feedback ratio.

The basic circuit of the degen­
erative type of regulator is shown 
in Fig. 13-1. Actual values of the 
circuit constants are not shown 
because this circuit will be used 
only for a discussion of general 
principles and a comparison with 
other simple regulator circuits. 
This circuit has some advantages, 

principally simplicity, and a few disadvantages. The voltage across F4 
will be substantially constant and equal to the voltage of the VR tube 
T3. The resistor R3 is required to furnish the correct operating current 
for the VR tube. The output voltage will be approximately equal to 
the ratio of (R2 + Rii/R* times the voltage across the VR tube T3; 
therefore the value of R2 will control the output voltage. The minimum 
voltage that can be obtained is the sum of the voltage across the VR tube 
T3 and the voltage required for the amplifier tube T2. The maximum 
voltage that can be obtained is limited by the maximum voltage rating of 
the amplifier tube T2.

Only a fraction of the d-c voltage variation is applied to the grid of the 
amplifier tube, depending on the ratio of R2 and R4. However, the addi­
tion of condenser C2 applies all of the ripple voltage to the grid of T2, so 
that this circuit is more effective in suppressing ripple than it is in main­
taining the output voltage constant.

13.5. Improving the Regulation.—The obvious method of improving 
the regulation is to increase the gain of the feedback amplifier. For this 
reason pentodes are normally used instead of triodes. When pentode
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amplifiers are used, it is possible to apply some of the voltage variations to the 
screen electrode and improve the operation of the regulator. This method 
is used in some of the regulators described in the sections that follow.

Other methods of increasing the gain of the feedback amplifier use 
multistage d-c amplifiers in the feedback circuit. A regulator with a two- 
stage amplifier is described in Sec. 13.16.

13.6. Protecting the Gate Tube.
would appear at the output of an

-All of the voltage variation that 
unregulated power supply must be 

absorbed by the series control tube, which is commonly known as the 
“gate tube.” Since the total current drawn by the regulator itself and 
by the load is also passed by the gate tube, this tube must have a fairly 
high voltage rating and be capable of passing a large current. If one tube 
does not have a sufficiently high current rating, a number of tubes may 
be used in parallel. Also, some protection must be provided so that the 
gate tube will not be overloaded accidentally.

If the power supply is to operate at a fixed output voltage, the voltage 
across the gate tube may become somewhat greater than the product of 
the output voltage and the percentage variation of the line voltage. For 
example, a 20 per cent change in line voltage corresponds to a 200-volt 
change at 1,000 volts. If the load current is decreased, an additional 
voltage will occur at the gate tube, and the total voltage can exceed the 
amount due to the change in the line voltage. Therefore, a well-designed 
regulator should provide for a gate tube with a plate dissipation equal to 
the product of the maximum current and about 30 per cent of the maximum 
voltage expected from the supply.

Either the voltage rating of the gate tube must be increased, or some 
means of reducing the voltage input to the regulator (such as a Variac in 
the primary circuit of the power transformer) must be provided if the out­
put voltage of the regulated supply is to be varied. The latter method is 
used in the high voltage supply described in Sec. 13.16. When the input 
voltage is not varied as the output voltage is reduced, the voltage drop 
appears across the gate tube, and a tube with a high voltage rating must 
be used. If the input voltage is reduced simultaneously, it is possible 
to use a gate tube which is only required to control the fluctuations caused 
by variation of the line voltage.

A precaution must be observed when the input voltage is independently 
variable. It is possible to overload the regulator by continuing to increase 
the input voltage beyond the proper point. The gate tube may fail to 
control the output voltage when it is overloaded, and damage to the circuit 
and tubes will occur. Therefore it is desirable to have a voltmeter across 
the gate tube to indicate the proper setting of the input voltage. As an 
added precaution, a voltage overload relay may be used to open the 
primary circuit if the rating of the gate tube is exceeded.
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13.7. Heater Delay.—One difficulty, which is often overlooked in design­
ing a voltage regulator, occurs because the amplifier tubes have indirectly 
heated cathodes, while the rectifier and gate tubes are usually filament 
types. As a result, the full rectified voltage builds up before the amplifier 
tube passes any current. The gate tube has zero grid voltage until the 
amplifier tube begins to draw current; therefore, the full voltage from the 
rectifier appears at the output of the regulator for a few seconds until the 
heater of the amplifier tube reaches its operating temperature. Blown 
fuses or more disastrous damage may be the result. The cure for this 
situation is obvious after the existence of the difficulty is recognized. A 
separate switch for the heater and filament circuits, or a time-delay relay 
for the high voltage, would solve the problem.

13.8. Elimination of Transients.—The use of several tubes in parallel, 
as suggested in the previous section for increasing the current rating of a 
regulator, may introduce difficulties in some cases caused by parasitic 
oscillations at some audio frequency. The oscillations usually depend 
upon some obscure arrangement of the wiring which causes feedback. 
They may be eliminated by adding an RC filter to the circuit after the 
source of the trouble has been located. No general rule can be suggested 
to solve this problem. In one case it was found that the removal of one 
particular tube in the parallel combination eliminated the difficulty.

Transients may also be introduced in the output because the regulator 
is inserted in the grounded lead. The “commutating pulse” from the 
rectifier tubes may cause a large, highly damped, high-frequency oscil­
lation to appear in the output twice each cycle. The peak value and the 
appearance of this transient will depend upon the distributed capacity of 
the transformer windings and may also depend upon the arrangement of 
the wiring. It will also be affected by the high-frequency response of the 
feedback amplifier. Since this transient is caused by shock excitation, a 
small condenser between the plates of the rectifier tubes will reduce the 

. effect to a satisfactory degree. A capacity of 0.005 pi is usually sufficient. 
This capacity is not always necessary and may be omitted if the ripple is 
satisfactorily small without it. An inductance in the grounded lead of the 
filter is another satisfactory method of eliminating the commutation 
transient.

13.9. Bias Voltage Supplies.—Some klystron types require additional 
power supplies for beam control electrodes or reflector electrodes. Al­
though all tubes do not Use these voltages, they are frequently included 
in klystron power supplies in order to use a single supply for a variety of 
klystron types. Supplies for the reflector voltage will be discussed in a 
separate section. Bias voltage for the control grid or focusing electrode 
may be obtained from a bleeder resistor across the beam voltage supply 
if a positive voltage is required, or a self-bjasing cathode resistor may be
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by a reversing switch, a multipole, two-position switch should be used as 
indicated in Fig. 13-2 in order to avoid inserting the filter in the lead to 
the cathode. As pointed out in Sec. 13.8, this precaution is not always 
necessary, and occasionally the accidental arrangement of the wiring may 
allow the use of a simple two-pole, two-position switch as a reversing switch 
without introducing serious ripple.

13.10. Cable Pickup.—It is not sufficient to eliminate the ripple from 
the power supply if the leads from the supply to the klystron are not prop­
erly shielded. An improperly shielded cable may introduce enough hum 
voltage to modulate the output of the klystron appreciably. The use of 
a braided shield surrounding the cable to the klystron, with a ground con­
nection at only one end, is not only desirable as a shield but a worth-while 
safety precaution. However, such a shield will not eliminate hum pickup 
completely if a high impedance is inserted in any lead at the power-supply 
end of the cable. The same effect may be noticed with an open-circuited 
cable connected to a cathode-ray oscilloscope. The pickup will be very 
large until the cable is terminated with a low impedance.

13.11. Power Supplies for Reflex Klystrons.—The voltage required by 
the reflector electrode makes a power supply for reflex oscillators somewhat 
more complicated than the power supply for other types of klystrons, but 
this slight additional requirement is more than offset by the advantages 
of this type of oscillator. The reflector electrode normally draws no cur-

Ftg. 13-2.—Circuit diagram for a bias voltage supply for a klystron.

used to obtain a negative bias voltage. However, bias voltages are usually 
obtained from separate low-voltage power supplies which have been in­
sulated to withstand the maximum beam voltage plus twice the bias 
voltage (see Sec. 13.2). This means that specially insulated power trans­
formers must be used.

Regulation of the bias voltage may be obtained with a very simple 
circuit, using a series resistor and a voltage regulator tube as shown in 
Fig. 13-2. In order to obtain a satisfactorily low ripple voltage from such 
a supply, it is important to have the cathode of the klystron connected 
directly to the power transformer, not through the filter, in order to reduce 
the pickup of transients. W hen either polarity of bias voltage is provided
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rent, although a few milliamperes may be collected when the reflector is 
operated near the cathode potential. The power requirements are there­
fore quite small, and it is a simple problem to provide a well-regulated 
variable voltage for the reflector electrode.

Since the positive terminal of the reflector supply is connected to the 
cathode, the warning regarding insulation of the transformer, discussed 
in the last paragraph of Sec. 13.2, applies to power supplies for reflex 
tubes. If the cathode of the reflex klystron is grounded, the transformer 
for the reflector supply should be insulated for twice the maximum 
reflector voltage. The insulation must withstand the maximum beam 
voltage plus twice the reflector voltage if the anode of the reflex klystron 
is grounded.

Although the power requirements are small, it is not satisfactory to use 
a supply with a high internal resistance. The possibility of hum pickup, 
mentioned in Sec. 13.10, is one reason for avoiding a high impedance 
circuit. If a condenser is connected from the reflector terminal to the 
cathode to reduce the hum pickup, the time constant of the circuit may 
become large if the internal resistance is high, and the response to changes 
in the reflector voltage may be quite slow.

13.12. Secondary Emission.—Another difficulty appeai-s if the imped­
ance of the reflector voltage supply is high and the tube is operated with 
the reflector electrode near the cathode potential. Electrons that have 
been speeded up may strike the reflector with sufficient energy to cause 
secondary emission. If the reflector surface is a good secondary emitter, 
the number of secondary electrons may be greater than the number of 
primaries and the current may flow from the reflector to the anode.

The disadvantage of this secondary-emission behavior is the possibility 
that the circuit may become unstable. If the reflector accidentally be­
comes more positive than the cathode, owing to some transient in the power 
supply, the secondary current may be large enough to maintain the reflector 
at a positive potential. The energy in the primary electrons which would 
then be collected by the reflector electrode may be sufficient to overheat 
the electrode and cause permanent damage to the tube. For this reason, 
it is important to avoid accidental open circuits in the reflector lead of a 
high-voltage reflex klystron, since the heat generated by the electron 
bombardment may be sufficient to melt the reflector electrode.

If it is necessary to introduce a high resistance in the reflector lead, in 
order to apply a modulation voltage, it is possible for the reflector electrode 
accidentally to become positive, and the voltage drop in the resistor due 
to the secondary electron current will not allow the reflector electrode to 
return to its normal potential. Protection for the klystron can be provided 
by adding a diode clipper tube from the cathode to the reflector electrode. 
The clipper tube will not only limit the voltage drop across the resistor
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by providing a source of electrons; it will also prevent damage to the kly­
stron if the reHector lead is accidentally opened. Of course, such a circuit 
cannot safeguard the tube if the circuit is opened beyond the point where 
the diode clipper is connected.

Another simple circuit for limiting the voltage that can appear across 
a high resistance in series with reflector lead uses a small neon tube shunted 
across the resistance. This device has the advantage of simplicity and 
does not require a source of heater power. However, it does not give pro­
tection against an open circuit and cannot be used when large modulation 
voltages appear across the resistance.

13.13. Voltage Compensating Circuit.—It is possible to maintain the 
proper voltages on a reflex klystron without regulating the beam voltage 
if a constant voltage is available for the reflector circuit. This constant 
voltage is not connected between the cathode and the reflector, however. 
The phase of the feedback in a reflex oscillator depends only upon the 
transit time of the electrons in the reflector field. Neglecting the field- 
free space in a klystron grid having an appreciable thickness, assuming a 
uniform electric field in the reflector space, and neglecting space-charge 
effects, the transit time of an electron will be independent of its velocity 
if the change of reflector voltage is half as great as the change of beam 
voltage. Reference to Fig. 6-3 shows that this relation is true if the re­
flector voltage is small. A circuit that utilizes this principle is given in 
Fig. 13-3.

Actual tubes will deviate from these simple assumptions. It is also 
obvious from inspection of Fig. 6-3 that the relation is incorrect when the 
reflector voltage becomes large. The correct adjustment of the circuit

p

Fig. 13-3.—Voltage compensating circuit for a reflex klystron.
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Fig. 13-4.—Type M2 power supply for reflex klystrons. (Courtesy of Browning Laboratories.)

constants can be determined experimentally or calculated from measure­
ments of the reflector voltage change necessary to maintain the output at 
a maximum as the beam voltage is varied.

Test of the circuit fri Fig. 13-3 has shown that the compensation is 
satisfactory for many purposes when the line voltage changes ±10 per 
cent. However, the circuit does not compensate for frequency changes 
caused by thermal expansion of the cavity due to the changed power in­
put to the tube when the beam voltage changes. Therefore the use of a 
regulated beam voltage is recommended for applications where the fre­

quency stability is a critical factor, but this circuit is satisfactory for 
applications that require constant output and are insensitive to frequency 
changes.

13.14. Typical Supplies for Reflex Tubes.—It should be realized that 
the design factors discussed in the previous sections may be varied in 
innumerable ways to fit particular power-supply requirements. Relatively 
simple power supplies may be used when the allowable ripple is large. 
More complicated circuits become necessary when the stability require­
ments are tightened and when higher powered tubes are used.

A simple power supply which can be used with low-voltage tubes is 
shown in Fig. 13-4, and the circuit diagram is given in Fig. 13-5. This 
unit is the Type M2 power supply manufactured by the Browning Labora­
tories. The source of the regulated reflector voltage is an interesting 
feature of this power supply. The beam current for the klystron is carried 
by the voltage regulator tube, and the cathode connection for the klystron 
is not the negative terminal of the power supply. The voltage across the 
regulator tube acts as both the comparison voltage for the feedback ampli­
fier and the source of reflector voltage.
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Fig. 13-6.—Sperry Microline Type SX121 power supply.

The gate tube V103 is a high-voltage beam power tube which allows the 
output voltage to be controlled from 750 to 1,250 volts without changing 
the input voltage to the regulator. The regulator amplifier V104 also 
has a high voltage rating. The voltage reference for the regulator is 
furnished by V105. Potentiometer Rll’O controls the output voltage of 
the unit and is located on the front panel. The other adjustments, R112 
and R114, are used to change the range of the panel adjustment R119 
and to balance the regulator for the best hum suppression. These controls 
are seldom changed and are located at the rear of the chassis. The screen 
grid of the amplifier pentode VI04 is connected to the input side of the 
gate tube in order to apply some of the voltage variations to the amplifier 
to improve the regulation.

A separate rectifier and VR tube regulator are used for the reflector 
supply and furnish the higher reflector voltages required by some medium­
power reflex klystrons. Bias voltage for the control grid or focusing 
electrode is obtained from potentiometers across VR tubes V105 and V106.

Another power supply, the Sperry Mk. SX121, has been designed for 
higher operating voltages and currents and the components are therefore 
much larger. A photograph of the SX121 power supply is shown in Fig. 
13-6. This power supply is designed for medium power reflex klystrons 
which are frequently used as bench oscillators. A modulator unit in­
cluding a klystron and tuner, a blower, and an impedance transformer 
can be added, and the combination is known as the Mk. SX12 klystron 
signal source.

The circuit diagram for the SX121 power supply is given in Fig. 13-7. 
A selector switch S101 permits the choice of three different line voltages.
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Positive bias voltage is obtained when the negative bias control is turned 
beyond the zero position, actuating a switch which shifts output terminal 
3 from potentiometer R122 to potentiometer R120.

The bridge rectifier SR101 furnishes a 28-volt d-c source which is used 
for pilot lights and to actuate a time-delay relay. The d-c power is also 
available at terminals 5 and 6 for connection to the d-c motor for the blower 
in the modulator unit of the Mk. SX12 klystron signal source.

13.16. Radio-frequency Power Supplies.—A number of the requirements 
of the reflector voltage supply suggest the possibility of rectifying the out­
put of a radio-frequency oscillator to obtain the reflector voltage. The 
design would not be identical to the supplies used for cathode-ray tubes, 
but there is enough similarity to make the idea practical. A low-voltage, 
high-current supply operated at ground potential would supply the d-c 
power to the oscillator, and a radio-frequency transformer would furnish 
the necessary insulation so that the low-current, high-voltage reflector 
supply could operate at cathode potential.

13.16. Power Supply for a Large Voltage Range. —If a power supply is 
required to cover a large range of voltage, for example, from 250 to 3,000 
volts, it is impractical to use an input of more than 3,000 volts and decrease 
the output voltage by increasing the drop across the gate tube. Very 
few applications will require such an extreme range of voltage variation, 
but power supplies of this type are quite useful in a laboratory where a 
single power supply may be used with numerous types of tubes, or when 
complete tests of a tube at all voltages are desired. In order to save power 
and use smaller tubes, the input voltage of such power supplies is con­
trolled manually with a Variac or similar adjustable transformer.

Figure 13-8 shows the circuit diagram for such a power supply. Two 
gate tubes are used in parallel in order to pass the required beam current. 
A voltmeter is shown across the gate tubes to indicate the voltage drop 
across them. This meter can be used to indicate whether the gate tubes 
are overloaded and also shows when the input voltage is too low for proper 
regulation. Automatic protection against accidental overload is provided 
by an overvoltage relay which opens the primary circuit.

A two-stage d-c amplifier is used in this regulator. Two VR105 tubes 
are used as the voltage reference, and one of these tubes stabilizes the volt­
age across the second stage of the d-c amplifier. Since the gain of the two 
stages is high and most of the voltage deviation of the output appears on 
the grid of the amplifier tube when the voltage control is set for minimum 
output, the percentage regulation will be quite good. When the voltage 
control resistance has a high value, giving maximum output voltage, only 
a small part of the deviation of the output voltage is applied to the amplifier. 
The regulation is less complete, but the output voltage Is also greater and 
the percentage regulation Is the same. All of the ripple voltage appears
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at the input of the amplifier because the control resistance is by-passed 
by a condenser; therefore, the ripple component will be very small.

It is possible to use the main power source as the supply for the amplifier 
and its VR tubes, but such a circuit would be wasteful of power when 
operating at high voltages because considerable power would be dissipated 
in a dropping resistor or additional VR tubes. Therefore a separate 
rectifier has been provided for the amplifier circuit. This supply also 
furnishes the voltage reference. The simple VR tube and series-resistor 
type of regulator may not be satisfactory if large variations of line voltage 
occur, but may be replaced by an electronic regulator if better control of 
the output voltage is required.

13.17. Heater Power.—A unipotential cathode is required for velocity­
modulation tubes because the beam velocity would be modulated if dif­
ferent parts of the cathode were at different potentials. Indirectly heated 
cathodes are always used for this reason. Alternating current is quite 
satisfactory for the heater in most applications. Since the cathode is 
usually operated below the ground potential, the heater transformer must 
be insulated to withstand the maximum beam voltage of the tube.

In most klystron applications, the heater and the cathode terminals 
are connected together at the tube socket. When a direct connection 
cannot be made, the voltage between the heater and the cathode should 
be limited to a small value. The connection between the heater and the 
cathode should preferably be made directly at the socket of the klystron, 
although it is satisfactory to make it at the power supply, provided separate 
leads are used for the heater and the cathode so that the a-c voltage drop 
in the heater lead does not appear as a ripple voltage in the cathode lead.

Since it is difficult to make a heater coil completely noninductive, there 
may be some variation of the beam current produced by the residual 
magnetic field. The amount of ripple from this source is small, but for 
applications that require an extremely low noise level it may be necessary 
to provide a rectifier and filter for the heater supply, or use batteries.

13.18. Bombarded Cathodes.—Indirectly heated cathodes are usually 
oxide-coated surfaces because the temperature required for space-charge 
limited emission from such surfaces is low. However, the oxide-coated 
surface has serious limitations in high-power, high-voltage tubes. The 
surface may be easily “poisoned” by impurities that reduce the emission, 
and bombardment by positive ions may destroy the coating in high- 
voltage tubes.

A unipotential cathode which is not subject to these difficulties may be 
obtained by heating a pure metallic surface by electron bombardment. A 
typical bombarded cathode structure is illustrated in Fig. 13-9. It con­
sists of two separate cathodes and accelerating systems. A directly 
heated tungsten filament is the cathode for the bombarder system. The
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GLASS TUBING

Fig. 13-9.—Construction of a bombarded cathode for a high-voltage klystron.

Lc_

electrons emitted from the tungsten filament are accelerated by a bom- 
barder voltage supply. The anode of the bombarder system is a metallic 
button which is heated by the electron bombardment and serves as the 
cathode or electron source for the main electron beam of the klystron. 
The electrons that are emitted from this bombarded cathode button are 
accelerated along the axis of the tube by the beam voltage supply. The 
cathode button is made of a metal that is a satisfactory thermionic emitter
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at a temperature safely below its melting point. Since there is no oxide 
surface to become contaminated or destroyed, the life of a bombarded 
cathode can be quite satisfactory.

13.19. Circuits for Bombarded Cathodes.—There arc two acceptable 
ways to operate the bombarder portion of this electron-gun structure. 
In one case the tungsten filament is operated at a temperature low enough 
so that the electron current available is limited by the operating tem­
perature of the filament. This type of operation is called “temperature 
limited.” The other method is to operate the tungsten filament at a 
temperature high enough so that the electron current to the cathode button 
is determined by the bombarder voltage and is limited by the electron 
space charge that surrounds the tungsten filament. This type of operation 
is called “space-charge limited.” In both cases the operating temperature
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of the cathode button is made high enough so that the electron emission 
from it is space-charge limited.

It is sometimes desirable to operate the tungsten filament at as low a 
temperature as possible in order to reduce the rate of evaporation of the 
tungsten and increase the life of the filament. Operation in the region of 
temperature-limited emission will increase the life of the filament, but it 
may introduce instability which can cause failure of the tube unless the 
heater supply is very carefully regulated. Consider a case when the 
bombarded cathode is at some particular temperature and the tungsten
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Fio. 13-10.—Protective circuit for temperature-limited emission from the filament of a 

bombarded cathode.

filament is temperature-limited. A small increase in the line voltage will 
increase the temperature of the filament and increase the emission. At 
the same time the bombarder voltage will increase. The increased voltage 
and current will raise the temperature of the bombarded cathode. The 
increased cathode temperature will not affect the emission from the cathode 
button if it is limited by space charge, but some heat will be radiated and 
cause an additional heating of the tungsten filament. The increased 
filament emission will cause the cathode to become hotter, and the process 
can continue until the filament burns out or a portion of the cathode button 
is melted.

Protection against the thermal instability of a temperature-limited 
tungsten filament in a bombarded cathode structure may be provided 
by a simple negative feedback circuit as shown in Fig. 13-10. An in­
candescent tungsten lamp is inserted in series with the primary of the 
transformer for the bombarder supply. Any increase in the filament cur­
rent or the bombarder current will increase the drop in the lamp and re­
duce the voltage on the filament. The feedback is quite effective because 
a small change in filament voltage produces a large change in the bombarder 
current when the filament is temperature-limited. The nonlinear re-

110 V. TUNGSTEN LAMP

Eiv
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sistance characteristic of the tungsten lamp increases this effect and the 
circuit becomes quite stable.

The positive terminal of the bom harder supply is also the cathode con­
nection for the klystron; therefore, the insulation for the filament trans­
former must be equal to the sum of the beam voltage on the klystron and 
the bombarder voltage. The insulation requirement for the transformer 
for the bombarder supply is somewhat greater because the center tap of 
the bombarder transformer is connected to the filament; therefore, it must 
withstand the beam voltage plus twice the bombarder voltage.



CHAPTER 14

MICROWAVE MEASUREMENT TECHNIQUES

14.1. Introduction.—The problems of making measurements at micro­
wave frequencies are often intimately associated with the problems of 
design and operation of klystrons. For this reason, it was thought advis­
able to include in this book a chapter dealing with some of the problems 
encountered in measurement work and the techniques that have been 
developed. It is quite beyond the scope of this chapter to give a full and 
comprehensive treatment of the subject. Some of the salient considera­
tions will be pointed out, however, and comparisons will be made between 
the techniques of microwaves and the corresponding techniques that are 
used at lower frequencies.

14.2. The Problems of Microwaves.—One of the most important things 
to keep in mind about microwave equipment is that nearly all components 
are electrically “long,” and that a piece of equipment that is physically 
small may nevertheless have dimensions that are an appreciable fraction 
of a wavelength. It is uncommon to have microwave components that 
may be regarded as lumped-constant circuit elements over any but a very 
narrow band of frequencies, although it is often customary and very con­
venient to explain the behavior of a structure in terms of an equivalent 
lumped-constant network. But lumped-constant circuit theory has lost 
much of its usefulness at these short wavelengths.

14.3. Transmission Lines and Microwaves.—The components of a 
microwave system are generally connected together by electrically long 
transmission lines, which "are in most cases integral parts of the components 
themselves. For these reasons, transmission-line theory is often very 
useful in describing the behavior of micro wave components, and the 
characteristics of various components are frequently expressed relative 
to the characteristics of the interconnecting lines.

The limitations of microwave instruments and components are in many 
instances the limitations of the transmission lines that are of necessity an 
integral part of their construction. A micro wave transmission line must 
be shielded to avoid loss of energy by radiation. The three types of line 
that are most commonly used are flexible coaxial cable, air-dielectric 
coaxial line, and hollow-pipe wave guides. Flexible cables may be used 
over a wide band of frequencies but are limited in their application be­
cause of the higher attenuation that results from the addition of dielectric

214
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losses to conductor losses. Air-dielectric coaxial lines have lower attenu­
ation, but the band width is usually restricted because of the necessity of 
supporting the center conductor at intervals. Each of these supports, 
whether it is a dielectric bead or a quarter-wave stub line, is a possible 
discontinuity in the transmission system which may interfere with the 
flow of energy along the line. By careful design the effect of the support 
may be minimized over a band of frequencies, but this band may not be 
large.

The size of a coaxial line must also be restricted so that only the principal 
or dominant mode may carry energy down the line. If the arithmetic 
mean circumference of inner and outer conductors exceeds a wavelength, 
it is possible for so-called “higher order” or “wave-guide” modes to carry 
energy down the line, and these may seriously affect the line’s charac­
teristics. For frequencies higher than 10,000 megacycles, coaxial lines 
are excessively small.

14.4. Wave Guides.—Hollow wave guides, which are metallic tubular 
sections, are widely used for the transmission of radio-frequency power at 
frequencies above 2,500 megacycles. Their attenuation is low and the 
absence of a center conductor greatly simplifies the problems of construc­
tion. Wave guides are not generally used for frequencies below 2,500 
megacycles, as their size becomes excessive. A wave guide of given dimen­
sions has a cutoff frequency, below which energy will not propagate through 
the guide. If the cross section of the guide is rectangular, the cutoff fre­
quency corresponds to a wavelength that is twice the larger, interior 
dimension of the guide. The dimensions of wave guides arc therefore 
quite large for frequencies below 2,500 megacycles, and coaxial lines arc 
a more practical form of transmission line for most applications below 
this frequency.

If the larger dimension of the rectangular wave guide exceeds one wave­
length, an additional mode of propagation is above cutoff, and inter­
ference between the modes can occur. As a result, a wave guide is a 
transmission line which may only be used over a rather narrow band of 
frequencies. The lowest frequency that can be propagated is determined 
by the cutoff wavelength of the guide. It is undesirable to operate too 
close to the cutoff frequency, as the attenuation becomes large. Fre­
quencies greater than twice the cutoff frequency should not be used, be­
cause of the possibility of multiple modes of transmission.

Other forms of wave guide may be used, but they have similar limitations 
regarding cutoff frequencies and multiple-mode propagation. Guides of 
circular cross section have even less band width than do rectangular guides. 
In addition, it is difficult to maintain the plane of polarization in a guide 
of circular cross section. Guides of rectangular cross section are therefore 
almost universally used.
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— I El | + I -#2 I (14-1)

1 J. C. Slater, Microwave Transmission, McGraw-Hill Book Company, Inc., New 
York, 1942.

2F. E. Terman, Radio Engineers9 Handhook, McGraw-Hill Book Company, Inc., 
New York, 1943.

8S. Ramo and J. R. Whinnery, Fields and Waves in Modern Radio, John Wiley & 
Sons, Inc., New York, 1944.

The points of maximum electric field strength will be spaced along the 
transmission line at intervals of a half wavelength as measured on the line. 
For a uniform, low-loss, air-dielectric coaxial line, a half wavelength on the 
line will be very nearly equal to a half wavelength in free space. It the 
conductors of the coaxial line are separated with a solid dielectric, the 
wavelength on the line will be reduced by the square root of the dielectric 
constant, and the voltage maxima will be spaced correspondingly closer 
together. The wavelength as measured in a uniform, air-dielectric wave

E -‘-'max

IMPEDANCE MEASUREMENT
14.5. Standing Waves on Transmission Lines.—The impedance of a 

microwave component or structure is nearly always referred to the trans­
mission line that is connected to, or forms an integral part of, the com­
ponent. Impedance relationships on transmission lines have been dis­
cussed in a number of publications,1-3 and wc shall review here only the 
fundamental principles which are involved in the measurement techniques. 
These apply rigorously only to lines whose attenuation is zero, but the 
attenuation per wavelength of most microwave transmission lines is low 
enough for this approximation to be satisfactory.

Any transmission line has associated with it a quantity known as its 
“characteristic impedance,” indicated by the symbol Zo. This is the 
impedance which will be measured at the input terminals of an infinitely 
long transmission line and which will be encountered by an electromag­
netic wave that is traveling along the line. If at the end of a transmission 
line the traveling wave encounters a load impedance Zj. that is different 
from Zo, part of the traveling wave will in general be absorbed in this 
load impedance, but part of it will be reflected back down the transmission 
line toward the source of energy. The electric field associated with the 
incident wave will be represented by the symbol E\ and the field associated 
with the reflected wave will be designated E2.

The strength of the electric field as measured at any point along the 
transmission line that is carrying energy to the load impedance will be 
the vector sum of the contributions from each of the traveling waves. 
The maximum field will be measured at the points where the two con­
tributions add in phase, and is given by the sum of the magnitudes of 
the two fields.
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(14-3)VSWR =

(14-4)VSWR =
1 + | P | 

p I
an infinite standing wave ratio but is 

represented by a unit value of the reflection coefficient. It is often more

guide is greater than the wavelength in free space, and the spacing be­
tween voltage maxima Is correspondingly greater.

Midway between the maxima, the electric field components of the travel­
ing waves will be of such phase as to tend to cancel each other, and a mini­
mum value of field strength will be measured whose magnitude is given 
by the difference between the magnitudes of the two fields.

•^mln = | Ev | - | E2 | (14-2)

14.6. Standing Wave Ratio.—It will be seen that when the electric field 
strength is measured as a function of distance along the line, a standing 
wave pattern will be observed. The ratio of the peak or maximum field 
strength Emax to the minimum field strength 7£IIltn is known as the “standing 
wave ratio,” frequently abbreviated SWR. In some cases this ratio may 
be designated VSWR. The latter term denotes “voltage standing wave 
ratio,” and is used to differentiate between the voltage standing wave 
ratio and the ratio of the readings from a square-law detector, which if 
used directly gives the standing wave ratio in terms of a power ratio. The 
definition of the voltage standing wave ratio may be written

#max  | | + | #2 |
E, '

1 4~ | Ez/E\ |______
1 - | E2/Ex I " 1 - |

Complete reflection corresponds to

max . .

" j Ex I - | £2 |
If the load impedance at the end of the transmission line is a short 

circuit, an open circuit, or a pure reactance, and is unable to absorb any 
power from the incident wave of electromagnetic ehergy, there will be 
complete reflection of this incident wave at the load, and | E\ | will be 
equal to | E2 |. When the two traveling waves are in opposing phase on 
the input transmission line, there will be complete cancellation because 
the two waves are equal in amplitude, and -Z?min will equal zero. The 
standing wave ratio on the input line will therefore be infinite. If the load 
impedance is equal to the characteristic impedance of the transmission 
line, the incident wave will be completely absorbed by the load impedance 
and there will be no reflected wave. Therefore A’max = Em{n = | E^ |, and 
the standing wave ratio will be unity.

14.7. Reflection Coefficient.—It will be convenient to express the stand­
ing wave ratio in terms of the ratio of the field strength of the reflected 
wave to that of the incident wave. This ratio E2/E\ is known as the 
“reflection coefficient” and is designated by the symbol p. Equation 
(14-3) may be rewritten
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|p| (14-5)

ZL=oo

ZL=O

Zl=Z0

<7Zl=2Z0

(14-6)

convenient to plot the magnitude of the reflection coefficient, which does 
not become infinite. Since the VSWR is the quantity that is convenient 
to measure, a relation giving the magnitude of the reflection coefficient 
in terms of the standing wave ratio is quite useful. This relation may be 
obtained by rearranging Eq. (14-4).

VSWR - 1
VSWR + 1

Fxg. 14—1.—Standing wave patterns on transmission lines terminated with various imped­
ances. Solid curves represent voltage and dotted curves represent current.

= Zz,/Z0 - 1 
P ZL/Z0 + 1

Equation (14-6) involves complex quantities, since the load impedance may 
have a reactive as well as a resistive component. The reflection coefficient 
will have a phase angle as well as a magnitude. The phase angle is de­
termined by the complex ratio ZiJZ^ but it is usually measured in terms 
of the position of the standing waves along the transmission line.

Typical standing wave patterns are shown in Fig. 14-1 for an open- 
circuited line {ZL = oo), for a shorted line (ZL = 0), for a matched 
termination {Zl = Zo), and for a load impedance that is twice Zo.

of how nearly the load impedance is equal to or “matches” the charac­
teristic impedance of the line. The value of the reflection coefficient is 
determined by the relation

The value of the reflection coefficient and therefore the value of the 
standing wave ratio are determined by the ratio of the load impedance ZL 
to the characteristic impedance Zo of the transmission line. It is a measure
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(14-7)

where routcr is the inside is the

Fig. 14-2.—Standing wave detector using a slotted wave guide.

Zo= 138 log10 —
? Inner

14.8. Use of Standing Waves to Measure Impedance.—The standing 
wave ratio and position of the standing waves on a lossless transmission 
line are established by the ratio Z^/Z^ and the standing wave pattern 
may therefore be used to determine this ratio. If the absolute magnitude 
of the quantity Zo is known, the absolute magnitude of Z^ may be estab­
lished. The characteristic impedance of coaxial lines may be calculated 
from the radii of the conducting surfaces of the line.

radius of the inner conductor. There is no similar unambiguous definition 
for wave guides. Nevertheless, in the great majority of instances one is 
interested in the ratio Z^/Z^ rather than in the absolute magnitude of Z^ 
and any ambiguity in the definition of characteristic impedance is seldom 
troublesome.

The microwave impedance meter Is a device to measure the standing 
waves along a transmission line that is carrying energy to the unknown 
impedance and is known as a “standing wave detector.” The most com­
mon form uses a pickup device which is capable of indicating the relative 
field strength at any one point on the line and which may be moved along 
the line to measure the variation of field strength at different positions 
along the line. A photograph of a typical standing wave detector is 
shown in Fig. 14-2.

radius of the outer conductor and rlnncr
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In a coaxial line or wave guide, the electromagnetic fields are completely 
enclosed within a tubular outer conductor. This outer conductor is 
slotted so that measurements can be made of the fields inside. A pickup 
probe is inserted through the slot parallel to the electric lines of force, and 
projects a short distance inside the outer conductor.1 This probe extracts 
from the line an amount of energy proportional to the square of the electric 
field strength at the point of insertion, but the amount of energy extracted 
is in general small enough not to disturb appreciably the fields within the 
line. The energy picked up by the probe is fed to some sort of detector, 
such as a crystal rectifier or hot-wire detector. As the probe is moved 
along the slot, the detector indication will provide a measure of the varia­
tion of field strength as a function of position along the line.

The standing waves that are measured in this manner may be used to 
calculate the load impedance at the end of the transmission line. Fre­
quently there is no need for this calculation, as a knowledge of the standing 
wave pattern is in itself sufficient information for many purposes. For this 
reason the slotted line and traveling probe are known as a “standing wave 
detector,” since it is information about standing waves rather than im­
pedances that is directly obtained by the instrument.

Many advantages are gained by using a standing wave detector con­
structed on the same type of transmission line that leads to the unknown 
impedance. If an adaptor is used to connect the unknown impedance to 
the standing wave detector, the adaptor must act as a matching device 
between the two types of transmission line. Changes in the shape of the 
conductors or the dielectric between them must be properly designed; other­
wise an> adaptor will affect the standing wave pattern in the input line and 
cause a resulting error in the measurement. If the discontinuity of the 
adaptor is known, the measured results may be corrected to account for 
it, but the measurement procedure will be greatly complicated thereby.

14.9. Graphical Aids to Impedance Calculations.—Analytical methods 
by which impedance relationships on transmission lines may be determined 
from standing wave patterns have been outlined in various publications.2,3 
These calculations are frequently tedious and time-consuming. A great 
deal of time and effort may be saved by the application of graphical 
methods of calculations; at the same time it is often possible to obtain a 
clearer picture of the variation of impedance with some parameter such as

1 A coupling loop which links magnetic lines of force within the line may also be 
used as a pickup device, and the energy extracted will be proportional to the square of 
the magnetic field strength. The probe is more satisfactory for most uses because of its 
greater simplicity and smaller dimensions.

2 J. C. Slater, Microwave Transmission, McGraw-Hill Book Company, Inc., New- 
York, 1942.

3 S. A. Schelkunoff, Electromagnetic Waves, D. Van Nostrand Company, Inc., New- 
York, 1943-
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of any given impedance is measured along the horizontal axis of this 
coordinate system, and the reactive component is measured along the 
vertical axis. All values of impedance are normalized with respect to 
Zo, the characteristic impedance of the input transmission line along which 
the standing waves are measured.

An impedance equal to the characteristic impedance of the transmission 
line is represented on this plane by the point 1,0. Each of the family of 
eccentric circles that enclose this point is a locus of impedances which, 
when used to terminate the transmission line, will produce equal standing 
wave ratios. The standing wave ratio that will be produced by these 
impedances is indicated by the number with which each circle is labeled.

The second family of circles, orthogonal to the first and passing through 
the point 1,0, provides a measure of distance along the transmission line. 
Each of these circles is labeled with a value in degrees, which indicates 
the electrical length of the transmission line between the impedances

changing frequency. The graphical calculations arc greatly aided by the 
use of various forms of transmission-line charts, also known as “circle 
diagrams” and “impedance diagrams.” These charts are directly appli­
cable only to lines with no attenuation, although losses may in some cases 
be taken into account by additional manipulations.

One form of transmission-line chart, often known as a “rectangular 
impedance chart,” is shown in Fig. 14-3. The rectangular coordinate 
background of this chart is an impedance plane, and any point on this 
plane represents a particular value of impedance. The real component
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through which the circle passes and the nearest point of maximum electrical 
field strength on the input transmission line.

As an example, the normalized impedance ZL/Z^ = 1.45 — j0.2 is plotted 
on Fig. 14-3. This impedance is seen to set up a standing wave ratio of 
1.5 on the input transmission line, and the nearest electric field maximum 
on the line will be located at a distance corresponding to 170 electrical 
degrees from the load impedance.

If the equations that express the impedance relationships on a trans­
mission line are rewritten in terms of admittances, they will have identical 
forms. It is therefore possible to use a chart such as Fig. 14-3 to represent 
either impedance or admittance relationships on a transmission line. It 
must be kept in mind, however, that an impedance maximum corresponds 
to an admittance minimum. The second family of circles therefore in­
dicates the electrical length of transmission line between the load admit­
tance and the nearest minimum in the electrical field rather than the nearest 
maximum, on the input line. Otherwise problems may be dealt with in 
an identical manner.

The rectangular impedance coordinates used in Fig. 14-3 are not always 
convenient because the plane is semiinfinite in extent and points are some­
what crowded in a small region near the origin. These disadvantages are 
overcome by a different form of impedance chart proposed by P. H. Smith 1 
and illustrated in Fig. 14-4. The entire complex plane is transformed into 
a circle of unit radius. The lines of constant resistance become a family 
of circles tangent to the unit circle at the right side of the diagram. The 
reactance lines become an orthogonal family of circles tangent to the 
horizontal axis. The phase-angle lines are now equally spaced lines 
radiating from the center of the unit circle and the curves of constant 
standing wave ratio are concentric circles.

Large values of standing wave ratio are closely spaced near the outer 
circle. This crowding may be avoided by plotting the reflection coefficient 
instead of the standing wave ratio. Curves corresponding to a constant 
magnitude of the reflection coefficient are concentric circles with radii 
equal to the magnitude of the reflection coefficient. The phase angle of 
the reflection coefficient is given by the radial lines. This simplification 
allows plotting the position of the standing wave or phase angle and the 
reflection coefficient on ordinary polar coordinate paper. Then the point 
may be transferred to an impedance circle diagram with the same unit 
radius.

14.10. Rieke Diagrams.—These transmission-line charts or impedance 
charts are frequently used to help analyze the behavior and characteristics 
of microwave oscillators. The power output and frequency of the oscil-

1 P. H. Smith, Transmission Line Calculator, Electronics, January, 1939; January, 
1944; and March, 1945.
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Fig. 14-4.—Circular impedance chart.

14.11. Impedance Transformers.—The variation of impedance along a 
transmission line when standing waves are present can be used as a means 
of matching impedances. Microwave impedance transformers are based 
on this principle.

One of the simplest impedance transformers is a variable length line, 
or trombone. Changing the length of the line is equivalent to traveling 
around a circle of constant standing wave ratio. As an example, if the 
standing wave ratio is 1.5, changing the length of the line by a quarter 
wavelength varies the impedance between 0.67 and 1.5. It should be noted 
that such a transformer also changes the reactive component of the im­
pedance; in many cases this changing reactive component causes no trouble, 
although it will affect the frequency of an oscillator. The principal 
advantages of a trombone as an impedance transformer are its simplicity

lator are measured as functions of changing load impedance, and contours 
of constant power and constant frequency that are characteristic of the 
oscillator may be plotted on the impedance charts. Charts of this kind 
are generally known as “Rieke diagrams” (see Sec. 4.15). Although the 
name was originally applied to polar diagrams for magnetron oscillators, 
the term has been adopted for similar diagrams for other microwave 
oscillators. Examples of Rieke diagrams plotted on rectangular impedance 
paper are shown in Figs. 4-12, 7-11, 7-12, and 8-14.

7Rt2f°

o RESISTANCE
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Fio. 14-5.—Impedance transformer using three variable stub lines with the two outside 
stubs varied simultaneously by the same control.

in shunt with the main transmission line makes a satisfactory impedance 
transformer if its position along the main line can be varied. One method 
of effectively varying the position of the stub line is to use a trombone in 
the main transmission line. In most cases the use of a trombone to vary 
the position of the stub line is not advisable because both the input and 
output of the impedance transformer must be rigid. Two or more variable 
length stubs may be placed at fixed positions along the line to overcome 
this difficulty. One rather satisfactory design shown in Fig. 14-5 uses 
three adjustable stubs, spaced apart a quarter wavelength, with the first 
and third stubs ganged together. If the losses in the stubs are negligible, 
this device will match any two impedances provided that one is not a pure 
reactance.

Variable impedance transformers in wave guide may be built using stub 
lengths of guide connected to the main guide, but it is often simpler

and the fact that it requires only a single adjustment. Its disadvantages 
are the possibility of introducing serious losses from poor sliding contacts 
and the fact that a flexible line is usually required. Trombones are often 
convenient in experimental setups but are seldom recommended for per­
manent installations.

Shorted sections of transmission line whose lengths are adjustable may 
be used to provide a variable reactance. A single, adjustable stub line
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mechanically to use a metal probe or rod that extends into the wave guide 
parallel to the electric lines of force. This probe is equivalent to a shunting 
reactance, whose magnitude may be varied by changing the probe penetra­
tion. A single probe may be used whose position is variable, or multiple 
probes may be installed that are fixed in position, but of adjustable pene­
tration.

To provide a fixed impedance transformation in coaxial lines, it is 
customary to use a shorted stub line in shunt with the main line as shown

LOAD 
IMPEDANCE

LOAD 
IMPEDANCE

i
(B) SERIES MATCHING SECTION

Fig. 14-6.—Matching sections in coaxial lines.

in Fig. 14-6A, whose length and location are chosen to accomplish the 
desired transformation. It is also common practice to put a short section 
of line of a different impedance in series with the main line. This type of 
matching section is illustrated in Fig. 14-6B. The length, position, and 
impedance of this matching section may be chosen to accomplish the desired 
results. Quarter-wave transformer sections are most widely used and are 
constructed by placing a metal sleeve over the center conductor or inside 
the outer conductor to change the line impedance.

Fixed impedance transformations in wave-guide transmission systems 
are accomplished with the use of thin metal diaphragms that partly block 
the guide, or with tuning screws or probes that extend part way across the 
guide. Both structures are equivalent to reactances that shunt the trans­
mission line. A diaphragm inserted in the side of a wave guide as shown 
in Fig. 14-7A introduces an inductive shunt reactance, and a similar 
structure at the top or bottom of the wave guide introduces a capacitive 
shunt reactance.

(A) SHUNT MATCHING SECTION
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§sS
Fig. 14-8.—Double-slug impedance transformer.

without appreciably varying its phase. It is therefore possible to control 
independently the magnitude and phase of the standing wave ratio intro-

(B) CAPACITIVE DIAPHRAGM

Fig. 14-7.—Wave-guide diaphragms.

14.12. Double-slug Transformer.—Sliding contacts between conductors 
are frequently unsatisfactory at microwave frequencies because they may 
introduce losses that are appreciable and erratic. It is therefore often 

difficult to determine whether trom­
bones or stub transformers that em­
ploy sliding contacts are operating 
satisfactorily. Designs that avoid 
sliding contacts are preferred for 
this reason.

One type of transformer that 
avoids the difficulties of sliding con­
tacts is the “double-slug” trans­
former. A schematic diagram of a 
coaxial double-slug transformer is 
shown in Fig. 14-8. Two dielectric 
beads or metal slugs, preferably a 
quarter wavelength long, are 
mounted with the transmission line 
and change the impedance of the 
line. If the two quarter-wave slugs 
are together, they represent a half­
wave section of transmission line of 
different characteristic impedance, 
which does not affect the standing 
waves on the input line. But if the 
slugs are separated, they will intro­
duce a reflection whose magnitude de­
pends upon the spacing between the 
slugs and which is a maximum when 
this spacing is a quarter wavelength.

Two controls are provided for the movable slugs. The first changes 
their position on the line, while holding constant the spacing between them. 
This changes the phase of their 
over-all reflection without alter­
ing its magnitude. The second 
control changes the spacing be­
tween the slugs by moving each 
an equal amount in opposite direc­
tions. This changes the magni­
tude of the over-all reflection

(A) INDUCTIVE DIAPHRAGM



227MICROWAVE MEASUREMENT TECHNIQUESSec. 14.13]

duced by the transformer, which may be used to cancel any standing wave 
already present on the line. Tuning adjustments are rapidly convergent, 
and much experimental work is simplified, such as measuring Rieke dia­
grams of oscillators (see Secs. 14.10 and 14.34).

14.13. Band-width Considerations.—A practical consideration that fre­
quently arises in connection with the use of variable or fixed impedance 
transformers is the “long line effect.” This effect results from the use of 
electrically long transmission lines to supply energy to mismatched load 
impedances. Even though the load impedance at the far end of the line 
may not vary with changing frequency, the electrical length of the trans­
mission line does change. Correspondingly, the input impedance of the 
mismatched line may be a rapidly changing function of frequency. The 
frequency sensitivity of the input impedance becomes greater as the 
electrical length of the transmission line is increased.

An oscillator such as a klystron that is required to deliver power into 
a transmission line under these conditions may be unstable because the 
load presented to the klystron can change considerably with small changes 
in frequency. The frequency of oscillation may jump between two different 
frequencies, and there may be “forbidden” frequencies to which the oscil­
lator cannot be tuned. An amplifier will not become unstable when long 
line effects are present because its frequency is determined by an inde­
pendent source, but the frequency-modulation characteristic of an ampli­
fier will have considerable amplitude distortion. The frequency-modula­
tion characteristic of an oscillator may be even more seriously distorted 
and have discontinuities in the frequency characteristic.

For these reasons, it is desirable to have a transmission-line system of 
minimum length. If a long transmission system is unavoidable, it is of 
primary importance that the sections of the system that are resonant, 
i.e., on which standing waves exist, are held to a minimum length. If some 
discontinuity or source of reflections in the system is unavoidable, the 
impedance transformer that is required to cancel the undesired reflection 
should be inserted as near as possible to the source of the reflection. If 
the klystron requires a large standing wave ratio to obtain maximum 
output, the impedance transformer introducing the standing wave should 
be located as close as possible to the klystron.

Even if care is taken to minimize resonant lengths of line in this manner, 
the results may still be unsatisfactory. Appreciable lengths of trans­
mission line may be an integral part of the impedance transformer that is 
inserted, or of the component that is producing the undesired reflection. 
For this reason, it is usually considered good practice to minimize reflections 
by constructing a fixed matching device as an integral part of each micro­
wave component. In this manner, the length of line between the source
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Fig. 14-9.—Resonant window in a wave 
guide.

POWER MEASUREMENT

14.16. The Need for Microwave Power Measurements.—At low fre­
quencies, the power level in a circuit may be measured by finding the 
voltage across, or the current through, a known impedance. But at 
higher frequencies it is increasingly difficult to construct accurate voltage

of the reflection and the associated matching transformer may be held to 
a minimum, and the frequency sensitivity of the impedance of the com­
ponent will be minimized.

A variable impedance transformer, designed as a separate component 
to be inserted in a transmission line, will usually be more sensitive to fre­
quency changes than a fixed transformer. There may be an appreciable 
length of line in the transformer itself, and the connecting lines that are 
required will add to the difficulty of obtaining a good design. As a result, 
the band width over which a variable transformer presents a well-matched 
impedance is usually smaller than the band width obtainable with a fixed 
transformer.

14.14. Improving the Band Width of a Component.—Although proper 
care is taken in the design of a micro wave component and it is matched 

at a single frequency, the frequency 
sensitivity of its impedance may be 
greater than desired. The band 
width over which the component pre­
sents a well-matched impedance may 
usually be improved by the addition 
of some sort of microwave equalizer 
which is made an integral part of the 
component. One of the simplest 
forms of such a network is a parallel 
resonant circuit shunting the trans­
mission line. If the constants of the 
resonant circuit are properly chosen 
and the circuit is correctly located 

along the line, the susceptance-frequency characteristic of the resonant 
circuit may be used to cancel the susceptance-frequency characteristic of 
the component. With coaxial transmission lines, the parallel resonant 
circuit usually takes the form of a shorted stub coaxial line, whose length, 
position, and characteristic impedance are chosen to give the desired 
compensating action. With rectangular wave guides, a resonant window 
of the type shown in Fig. 14-9 may be used. This window is a combination 
of the inductive and capacitive windows shown in Fig. 14-7. The height 
and width of the opening and the position of the window are the design 
factors that must be properly chosen in this case.
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Power is therefore a quantity with 
voltage or current, and power is

That May Be Used with Micro- 
are

or current meters that do not disturb the circuits being tested. Further­
more, at micro wave frequencies where components are connected by trans­
mission lines of appreciable electrical length, voltage and current as well 
as impedance are rapidly varying functions of position unless the trans­
mission line is matched. The power level in a line does not vary along the 
length of the line if losses in the line may be neglected, and is not changed 
if the impedance of the line varies.
more meaning at microwaves than 
measured instead of these quantities.

14.16. Low-frequency Techniques 
waves.—Certain techniques of voltage and current measurement that 
used at lower frequencies are still of value when applied to microwaves. 
Crystal rectifiers may be used to give an indication of power level but must 
be calibrated against some standard of measurement. Crystals also suffer 
from instability and temperature sensitivity and, unless carefully used, 
they have little value except to give qualitative indications. Thermo­
couples are also used with microwaves, but suffer from a necessity for 
calibration, and have not found wide application.

14.17. Calorimeters for Microwave Power Measurement.—Calorim­
eters may be used as a standard of power measurement at microwave 
frequencies. The power to be measured is converted into heat energy that 
is used to heat a liquid. The amount of power may then be measured by 
determining the flow rate and temperature rise of the liquid—usually 
water. This technique of measurement, although useful for high powers, 
suffers from a number of limitations. The minimum power that can be 
accurately measured is a few watts. Furthermore, the required equipment 
is bulky, and a considerable time is required to perform a measurement. 
In addition, all of the power being measured is dissipated in the liquid; 
it is not practical to monitor the power flow into a more useful load.

14.18. Bolometric Methods of Measurement.—Many of the handicaps 
associated with calorimeter measurements are overcome with bolometric 
methods of measurement. A simplified circuit diagram of a bolometric 
wattmeter is shown in Fig. 14-10. The heart of the instrument is a power­
sensitive resistance element, or bolometer. The resistance of this element 
varies with its temperature, which in turn is a function of the power being 
absorbed in the element. Used as a power-measuring instrument, the 
bolometer is first heated by the direct current in the bridge circuit until 
its resistance reaches a value that brings the bridge to balance. It is then 
heated further by microwave energy, and the resulting change in resistance 
is used to measure the microwave power.

Bolometers may be used as absolute standards for power measurement 
if direct current and microwave current cause equivalent changes in re­
sistance. In well-designed units, this assumption is justified. Several
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Fig. 14-10.—Bridge circuit for a bolometer-type wattmeter.

Fig. 14-11.—Cutaway view of a barretter type of bolometer element.

T
X

types of bolometer are used at microwave frequencies. Short lengths of 
fine wire are frequently used. Some early instruments employed 5- or 
10-ma Littelfuses as bolometer elements. The sensitive resistance element 
is the fuse wire, which is a short length of Wollaston wire (0.0000G in. 
diameter platinum). More recently, these wires have been incorporated 
in a cartridge that has been designed specifically for microwave power

BOLOMETER

Thermistors have been very widely used as bolometer elements. These 
are fine beads of temperature-sensitive oxides suspended between two 
fine lead-in wires. The most sensitive thermistors are several times more 
sensitive than the Wollaston wire units. They can withstand much greater 

. overloads but are more sensitive to changes of ambient temperature than 
the Wollaston wire elements. A thermistor has a greater heat capacity 
than a wire element; therefore, its thermal lag is greater. As a result, 
thermistors are particularly adaptable to the measurement of pulse power.

14.19. Wattmeter Bridge Circuits.—Two different methods are used to 
measure power with bolometers. In one method, the galvanometer

measurements. An illustration showing the construction of a hot-wire 
unit is shown in Fig. 14-11. These elements are known as “barretters” 
and are capable of measuring power in the range from 10“s to 10“2 
watt. Elements for measuring higher powers are built with heavier wires 
of tungsten or carbon, and the power-handling capacity may be increased 
to over 10 watts by suspending a 12 mm long, 0.0005 in. diameter tungsten 
wire in an atmosphere of hydrogen.
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reading of an unbalanced bridge is used as an indication of the amount of 
microwave power. The bridge is balanced when no microwave power is 
present, and the addition of microwave power changes the resistance of 
the bolometer and unbalances the bridge. An unbalanced-bridge type of 
wattmeter may be calibrated by adding a known amount of low-frequency 
power to the bolometer and recording the galvanometer reading. This 
type of bridge has the advantage of being direct reading, but the microwave 
impedance of the bolometer unit changes as the microwave power input 
varies the resistance of the bolometer.

In the second method of measurement, a balanced bridge is used and the 
microwave impedance of the bolometer is maintained at a constant value. 
The bridge is rebalanced by reducing the direct current in the bridge after 
the microwave power has been added. The amount of microwave power 
is then said to equal the amount of d-c power that it was necessary to 
subtract from the bolometer in order to regain the balanced condition.

A variety of bridge circuits have been developed for use with these 
bolometer elements. In practical forms of the balanced and unbalanced 
bridges mentioned above, a great deal of attention has been paid to tem­
perature compensation to minimize the effects of ambient temperature 
changes. More recent circuit developments include self-balancing bridges. 
The bridge circuit is incorporated in the feedback circuit of an oscillator, 
and the strength of oscillation automatically adjusts itself to maintain 
the bridge in a condition near balance. The voltage applied by the oscil­
lator to the bridge may be calibrated to indicate the microwave power 
absorbed in the bolometer element.

14.20. Extending the Range of a Wattmeter.—If the power to be 
measured is greater than the capability of the bolometer element, it is 
possible to extend the range of the wattmeter by using a calibrated at­
tenuator between the power source and the wattmeter. Attenuators may 
be divided into three main types: resistive attenuators, reactive attenu­
ators, and power-monitoring devices. Resistive attenuators reduce the 
power level by absorbing the power in a lossy material. A length of lossy 
transmission line is an example of this type of attenuator. Reactive at­
tenuators depend upon loose coupling to an electric or magnetic field to 
reduce the power level. A wave guide that is too small to allow propaga­
tion of the frequency under consideration is frequently used as a reactive 
attenuator. Power monitors which sample a known amount of the total 
power are the third type of attenuator. These three types may be further 
subdivided into fixed attenuators and variable attenuators.

14.21. Fixed Attenuators.—It is possible to obtain several decibels of 
attenuation in a small space by filling a coaxial line or wave guide with a 
lossy dielectric. A length of lossy cable is often used as a simple, although 
somewhat crude, attenuator. An alternative construction uses a resistive
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material for the center conductor of a coaxial line; for example, a metallized 
glass rod may be used.

Wave-guide fixed attenuators are often made by inserting a resistive 
film into the wave guide. This resistance may be either a metal film on 
glass, or a carbon film on bakelite. The lossy material is usually a tapered 
section, as shown in Fig. 14-12, in order to prevent reflections. A groove 
has been cut in the walls of the wave guide to hold the attenuator card in 

place. This design also allows the 
lossy material to be removed and 
reinserted easily.

Reflections should always be 
avoided in attenuators because the 
calibration of the attenuator is not 
reliable if power is reflected when 
the attenuator is inserted in the trans­
mission line. The use of tapered 
sections illustrated in Fig. 14-12 is 
an excellent method of avoiding re­
flections. An undercut center con- 

Fig. 14-12.—Fixed attenuator in a wave guide. ductor may fae jn a coaxial

attenuator employing lossy dielectric in order to maintain the same char­
acteristic impedance as the line with air dielectric, or a matching section may 
be used in the line to cancel the reflections from the attenuating section.

14.22. Variable Attenuators.—Variable attenuators are as useful at 
microwave frequencies as at ordinary radio and audio frequencies. They 
are built in all degrees of complexity and accuracy, but nearly all types 
operate on one of two basic principles.

Resistive attenuators depend for their attenuation upon resistive films, 
such as are used in the fixed attenuator described in the previous section. 
The attenuation is varied, however, by moving the lossy film or resistance 
strip in and out of regions of strong field in the transmission line. In a 
rectangular wave guide, the strip may be inserted parallel to the electric 
field through a slot in the broad face of the guide, and the attenuation will 
vary with changing penetration into the guide. Or the strip may be 
completely enclosed within the guide, and the attenuation increased by 
moving the strip toward the region of maximum field strength in the center 
of the guide.

A simple, uncalibrated attenuator of the first type is shown in Fig. 14-13. 
It is as useful at microwave frequencies as a simple potentiometer or volume 
control at lower frequencies, and it is often used to isolate an oscillator 
from the effects of a changing load impedance. If sufficient care is put 
into the design and construction, an attenuator of this type may be cali­
brated and used as a measuring instrument to reduce power levels by a
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Fig. 14-13.—Variable “flap” attenuator in a wave guide.

known amount. These attenuators have found wide use in signal genera­
tors. One of the principal advantages is that the strip may be completely 
removed from the guide or moved to a region of negligible field strength 
within the guide. The insertion loss is therefore extremely low.

The greatest precision in a microwave attenuator is attained by using 
the reactive attenuation in a wave guide below cutoff, i.e., a wave guide 
that is too small to allow transmission of energy. The rate of attenuation 
per unit length of a wave guide below cutoff may be accurately calculated 
from theoretical considerations, if troubles from leakage and the simul­

taneous presence of more than one mode of propagation are overcome. 
When these troubles are eliminated, the attenuation expressed in decibels 
is a linear function of the length of the wave guide below cutoff. If the 
operating frequency is very much lower than the cutoff frequency of the 
wave guide, the rate of attenuation will be essentially independent of the 
frequency. Further discussion of the relations giving the attenuation of 
wave guides below cutoff may be found in the references listed 
below.1 *2

A schematic illustration of a wave guide below cutoff type of attenuator 
using the dominant transverse electric field mode of propagation is shown 
in Fig. 14-14. Shunt resistances are shown across the input and output 
of the attenuator. Some loss must be introduced if the input and output 
impedances are to match the impedance of the connecting lines, since

1 T. Moreno, Microwave Transmission Design Data, Sperry Gyroscope Co., Inc., 
Great Neck, N. Y., 1944.

2 S. Ramo and J R. Whinnery, Fields and Waves in Modern Radio, John Wiley 
& Sons, Inc., New York, 1944.
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THIS DISTANCE VARIED 
TO CHANGE ATTENUATION
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the impedances of the input and output couplings are essentially pure 
reactances. Although a fixed attenuator or lossy cable may be used to 
match the input and output impedances, the insertion loss will be less if 
simple disks of resistance film are used. The calibration of the attenuator 
will be nonlinear if the spacing between the input and the output coupling 
loops becomes too small. This nonlinear region is usually avoided by 
limiting the minimum spacing adjustment. As a result of this restriction 
on the minimum spacing and the loss required to match the impedance to 
the line, the insertion loss of an attenuator using a wave guide below cutoff 
is usually in excess of 20 db.

Fig. 14-14.—Variable attenuator utilizing a wave guide below cutoff.

14.23. Power Monitoring Devices.—Loss-type attenuators cannot be 
used when it is necessary to measure the power flowing into a useful load; 
they are also impractical when the power level is so high that dissipating 
the heat produced in a lossy attenuator becomes a serious problem. In 
these cases a power monitor that measures a known fraction of the total 
power is invaluable.

The simplest monitoring devices are small loops or probes which are 
coupled to the field in a transmission line. The probe may be calibrated 
as an attenuator, but such a crude monitoring device is seldom used be­
cause its indication can fluctuate widely if the standing wave ratio or the 
phase of the reflections in the transmission line varies. Transmission-line 
“tees’1 and similar devices are unsuitable for accurate power measurements 
for the same reason.

14.24. Directional Couplers.—Directional couplers are widely used as 
power-monitoring devices and have enough other applications to warrant 
special consideration. In a directional coupler, an auxiliary transmission 
line is coupled to a main transmission line in a manner such that a single 
traveling wave on the main transmission line, for example, the incident 
wave, will induce a traveling wave in one direction on the auxiliary line. 
The reflected wave, traveling in the opposite direction on the main line,

¥ 
A
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Fig. 14-15—Wave-guide directional coupler.
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than the wavelength in free space, the symbol Xp/4 is used to denote this 
dimension. Leakage energy from the incident wave in the main guide 
will pass through each hole and would travel in both directions in the 
auxiliary guide if only one hole were present. The coupling through the 
second hole will be retarded 90 deg with respect to the coupling through 
the first hole because of the spacing between them. The component of 
radiation through the second hole which is traveling toward the first hole 
is delayed an additional 90 deg in the auxiliary guide, and therefore cancels 
the component of radiation from the first hole in the same direction. In 
the forward direction in the auxiliary guide, the radiation from the two 
holes will be in phase and hence will add to give a traveling wave in that 
direction in the auxiliary guide.

If there is a reflected wave traveling the main guide in a direction oppo­
site to the incident wave, there will be an induced wave in the auxiliary 
guide which will travel toward and be absorbed by the termination. If 
no power is reflected by the termination and the holes between the two 
guides are properly spaced, there will be no energy from a reflected 
wave in the main guide which will appear at the output of the directional 
coupler.

will induce a traveling wave on the auxiliary line in a direction opposite 
to the wave induced by the incident wave on the main line.

The simplest of the many forms that a directional coupler may take is 
shown in Fig. 14-15. Wave guides are chosen for illustration, but the 
principles may be applied equally well to coaxial lines. The auxiliary 
guide runs parallel to the main guide, and two holes that are spaced one- 
quarter of a wavelength apart are cut through the wall common to the 
two sections of wave guide. Since the wavelength in the guide is greater
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The relative strength of the induced wave in the auxiliary guide and the 
incident wave in the main guide will depend upon the amount of coupling 
through the holes, and this in turn depends upon the size of the holes. It 
is customary in a directional coupler to have the induced wave 20 db or 
more weaker than the wave in the main line; the relative strength of these 
waves is known as the “attenuation” of the coupler. The other coupler 
characteristic that is of importance is its “directivity.” This is the ratio 
of the field strength of the induced wave in the preferred direction to the 
field strength of the induced wave in the other direction, for a single travel­
ing wave in the main line. This is also expressed in decibels. In an ideal 
coupler, the directivity is infinite; in practical couplers, the directivity is 
usually between 15 and 40 db.

It is frequent practice to terminate one end of the auxiliary guide in its 
characteristic impedance, as shown in Fig. 14-15, while a power-measuring 
device is attached to the other end. The power that will be measured 
will be proportional to the strength of an incident traveling wave in the 
main guide, because the signal coupled into the auxiliary guide by the re­
flected wave will be absorbed by the termination in the other end of the 
auxiliary guide. The coupler may therefore be used as a fixed attenuator, 
if the main guide is also terminated in its characteristic impedance, and 
the amount of attenuation will depend only upon the size of the holes 
between the two guides.

If the power flowing down the main guide is dissipated in some useful 
load, such as an antenna, the power measured at the coupler output will 
monitor the power delivered to the useful load. There will be an error 
equal to the amount of power reflected from the load impedance, but this 
is usually small in a well-designed transmission system. In any event, 
the error will be much less than would be expected if the monitor were 
coupled to the main guide at a single point. With the latter technique 
the monitor indication will be proportional to the field strength at the point 
of coupling, and therefore very sensitive to the presence of standing waves 
in the guide.

14.25. Other Applications of Directional Couplers.—In most radar 
systems and in certain types of communication systems, it is customary 
to connect both transmitter and receiver through a common transmission 
line to a single antenna. If a directional coupler is fastened to this line, 
it may be used to monitor the transmitter power, as mentioned in the 
previous paragraph. Also, a signal generator may be connected to the 
coupler output in place of the wattmeter, and measurements made, of 
receiver sensitivity. The signal fed from the coupler into the main line 
will be directed toward the receiver, and none will be radiated from the 
antenna. It is not necessary to break the transmission line connecting 
transmitter and receiver to the antenna for either of these measurements.
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(A) SHUNT TEE

(B) SERIES TEE

Fio. 14-16.—Wave-guide junction:

Fig. 14-17.—Wave-guide hybrid 
junction.

appear at arm 4.

A coupler may also be attached to a transmission line in the reverse 
direction, and its output will then be an indication of the reflected wave in 
the transmission line. The termination shown at one end of the auxiliary 
guide in Fig. 14-15 may be replaced by a 
detector to measure the reflected wave. 
A similar detector at the output of the 
directional coupler will measure the rela­
tive magnitude of the incident wave, and 
the device can be used to measure the 
standing wave ratio automatically. It is 
usually preferable to use two separate 
directional couplers for this purpose, since 
any reflection from one of the detectors 
would be absorbed in the termination and 
not affect the reading of the other detector 
in a separate directional coupler. No in­
formation regarding the phase of the re­
flections can be obtained with this method.

14.26. Wave-guide Junctions.—A direc­
tional coupler is a special type of wave­
guidejunction which introduces attenuation 
and directivity. Two other common types 
of wave-guide junctions are illustrated in 
Fig. 14-16. Both of these junctions are 
“tee” connections. Figure 14-16A shows 
a tee that allows the input to one wave guide to divide between the 
other two wave guides. This type of junction is called a “shunt” tee and 
is the wave-guide counterpart of a tee in a coaxial line. The junction in

Fig. 14-16B is a series tee; i.e., the imped­
ance presented at the junction by the branch 
ann acts in series with the main guide.

Another very useful device is illustrated 
in Fig. 14-17. This unit is one of the wave­
guide forms of a hybrid junction and consists 
of a series and a shunt junction at the same 
point. This structure possesses the follow­
ing characteristics. If arms 2 and 3 arc 
terminated with their characteristic imped­
ance, a signal applied to arm 1 will divide 
equally between 2 and 3 and no signal will 

If arm 2 is terminated by its characteristic impedance 
but a reflection occurs at the termination of arm 3, the signal at a m 4 will 
be proportional to the magnitude of the reflection coefficient in arm 3.
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Hybrid junctions are used in antenna systems for duplex transmission 
and reception with a single antenna, as automatic standing wave detectors, 
in microwave frequency discriminators, and for many other applications. 
Other forms of hybrid junctions are possible, including combinations of 
wave guides and coaxial lines.

FREQUENCY AND WAVELENGTH MEASUREMENTS

14.27. Low-frequency Techniques That May Be Extended to Micro­
waves.—Well-known techniques of generating signals of precisely known 
frequency are readily extended to microwaves. The output of a crystal- 
controlled oscillator may be passed through a chain of frequency multi­
pliers to reach as high a frequency as desired. The frequency at the 
output of the multiplier chain will be known to the same percentage 
accuracy as the frequency of the master oscillator, neglecting any phase 
modulation that may be introduced by the multiplier chain. It is difficult 
to use triodes at frequencies much higher than 1,000 megacycles, but other 
techniques may be used for frequency multiplication in this region.

Frequency-multiplier klystrons are very useful in the final stages of a 
multiplier chain that extends to the microwaves. Because of the rich 
harmonic content of the bunched-beam current in a klystron, appreciable 
output may be obtained if the output resonator of a klystron is tuned to 
a frequency that is the tenth or even the twentieth harmonic of the fre­
quency to which the input resonator is tuned. For example, if the input 
resonator is tuned to 300 megacycles, the output resonator of the klystron 
may be tuned to the ninth, tenth, eleventh, etc., harmonics of this fre­
quency. Appreciable signal output (several milliwatts or more) will be 
obtainable from the output resonator at the corresponding microwave 
frequencies of 2,700, 3,000, and 3,300 megacycles, which are spaced apart 300 
megacycles.

The utility of the klystron multiplier may be further increased if the 
klystron is phase-modulated at a lower frequency by a signal in series with 
the beam voltage. For example, if the klystron is phase-modulated with a 
30-megacycle signal obtained from one of the earlier stages in the multi­
plier chain, the final resonator may be tuned to give output at the additional 
side-band frequencies. These are spaced every 30 megacycles, rather than 
300 megacycles. This greatly increases the usefulness and flexibility of 
the frequency standard.

Klystron frequency multipliers have the advantage of developing signals 
of appreciable power at microwave frequencies, but possess the disad­
vantage that the output resonator must be tuned each time a new fre­
quency is to be obtained. For many purposes it is preferable to use as a 
final multiplier stage an untuned multiplier, which develops much weaker 
signals but a large number of harmonics simultaneously. Crystal rectifiers
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are ideal for this purpose because of their nonlinear characteristics, and 
with a sensitive receiver it is possible to detect harmonics as high as the 
fiftieth. Spectrum analyzers, discussed in Sec. 14.32, have sufficient 
sensitivity for this purpose and are widely used to compare precisely 
known frequencies generated in this manner with frequencies that are to 
be measured. In this fashion it is possible to measure to a very high degree 
of accuracy the frequency of an unknown signal.

14.28. Microwave Wavemeters.—Where less accurate measurements are 
to be made of the signal frequency, precision wavemeters and search wave­
meters are used. But to be useful at microwave frequencies, wavemeters 
must have much greater relative accuracy than the corresponding lower 
frequency instruments. Lower frequency search wavemeters that use a 
calibrated resonant circuit for reference are seldom accurate to better than 
1 per cent, and an instrument with a 2 or 3 per cent error is still very 
satisfactory. However, a microwave search wavemeter must usually 
measure wavelength or frequency with an accuracy better than 1 per cent, 
since 1 per cent of 3,000 megacycles is equal to an error of 30 mega­
cycles. Precision wavemeters must be accurate within 0.01 per cent or 
even better.

To possess this degree of accuracy and to be able to separate two signals 
that are close together, it is desirable to have a resonant circuit with high 
Q. Fortunately, the cavity resonators that are most suitable for micro­
waves are almost universally characterized by very high Q, and these 
cavities lend themselves to the construction of wavemeters that have the 
desired characteristics.

14.29. Coaxial Line Wavemeters.—A resonant coaxial line is a simple 
resonator which satisfies the requirements for a search-type wavemeter. 
A shorted coaxial line is used in the same maimer that Lecher wires are 
used at lower frequencies. The self-shielding coaxial construction is 
required to eliminate radiation losses at the microwave frequencies. A 
section of coaxial line that is shorted at both ends will be resonant when 
its length is an integral number of half wavelengths. In an air-dielectric, 
low-loss coaxial line, the wavelength is very nearly equal to the free-space 
wavelength at the same frequency.

Calibration of a shorted line wavemeter is not required because the wave­
length can be measured directly from the dimensions of the resonant 
circuit. Any perturbations that are introduced by the loop or loops that 
couple to the cavity may be compensated for by finding the change in 
length between two resonances instead of the length required for resonance. 
This will also overcome any ambiguity that may arise from not knowing 
the number of half wavelengths within the coaxial cavity at resonance. 
A closed resonator of this type usually has an unloaded Q of a few thousand, 
which is sufficiently high for many purposes.
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contacts. A wave trap is shown instead, which offers an equivalent elec­
trical short circuit at its input, without any physical contact being made. 
The micrometer screw that is shown provides a precision mechanical drive 
for the plunger that forms the center conductor, and gives an indication 
of the setting of the plunger which may be calibrated against wavelength 
and frequency.

14.30. Precision Wavemeters.—The Q that may be obtained from 
coaxial lines is not sufficiently high for precision wavemeters, and circular 
cylindrical cavities are used when greater precision Is required. Resonance 
will be found when the length of the cylinder is an integral number of half 
wavelengths for some mode of transmission in a circular wave guide.

The chief problem that is encountered in the design of these wavemeters 
Is the possibility of multiple resonances for a single input frequency, result­
ing from the multiple modes of transmission in a circular wave guide, with 
a resulting ambiguity in the indication. This may be avoided if the mode 
that is chosen to indicate resonance is the dominant, or TE\,\ mode in 
circular wave guide, shown in Fig. 14-19. This mode has the longest 
cutoff wavelength, and cavities may be designed which will be resonant 
in this mode over a band of frequencies but which are too small to be 
resonant in any other mode. The Q that is obtainable with this mode is 
appreciably higher than with coaxial lines, and a working or loaded Q 
in the order of 10,000 in the frequency range from 3,000 to 10,000 mega­
cycles can be obtained. The coupling circuit must be carefully designed;

The physical dimensions of the wavemeter may be reduced by using a 
quarter-wave coaxial cavity that is shorted at one end and open at the 
other. A wavemeter of this type is illustrated in Fig. 14-18. Resonance 
will not occur when the length of the center conductor is exactly a quarter 
wavelength because of the effective capacity that results from the fringing 
fields at the open end of the center conductor. For this reason calibration 
is required, but the relationship between the length of the center conductor 
and the resonant wavelength is very nearly linear.

In Fig. 14-18 it will be noted that there is no metal-to-metal contact 
between the movable center conductor and the end of the cavity. Spring 
fingers may be used here, if desired, but if they are not carefully built the 
contact may be erratic, and the cavity Q lowered by losses in the sliding
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Fig. 14-19.—Field patterns in cylindrical cavity resonators.

i

be avoided by choosing the proper means of coupling to the resonator. 
To avoid multiple indications completely, it is necessary to use some sort 
of mode damper which will suppress all resonances except those in the 
desired mode. Various schemes for damping out the undesired modes 
have been found successful.

To utilize fully the accuracy possible with these precision cavity wave­
meters, they must be constructed with mechanical precision. Appreciable 
errors may also be introduced by dimensional changes resulting from 
changes in temperature. These errors may be reduced by the proper 
choice of materials. Changes of humidity can also introduce errors greater 
than one part in ten thousand. The most accurate wavemeters must 
therefore be either hermetically sealed or equipped with dehydrators.

Sealed, temperature-compensated cavities arc often used as fixed second­
ary standards. Although their accuracy is far less than may be obtained 
by the use of crystal-controlled sources, they can be used as calibration 
standards for less accurate wavemeters.

14.31. Methods of Using Cavity Wavemeters.—Resonant cavities are 
used in two ways to indicate wavelength. With transmission-type 
wavemeters, the signal to be measured is coupled through the cavity to a

otherwise it will introduce an equivalent ellipticity that leads to mode­
splitting. This will cause two closely spaced resonances, rather than a 
single resonant peak.

Resonant cavities that operate with the TEq,\ mode, which is the circular 
electric mode in a wave guide shown in Fig. 14-19, have an exceptionally 
high Q, and in many ways are ideal for high-precision wavemeters. An 
unloaded Q above 50,000 is possible at a frequency of 3,000 megacycles. 
Ellipticity will cause no mode splitting. No currents flow from the cavity 
end plates to the cylinder walls, and a good contact or wave trap is not 
required. • i • i

A cavity that is large enough to be resonant in the TE0,i mode may also 
be resonant in a number of other wave-guide modes. Some of these can
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detector. The detector output is zero except when the cavity is in reso­
nance. Reaction-type wavemeters are coupled to a transmission line that 
connects to a detector. The detector output is a maximum when the 
cavity is off resonance. When the cavity is tuned to resonance, part of 
the energy is absorbed in the cavity, and there is a corresponding dip in 
the detector output. This characteristic indication with a reaction-type 
wavemeter is illustrated in Figs. 12-3 and 12-8.

Transmission-type wavemeters are preferred for most accurate measure­
ments, because it is possible to couple both input and output loosely to 
the cavity and thereby minimize pulling effects. Reaction-type wave­
meters must be coupled more heavily to the transmission line to give an 
appreciable dip in the detector output, but the detector gives a continuous 
indication of oscillation. The wavemeter should be isolated from the 
oscillator by an attenuator or by loose coupling. Otherwise the wave­
meter may react upon the oscillator while being tuned and change the 
oscillator frequency.

Cavities are coupled to transmission lines by several methods. The 
transmission line, if coaxial, may terminate in a loop that extends into the 
cavity and links some of the magnetic field. The center conductor of the 
coaxial line may also terminate in a probe that couples to the electric field 
in the cavity. When the transmission line is a wave guide, it is customary 
to open a hole in the wall between the wave guide and the cavity. There 
will be coupling through the hole if the magnetic field at the surface of the 
wave guide has a component parallel to the magnetic field at the surface 
within the cavity.

14.32. Spectrum Analyzers.—Microwave spectrum analyzers are used 
in connection with frequency measurement but have a wide variety of 
other applications. A spectrum analyzer is similar to a panoramic re­
ceiver. The input signal is fed to a crystal mixer where it beats with a 
local oscillator signal. The difference frequency is fed through a narrow­
band intermediate-frequency amplifier to the vertical deflection plates of 
an oscilloscope. A block diagram is shown in Fig. 14-20. The frequency 
of the local oscillator of the receiver is swept by a low-frequency saw-tooth 
or sine-wave voltage, which is also applied to the horizontal deflection plates 
of the oscilloscope. The pattern on the oscilloscope will then appear as a 
horizontal line, with a vertical deflection or “pip” marking the point at 
which the frequencies of the local oscillator and input signal differ by an 
amount equal to the frequency of the intermediate-frequency amplifier. 
The width of the pip will depend upon the frequency range over which 
the local oscillator is swept and upon the band width of the intermediate­
frequency amplifier, while the height of the pip is determined by the 
strength of the input signal. If there are two signals of different frequency 
being received, two pips will appear upon the screen of the oscilloscope.
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OSCILLOSCOPE PATTERN

Fig. 14-20.—Block diagram of a spectrum analyzer and typical oscilloscope pattern indicat­
ing two signals with different frequencies.
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The spacing between these two pips is determined by the frequency dif­
ference of the two signals.

The input signal is usually fed to the mixer through a variable micro­
wave attenuator, which adjusts the signal strength to a convenient level. 
Frequently multiple input channels are provided, each equipped with a 
variable attenuator, in order that the relative strength of two unequal 
signals may be compared.

The local oscillator of a microwave spectrum analyzer is most commonly 
a reflex klystron, whose frequency is easily swept over a range of a number 
of megacycles by a sweep voltage applied to the reflector electrode.

A spectrum analyzer may be used to compare the frequencies of two 
signals or to measure their relative strength. It may be used in con­
junction with a traveling probe to measure very high standing wave ratios. 
While the probe is moved, the variable attenuator is adjusted to maintain 
constant input to the mixer. Then the standing wave ratio can be cal­
culated from the attenuator readings.

The analyzer is very useful in investigating the characteristics of pulsed 
oscillators, such as magnetrons. The frequency spectrum of the oscillator 
output is often an indication of whether the oscillator is functioning prop­
erly. The analyzer may be used to measure the Q of a cavity, or to 
calibrate wavemeters in conjunction with a crystal-controlled source or 
standard cavities. There are many additional applications.

14.33. Signal Generators and Test Sets.—Signal generators and test sets 
are as useful at microwave frequencies as at lower frequencies, and the

—J 
DET.
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Fig. 14-21.—Block diagram of a microwave signal generator.
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same fundamental techniques are used in their design. Signal generators 
that have been designed for the purpose of testing radar sets often in­
corporate, in addition, equipment with which the transmitter power of 
the radar set can be measured.

The block diagram of a typical micro wave signal generator of this type 
is shown in Fig. 14-21. The oscillator is a source of continuous wave 
power in the order of milliwatts; lighthouse-type triodes or local oscillator­
type reflex klystrons are most commonly used. The oscillator output is 
fed through a wave-guide variable attenuator which adjusts the initial

power level, and past a wave-guide switch to a tee connection. The power 
divides here, half flowing to a bolometer-type wattmeter which is used to 
monitor the power level. The other half passes through a precision 
variable attenuator to the output connection. A cavity-type wavemeter 
is coupled to the wave guide at the tee connection. This is a reaction 
wavemeter which indicates signal frequency by causing a dip in the monitor 
reading when tuned to resonance.

The oscillator may be modulated in any manner desired, and for radar 
testing it is customary to include in the signal generator provisions for 
pulsing or frequency-modulating the oscillator. Provisions for external 
modulation are also included.

It is possible to measure transmitter power with this test set by closing 
the wave-guide switch and connecting the output fitting of the test set to 
a directional coupler in series with the transmitter power. The power to 
be measured is fed back through the precision attenuator into the power 
monitor. The power is measured by finding what setting of the attenuator 
is required to give a standard indication on the power monitor.
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SOME TYPICAL MICROWAVE EXPERIMENTS

14.34. Measuring the Rieke Diagram of an Oscillator.—The experi­
ments that are outlined in this and the following section are not presented 
as the only method, or even the preferred method, by which the desired 
results may be found. They are merely typical experiments involving 
applications of the various measurement equipments that are involved.

To plot the Rieke diagram of an oscillator, such as a klystron, it is 
necessary to measure the effect of a changing load impedance upon the 
power output and frequency. A typical experimental arrangement that 
might be used is shown in Fig. 14-22. The oscillator is connected through

MiiTiSSa
IMPEDANCE METER IMPEDANCE * DIRECTIONAL ^COUPLER**" TERMINATION

Fig. 14-22.—Block diagram of apparatus for obtaining the Rieke diagram of a klystron oscillator, 

an adaptor to a rigid coaxial transmission line. The power output is fed 
through a standing wave detector, impedance transformer, and directional 
coupler in that order, and the signal is finally dissipated in a matched 
dummy load. The output of the directional coupler is fed past a reaction 
wavemeter, which is coupled to the auxiliary transmission line, and into 
a bolometer wattmeter.

The bolometer wattmeter may be used to measure the power output of 
the oscillator as the load impedance is varied, if the attenuation of the 
coupler is known. A wavemeter is used to determine the frequency. The 
wavemeter is attached to the output of the directional coupler so that any 
pulling effects from the wavemeter will be isolated from the oscillator by 
the attenuation of the coupler. The impedance transformer is changed 
to vary the load impedance presented to the oscillator, and the standing 
wave detector measures the load impedance. If the impedance trans­
former is calibrated, the standing wave detector may be omitted. A 
doublc-slug transformer is recommended for this application, because 
independent controls are provided for the amplitude and phase of the 
standing waves introduced into the matched line by the transformer.

14.35. Measuring the Reflection Introduced by an Antenna.—A reflex 
klystron may conveniently be used in this experiment as a signal source,

CRYSTAL CURRENT METER
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The signal that is picked up by the traveling probe is fed to a detector, 
which may be a crystal or a bolometer element. The output of this detec­
tor is an audio signal whose fundamental frequency is the modulation 
frequency applied to the klystron. This audio signal is amplified and then 
measured with a voltmeter, and the voltmeter indication is a measure of 
the field strength in the wave guide at the location of the traveling probe. 
Measurement of the standing wave ratio is simplified when an audio ampli­
fier and a voltmeter are used to replace a galvanometer because the response 
of the system is much more rapid, and the position and amplitude of the 
standing waves can be determined more quickly.

The reflection introduced at some other frequency is obtained by repeat­
ing the measurement with the klystron tuned to the new frequency. The 
wavemeter is used to measure the new oscillating frequency of the klystron. 
The variable attenuator reduces the oscillator power to a convenient level 
and also isolates the oscillator from the wavemeter and the other measuring 
equipment.

variable 
ATTENUATOR

ANTENNA
UNDER TEST

Fig. 14-23.—Block diagram of apparatus for measuring the impedance of an antenna.

if power is available from a well-regulated power supply. The klystron 
is one hundred per cent amplitude-modulated or keyed by a square wave 
of audio frequency applied to the reflector electrode. A square wave is 
used rather than a sine wave to avoid frequency modulation of the kly­
stron. The experimental setup is illustrated in Fig. 14-23.

The klystron output is fed through a variable wave-guide attenuator 
and into one end of a series tee section (see Sec. 14.23 and Fig. 14-16$). 
A transmission-type wavemeter is coupled to the branch arm of the tee. 
The signal that continues past the branch arm passes through a standing 
wave detector and into the antenna that is to be tested.
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acceleration voltage is the voltage between the cathode and the anode. This voltage 
determines the average velocity of the electrons in the l>cam. It is also referred to 
as the beam voltage.

Applegate diagram is a space-time diagram used to illustrate electron bunching, 
barretter is a type of bolometer with a positive temperature coefficient.
beam-coupling coefficient is a measure of the interaction between a resonator and the 

electron beam when the gap transit time is not negligible.
beam current usually refers to the total cathode current. The actual current in the 

electron beam is smaller because the focusing of the electron beam is never perfect.
beam voltage (see Acceleration voltage').
bolometer is a device that changes its electrical resistance when its temperature is 

changed. This characteristic is used as a means of measuring radio-frequency 
power by observing the change in resistance when a bolometer is heated by the 
application of radio-frequency power.

buffer refers to an amplifier that isolates the oscillator from any changes (load, tuning, 
or beam-power input) in the output stage.

buncher is an abbreviation for buncher resonator. This term has been used for the 
resonator of a klystron that produces the variations of velocity in the electron 
beam. Input resonator is now a preferred term.

bunching is the process of converting a d-c electron beam into a beam with a radio­
frequency current component as a result of motion along a drift space or reflection 
space after velocity modulation has been introduced. Optimum bunching is the 
bunching condition required for maximum output in a klystron amplifier. Under­
bunching and overbunching refer to the conditions existing when the input gap 
voltage is less or greater than the value required for optimum bunching.

bunching parameter combines a number of factors that affect the electron bunching into 
a single term which determines the theoretical operation of a klystron [see Eqs. 
(3-15) to (3-21)].

capacity loading refers to the tuning effect of a lumped capacity at some point on a 
transmission line, usually the open-circuited end. The capacity section of a trans­
mission line or resonator is that part which may be considered as a lumped capacity. 
The grids of a klystron resonator are the capacity section of the resonator.

cascade amplifier is a multistage klystron amplifier which uses three or more resonators 
in a single tube utilizing the same electron beam.

cascade bunching refers to the superposition of velocity modulation from more than one 
resonator.

catcher is an abbreviation for catcher resonator. This term has been used for the reso­
nator that is excited by the bunched electron beam. Output resonator is now a 
preferred term.

cavity resonator is the term for a metallic cavity that is resonant to some radio fre­
quency or wavelength determined by the dimensions of the cavity and the electro­
magnetic field within the cavity.



248 APPENDIX A

In most dis-

In most cases,

coaxial terminals arc the concentric output or input lines that are coupled to a klystron 
resonator (see Fig. 1-1).

coaxial wavemeter is a concentric resonant transmission line used for determining 
wavelength.

control grid is the electrode in the electron gun that controls the cathode emission or 
beam current of a klystron.

debunching is a space-charge effect which tends to destroy the electron bunching.
directional coupler is a device that samples a small fraction of the power traveling in 

one direction but is not sensitive to the reflected wave on a transmission-line system, 
drift space is the region between two resonators in a klystron. The modulation of the 

electron velocities causes the electron beam to form into bunches while traversing 
this drift space.

electronic tuning refers to the frequency change produced by a change of voltage applied 
to an electrode in the tube. The term is not applied to thermal tuning but is re­
served for an electronic effect.

hybrid junction is a special form of wave-guide junction which possesses the properties 
of the hybrid coils used in audio-communication circuits.

impedance transformer is a device for changing the input impedance of a transmission­
line system by introducing reflections at the proper point in the system.

input gap is the region of the input resonator where the electric field is concentrated 
and where the velocity modulation is superimposed upon the electron beam (see 
Resonator grids').

input gap voltage is the radio-frequency voltage across the input gap. 
cussions, the term implies the peak value of this oscillating voltage.

klystron grids (sec Resonator grids).
klystron tubes arc electron beam tubes in which a periodic variation of the velocity 

of the electrons, without appreciable simultaneous variation of the beam current, 
is converted into radio-frequency energy by utilizing a transit time to produce 
electron bunching.

mode refers to one of several methods of exciting a resonant system. The term has 
also been used to describe the existence of a scries of different input voltages which 
cause a klystron to oscillate.

optimum bunching (sec Bunching).
output gap is the region where the bunched electron beam transfers its radio-frequency 

energy to the output resonator.
output gap voltage is the radio-frequency voltage across the output gap.

the term implies the peak value of the oscillating voltage.
overbunching (sec Bunching).
pulse amplitude modulation uses pulses separated by equal intervals, and information 

is transmitted by controlling the amplitude of these pulses.
pulse-length modulation varies the duration of the pulsesin order to transmit information, 
pulse time modulation controls the time of occurrence of pulses of equal amplitude in 

order to transmit information.
Q is 2ir times the ratio of the energy stored in a resonant system to the energy lost per 

cycle.
reaction-type wavemeter indicates resonance by its effect on the reflections in an oscil­

lating system.
reentrant describes the shape of an object with one or more sections directed inward. 

The resonator in Fig. 2-4 is an example.
reflection bunching occurs when a velocity-modulated beam traverses a reflecting field 

(see Bunching).
reflection coefficient is the complex ratio of the field strength of the reflected wave on a 

transmission line to the field strength of the incident wave.
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reflector refers to the electrode in a reflex klystron which reverses the direction of the 
electron beam and returns the electrons through the resonator grids a second time, 

reflector voltage is the voltage between the reflector electrode and the cathode.
reflex klystron is a single-resonator klystron oscillator depending primarily on electron 

bunching in a reflecting field for its operation.
resonator (sec Cavity resonator).
resonator grids are the part of a klystron resonator through which the electron beam 

passes and form a resonator gap. In some cases the gap may consist of an aperture 
without a grid structure.

resonator wavemeter may be any resonant circuit used to determine wavelength, 
term may be restricted occasionally to describe a cavity resonator wavemeter.

Rieke diagram is a plot of constant-power output and constant-frequency contour 
lines on a chart representing the impedance or admittance of the load.

shape factor is a proportionality factor in the equations defining the different parameters 
describing cavity resonators. The shape factor is different for each parameter 
and is determined by the ratio of two integrals which include the effect of the 
boundary conditions and the field within the resonator. As an example, the state­
ment that Q is proportional to the ratio of the volume to the surface area is an 
approximation of the more exact relation

xj B- dS d

where B is the magnetic flux density, F and S represent the volume and surface 
area, X is the wavelength, and d is the skin depth.

shunt resistance is a characteristic constant of a resonant circuit which may be com­
pared to the effective resistance of a parallel LC circuit at resonance.

spectrum analyzer is a panoramic type of receiver.
standing wave ratio is the ratio of the magnitude of the maximum electric field strength 

on a transmission line to the magnitude of the minimum field strength.
starting current is the minimum beam current required to start oscillation in a klystron, 
synchrodyne is used to refer to a system producing a second frequency which is always 

separated a fixed amount from a control frequency.
thermal tuning utilizes controlled thermal expansion to change the tuning of a resonator 
thermistor is a type of bolometer with a negative temperature coefficient.
transreduction factor is the ratio of the small-signal transadmittance to the large-signal 

transadmittance, and determines the strength of oscillation.
underbunching (sec Bunching).
velocity modulation refers to the modification of the velocity of the electrons in a beam. 

The term usually implies that the variations of electron velocity arc utilized 
convert d-c beam energy into radio-frequency energy.

velocity sorting produces a radio-frequency component of current by the selection 
rejection of electrons according to the magnitude of their velocity, in contrast 
electron bunching which groups electrons with different velocities.

voltage modes refers to the existence of regions in the beam voltage or reflector voltage 
which allow a klystron to oscillate, separated by regions of nonoscillation, in contrast 
to the continuous oscillation of low-frequency tubes as the voltage is varied.

voltage standing wave ratio (see Standing wave ratio).
wave guide is a type of transmission line with only one conductor and the radio-frequency 

energy is confined within this conducting tube.
wave-guide junction refers to any system of waveguides with more than two connections 

for input and output.
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LIST OF SYMBOLS

Modulation index

a 
a 
A 
An
b 
Bl
B.
C 
d 
e 
E

I
Io 
letai 
/2 
Jn
Jn 
k 
k' 
I 
L

Eo 
Em 
Er 
Eq 
Et 
Ei 
E2 
e2 
Es 
Emit 
Em\n 
eff.
/ 
/o 
71 
A 
fm 
F

9m 
9ma 
Gl 
G.

i-i

Transconductance
Small-signal transconductance
Load conductance
Shunt conductance of a cavity resonator
Plate current of a triotie
Fundamental component of the radio-frequency current in the bunched 

electron beam
Current
Average beam current (value of direct current)
Minimum value of beam current required to maintain oscillation
Instantaneous value of the bunched-beam current
Bessel function of the first kind and nth order
Derivative of Jn
Root of the Bessel function Jn
Root of the derivative of Jn
Length
Equivalent inductance of a cavity resonator

Radius of a cylindrical cavity resonator or a coaxial line
Deceleration caused by retarding force F due to the reflecting field 
Area of the resonator gap
Amplitude of the nth side band
Length of a cavity resonator
Shunt susceptance of the load
Shunt susceptance of a cavity resonator
Equivalent capacitance of the resonator gap
Spacing of the resonator gap
Charge of an electron
Instantaneous value of the radio-frequency voltage across the resonator 

gap
Control grid voltage
Peak value of the modulation voltage
Beam voltage or acceleration voltage
Reflector voltage (voltage between the cathode and the reflector electrode) 
Peak value of the radio-frequency voltage across the input resonator gap 
Electric field strength of the incident wave on a transmission line
Peak value of the radio-frequency voltage across the second resonator gap 
Electric field strength of the reflected wave on a transmission line 
Peak value of the radio-frequency voltage across the third gap 
Magnitude of the maximum electric field strength on a transmission line 
Magnitude of the minimum electric field strength on a transmission line 
Efficiency (ratio of radio-frequency output power to beam power input) 
Frequency of oscillation
Resonant frequency of a cavity
Input frequency
Output frequency
Modulation frequency
Retarding force due to a reflecting field
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Nr

Nt

A’i

No

Frequency deviation from the resonant frequency of the cavity

reflector

i

SWR 
I 
h 
h 
h 
T 
To 
T12 
T23 
TE 
TM 
v
Vo 
VSWR 
IF

r
Rl
R.
R»l
s
So

m
M 
n 
N
N1 
Nff

Mass of an electron
Multiplication ratio of a frequency multiplier
Represents an integer in many different equations
Transit time in the drift space, expressed as the number of oscillation cycles 
Effective bunching time, which may differ from the actual transit time 
Transit time, expressed as the number of oscillation cycles, through a field- 

free drift space
Transit time, expressed as the number of oscillation cycles, in a reflecting 

field
Total transit time through a combination of a field-free drift space and a 

reflecting field
Transit time in the drift space, expressed as the number of oscillation cycles 

at the input frequency J\
Transit time in the drift space, expressed as the number of oscillation 

cycles at the output frequency fo
Number of nodes in the electric field along the length of a cavity resonator 
Number of nodes in the magnetic field along the length of a cavity resonator 
Power delivered to the load
Power delivered to the resonator and load
Unloaded Q of a cavity resonator
Loaded Q of a cavity resonator
Unloaded Q of the first resonator
Loaded Q of the second resonator

P /
P
Pl
Pt
Q
Ql
Qi
Q2
2QLtf 

f
| Band width between zero-power output points 
0

Band width between half-power points (frequently called “electronic tun-
1,6 ing band width”)

Radius
Equivalent load resistance
Shunt resistance of a cavity resonator
Loaded shunt resistance of a cavity resonator
Distance measured from a resonator gap
Distance between resonators or between the resonator and a

electrode
Standing wave ratio
Time
Departure time when an electron leaves the first resonator gap
Arrival time when an electron reaches the second resonator gap
Arrival time when an electron reaches the third gap
Transit time in the drift space or reflecting field
Average transit time of an electron with average velocity vo
Transit time between first and second resonators
Transit time between second and third resonators
Transverse electric field mode
Transverse magnetic field mode
Velocity of an electron
Average velocity of an electron (corresponds to Eq)
Voltage standing wave ratio
Energy transferred from the electron beam to the cavity resonator
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x

Beam coupling coefficient equal to0

TO
T2
Ci) 

wo
W1

6
X

<t>L 
<t>2
P

xJi(x) 
X
XL
Xs
Umt
Y, 
r2 
Zo

IT a

a detuned resonator

Bunching parameter equal to 0irN ~ 
bo (

Transreduction factor (magnitude of the ratio of the small-signal trans­
admittance to the large-signal transadmittance)

Universal efficiency parameter for reflex klystrons
Reactance
Reactive component of the load impedance
Reactive component of the shunt impedance of
Small-signal transadmittance
Total admittance of the cavity resonator
Equivalent admittance due to the bunched beam
Characteristic impedance of a transmission line

sin 6/2
6/2

Transit angle across the resonator gap
Wavelength in centimeters
Phase angle between the bunched-beam current and the input gap voltage
Phase angle introduced by the length of the feedback line
Phase angle between the bunched-beam current and the output gap voltage
Reflection coefficient
Transit angle in radians corresponding to the drift transit time T
Average value of the transit angle
Phase angle at the second gap referred to the phase at the input gap
2tt/
2tt times the resonant frequency of the cavity
2r times the input frequency of an amplifier or frequency multiplier



APPENDIX B

KLYSTRON DESIGN CHARTS

253

PL 
P2

Two types of charts are included in this Appendix. The first nine charts give the 
necessary data for calculating the resonant wavelength of a reentrant cavity resonator 
from its physical dimensions; the last four are graphs of various Bessel function relation­
ships which are important in electron bunching theory. These charts have been plotted 
on cross-section paper so that values may be read accurately from the curves.

The resonator charts are plotted in terms of dimensionless ratios so that any desired 
range of wavelength may be used. The ratio of the length of the resonator Zo to the 
radius of the inner conductor pi is the horizontal coordinate. The ratio of the gap 
spacing 5 to the radius of the inner conductor is the vertical coordinate. Families of 
curves for two different ratios of the outer radius p2 to the radius of the inner conductor 
pi are given on each chart. Curves for the highest ratio of po/pi are repeated on the 
next chart in order to facilitate interpolation.

Each line on the chart corresponds to a constant value of kpi, i.e., a constant value 
of X, the resonant wavelength. The straight line in the upper left-hand corner of the 
chart corresponds to the limiting case when the gap spacing is equal to the length of the 
resonator and gives the resonant wavelength of the mode that is independent of length 
and is determined only by the radius of the cylindrical cavity.

A typical example of the use of these resonance charts may be obtained by assuming 
some practical values for the dimensions and calculating the resonant wavelength. 
Consider a resonator with the following dimensions:

= 0.5 cm
= 1.5 cm

Zo = 1.0 cm
5 =0.1 cm 

piIp\ = 3.0 
6/pi = 0.2 

"Z^Ipy = 2.0

The solid curves on Chart VII correspond to po/pi equal to 3.0, and the intersection of 
the vertical line for Zo/pi equal to 2.0 and 6/pi equal to 0.2 occurs between the curves 
for kpi equal to 0.3 and 0.4. Interpolation between the two curves gives a value of 
kpi equal to 0.325, which corresponds to a resonant wavelength of 9.6 cm.

Charts X to XIII are similar to Figs. 3-7, 7-5, 7-7, and 8-6 in the text. Reference 
to the sections in the text that discuss these figures will explain the use of these charts.
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Chart 1.—Resonator design curves for radius ratios of 1.50 and 1.75.
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Chart II.—Resonator design curves for radius ratios of 1.75 and 2.00.
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Chart III.—Resonator design curves for radius ratios of 2.00 and 2.25.
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Chart V.—Resonator design curves for radius ratios of 2.50 and 2.75.
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Chart VI.—Resonator design curves for radius ratios of 2.75 and 3.00.
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Chart VII.—Resonator design curves for radius ratios of 3.00 and 3.50.
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Chart VIII.—Resonator design curves for radius ratios of 3.50 and 4.00.
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Calorimeter, 229
Capacity loading, 19, 247
Cascade amplifier, 133, 136-148, 247
Cascade bunching, 137, 149, 247
Catcher resonator, 247
Cavity resonator, 8, 12-22, 240-242, 2-17

development of, 12
(Sec also Resonator)

Cavity wavemeter, 240-242
Coaxial terminal, 9, 248
Coaxial wavemeter, 240, 248
Control grid, 8, 248
Coupled circuits, 116
Coupling (see Resonator coupling)

Debunching, 37, 70, 248
Demodulation, 153
Detectors, 187, 190

(See also Klystron detector)
Diaphragm, wave guide, 225
Directional coupler, 234-236, 248
Drift space, 3, 10, 248

in cascade amplifier, 136
short, 37
transit time in, 25, 77

Drive power, for frequency multiplier, 69
Dynamic measurement of characteristics, 

182, 192

E

Effective bunching time, 82
Efficiency, of amplifier, 56

increased by cascade bunching, 139,143, 
148

of reflex oscillator, 96, 99, 109-110, 264

Bunching characteristic, of reflex klystron, 
85, 263

of two-resonator klystron, 32, 52, 119, 
263

Bunching parameter, 27, 32, 40, 65, 70, 
80, 92, 95, 104, 139, 247, 263

C

Acceleration voltage, 2, 24, 247
Admittance, measurement of, 222 
Amplifier (see Klystron amplifier) 
Amplifier-multiplier klystron, 134, 148 
Amplitude modulation, of amplifiers, 164- 

166
of oscillators, 164

Antenna seal, 9
Applegate diagram, 5, 74, 81, 137, 247
Arrival-time curves, 27, 34, 38, 83, 139, 113 
Attenuator, 231-234

wave guide below cutoff, 231

Band width, of a component, 228
of an oscillator (see Electronic tuning, 

band width of)
Barretter, 230, 247
Beam admittance, 88
Beam coupling coefficient, 32-34, 80, 247
Beam current, 8, 247

effect on frequency, 132
Beam loading, 19, 36
Beam voltage (see Acceleration voltage)
Bench oscillator, 184
Bias voltage, 200
Bibliography, 265-268
Bolometer, 229-231, 247
Bombarded cathode, 210-213
Buffer, 133-136, 247

(See also Oscillator-buffer klystron) 
Bunched-beam current, 26, 28-31, 35, 40, 

63, 79-84, 144
in cascade amplifier, 144
from cycloid curves, 29
harmonic analysis, 31, 63

Buncher resonator, 247
Bunching, 247

cancellation of, in cascade amplifier, 141 
(See also Electron bunching)

Bunching characteristic, of a multiplier, 
65
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F

PJ

Junctions, wave-guide, 237

K

G

Gate tube in a regulator, 199

Klystron, oscillator-buffer, 133-136
Klystron amplifier, 1, 44-61, 193 

cascade (see Cascade amplifier) 
low level, 60, 148 
types of, 44

II

Harmonics, in bunched beam, 31, 63
suppression of, 64

Heater delay in a regulator, 200
Heater power, 210
Hybrid junction, 237, 248

Klystron construction, 7
Klystron detector, 168-170
Klystron frequency multiplier, 62-72, 195
Klystron oscillator, reflex, 86-112, 180

two-resonator, 113-132, 186

I

Impedance, measurement of, 219-222, 246
Impedance chart, 220-223
Impedance matching, 225
Impedance transformer, 223-228, 248

Phase modulation, 157-164
with oscillators, 163

Phase relation, in cascade amplifier, 137-
138

for oscillation, 75, 115
Phase shift caused by large input voltage, 

39, 42
Power, measurement of, 228-236

L

Load, effect of varying, 55, 71, 99, 101, 
130, 136, 148, 184, 191

required for large beam current, 56
(See also Rieke diagram)

Long-line effect, 227

M

Modulation, of klystrons, 150-170
Modulation coefficients, 150
Modulation index, 156, 160
Multiple resonances, 14, 22
Multiple-resonator tubes, 133-149 
Multiple side bands, 151, 160-162
Multiple transits, in reflex klystron, 76

O

Optimum bupching, 29, 51-53, 126, 194, 
248

Oscillator-buffer klystron, 133-136
Oscillator theory, 86, 90, 113
Output characteristic, of amplifier, 44, 

50-52
of cascade amplifier, 147
dynamic measurement, 182, 192
of frequency multiplier, 67-69
of reflex oscillator, 97, 101
of two-resonator oscillator, 122, 125-

127, 129
Output coupling, 53

size of coupling loop, 54
Output current, 32, 65
Ovcrbunching, 30, 51, 66, 126, 135, 142, 

248
Ovcrcouplcd klystron oscillators, 122-125

Feedback line, length of, 129, 192
Frequency deviation, 154, 158-160
Frequency measurement, 183
Frequency modulation, 153-157, 186

with frequency multiplication, 157
Frequency multipliers (see Klystron fre­

quency multiplier)
Frequency stability, 103, 131, 197

Electron ballistics, 23, 76
Electron beam, 2, 8, 45

interaction with resonator, 45
Electron bunching, 4, 23-43, 47, 73-85, 

135, 137-139
in cascade amplifier, 137-139
in reflecting field, 73-85
with reflection plus field-free space, 81

Electron gun, 1, 8
Electronic tuning, 100-106, 178, 248

band width of, 103-106, 178
Equivalent bunching voltage, 145
Equivalent circuit, of amplifier, 47

of reflex oscillator, 87
of two-resonator oscillator, 114
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V

Q
Q, of resonator, 18, 248 

effect of changing, 111

Power supply, 196-213
ground connection for, 196
radio frequency, 208
for reflex klystron, 201-208

Power, transfer from beam, 41, 94
Pretuning two-resonator tube, 187
Pulse amplitude modulat ion, 166, 248
Pulse circuits, 186
Pulse-length modulation, 166, 248
Pulse modulation, 166-168, 185
Pulse time modulation, 166, 248

U

Unsatisfactory tubes, detection of, 184

Velocity modulation, 6, 23, 249
Velocity sorting, 168, 249
Velocity variation (see Velocity modula­

tion)
Voltage gain, of an amplifier, 49
Voltage modes, 78, 98, 123, 181, 190, 249

W
Wattmeter, 230-231
Wavemeter, 238-242, 248
Wave guide, 215, 219, 226-228, 232-238,

249
below cutoff, 215, 233

Window, wave guide, 22

T

Temperature compensation, of klystron 
tuner, 176

Terminology, glossary of, 247-249
Thermal noise, 61
Thermal tuning, 177, 249
Thermistor, 230, 249
Transadmittance, reduction of, 93

small signal, 93
Transconductance, 48
Transients in a voltage regulator, 200
Transit time, 25, 33-35, 71, 77, 80, 110, 158
Transmission line, 214-223
Transreduction factor, 94, 119-121, 249, 

264
Tuning, 135, 171-179, 187-190, 193 

effect of, second resonator in cascade 
amplifier, 141, 194

without a signal source, 186-190
(See also Resonator tuning; Elec­

tronic tuning)

Spectrum analyzer, 242, 249
Standing waves, 216-220
Standing wave detector, 219-220
Standing wave ratio, 217, 219, 221-222,

249
Starting current, 91, 249
Symbols, list of, 250-252
Synchrodyne, 163, 249

\

R

Reflection coefficient, 217-218, 249
Reflex klystron, 73-112, 180, 249 

design considerations, 111
Regulator, for power supply voltage,

197-201
Resonant wavelength, 15, 21, 253-262
Resonator, cylindrical, 13-17, 241

field pattern of, 16, 241 
reentrant shape of, 20, 253-262

Resonator coupling, 9, 54
through drift space, 135

Resonator grids, 9, 249
Resonator losses, 109
Resonator parameters, 17
Resonator tuning, 10, 22, 171-176

effect on oscillator, 128
Rieke diagram, 57-60, 107-109, 131, 223,

245, 249
of amplifier, 57-60

when resonator is retuned, 59
of reflex oscillator, 107-109
of two-resonator oscillator, 131

S
Secondary electron emission, 202
Shape factor, of resonator, 249
Shot noise, 61, 170
Shunt resistance, 18, 249
Signal generator, 244

‘ Space-charge debunching (see Debunch­
ing)

Space-time diagram (see Applegate dia­
gram)
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