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Preface

This book is based on material assembled for courses, short courses, and seminars
on microwave tubes that | have given over 100 times at various U.S. Navy, Air
Force, Army, and NASA facilities, Varian Associates (now CPI), Hughes (now
L3) Electron Dynamics Division, Teledyne Electronic Technologies, Litton (now
L3) Industries, L3 Defense Systems Division, Texas Instruments, the French
Ministry of Defense, the University of California at Los Angeles, The University
at Buffalo, and other locations. There have been over 2,000 students with
backgrounds ranging from third-class Navy electronic technicians through
microwave tube experts to individuals at the chief scientist level.

This book contains a balance of practical and theoretical material so that those
new to microwave tubes as well as experienced microwave tube technicians,
engineers, and managers can benefit from its use. To a large extent, each chapter
builds on material from earlier chapters and so, for the newcomers, it is advisable
to work through the book starting at the beginning. For those who have
microwave tube experience, most of the chapters can be used without referring to
others. For those who are interested in further study and research, the references to
the works of over 500 authors dating from the invention of the microwave tube to
the present time should be of value.

Contributions to this book have come from many sources. First of all, Thomas
Bekker of the Port Hueneme Division of the Naval Surface Warfare Center
provided the encouragement that led me to give my first 5-day course on
microwave tubes in 1982 and to publish the book Microwave Tubes in 1986.
Then, with the encouragement and support of Eugene (Joe) Dutkowski of the
Crane Division of the Naval Surface Warfare Center, | developed an 8-day course
on traveling wave tubes that led to the publication in 1994 of Principles of
Traveling Wave Tubes. Subsequently, | developed 8- and 10-day courses, which
contained in-depth material on klystrons and crossed-field devices as well as
traveling wave tubes. Recently, | was asked to prepare lecture material on fast
wave devices. In this book, | have integrated the new material on klystrons,
crossed-field devices, and fast wave devices with revised material from my
previous two books.

Especially valuable technical contributions have come from the following:

xvii
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Jon Christensen, James Hansen, and Dr. Ivo Tammaru of Hughes (now L3); David
Zavidil, Phil Lally, and Robert Dipple of Teledyne; Dr. Richard True, Dr. Robert
Symons, and Dr. Rodney Vaughan of Litton (now L3); Dr. George Farney, Dr.
Armand Staprans, and George Miram of Varian (how CPI); Dr. Stanley Kaisel;
and Dr. Marvin Chodorow. | am also indebted to the many course participants
who made substantial recommendations and contributions to the course material
and to my books.
Finally, I again thank my wife for her patience and understanding.



Chapter 1

Introduction

Microwave tubes are vacuum electron devices used for the generation and
amplification of radio frequencies in the microwave frequency range. Microwave
frequencies are generally considered to be from somewhat less than 1 GHz to over
100 GHz. The millimeter-wave frequency region is part of the microwave range
and is generally considered to extend from about 30 GHz to 300 GHz.

1.1 THE MICROWAVE SPECTRUM

The microwave spectrum is divided into several frequency bands. The two most
commonly used band designations are shown in Figure 1-1. The old band
designation was established during World War II. The new designation,
established to provide a more logical system, has not been widely accepted. The
old band system is most commonly used in the microwave tube industry and is the
one used in this book.

Frequency (GHz)
0.1 0.2 0.4 06 1.0 2 4 6 10 20 40 60 10
1 1 1 1 1

I I I I I : / Iy \ \: I
P L s cC X | Ku KalQV W
K
New Band Designation
l l l 1 l —t—
A B C D EF GHI J K L M

Figure 1-1 Microwave band designations.
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1.2 THE DOMAIN OF MICROWAVE TUBES

Before the advent of solid-state devices, microwave tubes were the only active
devices available for use at all power levels throughout the entire microwave
range. Now, as indicated in Figure 1-2, vacuum devices (microwave tubes)
predominate in high-power, high-frequency applications and solid-state devices
are used mostly at relatively low powers and frequencies.

Average Power (W)

Vacuum Devices Dominate

1072 , , . \ .
0.1 1 10 100 1000
Frequency (GHz)

Figure 1-2 Ranges of application of microwave tubes and solid-state devices.

There is no clear dividing line between the domains of tubes and solid state
because several factors (see [1] for a relevant discussion) beside average power
and frequency must be considered in most applications. Some of these factors are:

1.

In general, microwave tubes are far more efficient than solid-state
devices. With the use of the appropriate collector technology, tube
efficiencies can approach or, in some cases, exceed 70%.

Microwave tubes can operate at much higher temperatures than solid-
state devices. This, coupled with higher efficiency, means that tubes can
be smaller and lighter than solid-state devices and still eliminate waste
heat.

Because of their extremely high reliability, traveling wave tubes are the
amplifiers of choice for many satellite applications.

A factor of great importance in many applications is the large bandwidth
for some microwave tubes. This can be over 2 octaves for some helix-
type traveling wave tubes (TWTs).
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So we see that even though there is an overlap in capabilities on a power versus
frequency chart, tubes may be selected to obtain the required system capability.

1.3 CLASSICAL MICROWAVE TUBE TYPES

Most microwave tubes were invented prior to World War II [2—4]. Two types, the
magnetron and the reflex klystron, were the subjects of intense development
efforts during the war for use in radar. During and after the war, numerous other
microwave tube types and configurations were invented. Most did not find
application for any of several reasons (low efficiency, low gain, complexity).
Today, five types of microwave tubes predominate. Four are conventional devices
and the fifth is the gyrotron. These are the subjects of this book:

1. Klystrons;

2. Traveling wave tubes;

3. Magnetrons;

4. Crossed-field amplifiers;

5. Gyrotrons (gyro-monotrons and gyro-amplifiers).

These can be divided into the three categories, linear-beam, crossed-field, and
fast-wave tubes, shown in Figure 1-3. The reasons for this division become clear
when the configurations of the tubes and the electric and magnetic fields in them
are considered.

Linear-Beam Crossed-Field Fast-Wave
Tubes Tubes Tubes
Klystrons Magnetrons Gyro-
Monotrons
Traveling Wave Crossed-Field Gyro-
Tubes Amplifiers Amplifiers

Figure 1-3 Major categories of microwave tubes.

Figures 1-4 and 1-5 show the basic configurations of klystrons and traveling
wave tubes. In each case, after being formed in an electron gun, the electron beam
travels linearly through the RF circuit to a collector. In the klystron, the RF circuit
consists of resonant cavities. There is no electromagnetic coupling between
cavities. The RF input signal accelerates and decelerates electrons in the beam. As
the beam drifts, faster electrons catch up with slower electrons and this results in
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the formation of bunches of electrons and an RF current in the beam that grows as
the beam moves along. This current is coupled first to intermediate cavities (only
one is shown) and then to the output cavity. At each intermediate cavity, the RF
beam current induces a signal, which, in turn, produces a field that enhances the
bunching process in the beam. Finally, the coupling of the intense RF beam
current to the output cavity produces the RF output power of the device. The gain
of a klystron can be very large, 60 dB or more, but the bandwidth is usually
limited to a few percent to about 10%. Output power levels can be tens of
megawatts or more.

RF Input RF Output

Electron Lumped Resonant Circuit Collector
Gun With No Coupling

Figure 1-4 Basic configuration of a klystron.

RF Input RF Output

o —s
%%\)

Electron Continuous Traveling Collector
Gun Wave Circuit

Figure 1-5 Basic configuration of a traveling wave tube.

In the traveling wave tube (TWT) the RF circuit is continuous so that a signal
can travel along the circuit much like it does on a transmission line. The circuit is
designed so that the velocity of the signal is nearly the same as the velocity of the
electron beam passing through it. Also, the circuit is designed so that the electric
fields from a signal on the circuit penetrate into the beam as indicated in Figure
1-5. These fields accelerate some electrons and decelerate others so that bunches
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of electrons are formed. As these bunches pass by the nearby circuit, they induce
an RF current flow in the circuit and this causes the amplitude of the RF field on
the circuit to increase. The increased field, in turn, increases the bunching action in
the beam. As a result, as the bunches in the beam and the field on the circuit travel
along (at the same velocity), the bunching action in the beam increases. As the
bunching becomes more intense, the RF current in the beam and the field on the
circuit become larger. Eventually, the amplified signal is coupled off from the
circuit. The resulting gain of a TWT is usually in the 30-50-dB range and the
bandwidth can be from 20% to over 2 octaves. Output power levels range from
tens of watts for extremely broadband devices to hundreds of kilowatts to
megawatts for narrowband devices.

The basic configurations of magnetrons and crossed-field amplifiers are
shown in Figures 1-6 and 1-7. In these devices, the cathode is a cylindrical emitter
in the center. In general, electron flow is radially outward towards the RF circuit,
which also serves as the anode. Because a magnetic field is used, which is
perpendicular to the cathode-to-anode electric field and to the direction of electron
flow, electrons are forced to move in paths that circle about the cathode. When an
RF field is present, the electrons are bunched into spoke-like configurations.

Electron Spoke
RF Out

Lumped Resonant Circuit
With Magnetic Coupling

Cathode
®B

Figure 1-6 Basic configuration of a magnetron.

The magnetron is an oscillator in which the RF circuit consists of resonant
cavities. The cavities are arranged so that the RF magnetic field generated in each
cavity is coupled to adjacent cavities. As a result, ideally the entire cavity structure
resonates at a single frequency with the RF electric field in adjacent cavities being
180° out of phase. As the RF field oscillates, the field pattern across cavity gaps
rotates about the cathode. If an electron spoke circles about the cathode in
synchronism with the rotating field pattern on the anode, then the spoke can arrive
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at each gap at a time when it will induce a current in the cavity that reinforces the
oscillation. The resulting power out of the magnetron can be in the multimegawatt
range and efficiencies reported to be as high as 88% are possible.

The operation of a crossed-field amplifier (CFA) (Figure 1-7) is similar to that
of a traveling wave tube. The RF circuit is designed so that a signal can travel
along it in synchronism with electrons that are moving next to it. In the TWT,
electron bunches are formed that move along with the traveling wave. In a CFA,
electron spokes are formed and these circle about the cathode in synchronism with
the wave traveling on the circuit. The electric fields from the circuit wave enhance
the bunching action in the spokes and the currents induced in the circuit by the
spokes enhance the electric fields. As a result, the wave on the circuit grows as it
travels from input to output. In some CFAs, the circuit is designed so that a
backward wave interaction can occur and produce amplification. The gain of
CFAs is usually less than 20 dB, but power outputs of tens of megawatts are
possible.

Electron Spoke

Continuous Traveling
- Wave Circuit

@B

Cathode

Figure 1-7 Basic configuration of a crossed-field amplifier.

In fast-wave devices, the beam-wave interaction mechanism is completely
different than in linear beam and crossed-field devices. As Figure 1-8 indicates, in
linear beam and crossed-field devices, the frequency of operation is determined by
the RF circuit and so circuit dimensions scale with wavelength. As frequency is
increased, power capability is decreased. In gyro-devices, the frequency of
operation is determined by the cyclotron frequency and by the magnetic field.
Frequency is independent of circuit dimensions, so very high powers can be
generated at very high frequencies.

As Figure 1-9 indicates, the electron beam in gyro devices is hollow.
Electrons in the beam spiral about magnetic flux lines in near synchronism with a
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transverse RF electric field. The transverse velocities of the electrons are normally
1.5 to 2 times the axial velocities. It is the transverse energy of the electrons that is
used to amplify the electric field.

LINEAR BEAM AND GYRO-DEVICES
CROSSED-FIELD DEVICES

* Frequency Determined by Circuit * Frequency Determined by

+ Circuit Dimensions Determined by Magnetic Field

Frequency » Circuit Dimensions Independent of
Frequency
<—> RF Electric Field I RF Electric Field
Primary I.Electron Primary I.Electron
Motion Motion
e Electron Beam . Electron Beam

Figure 1-8 Comparison of RF electric field configurations and electron motions in linear
beam crossed-field and gyro-devices.

Electron Gun > B Collector

RF
Output

Hollow Transverse Electron Velocity
Electron Beam =1.5 -2 x Axial Velocity

Figure 1-9 Basic configuration of a gyrotron oscillator.

From the preceding discussions, it is apparent that the basic operating
principles of all microwave tubes are the same. An electron beam is passed
through the tube with a circuit containing an electromagnetic field. The electron
beam and the field interact to produce amplification or oscillation.

Hidden in this simplistic description are some clues to the extremely complex
nature of a microwave tube. For example, the fact that an electron beam is used
makes it necessary to evacuate the interior of a microwave tube to a pressure that
may be over 11 orders of magnitude below atmospheric pressure. To achieve and
maintain this pressure over the life of a tube, it is necessary to use special
materials and fabrication techniques.
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As another example, because of the high electron density required in the
electron beam, the source of the electrons and the beam in most microwave tubes
are very sophisticated structures. As we look further into the operation of a
microwave tube, it is found that nearly every aspect of construction and operation
is extremely complex.

1.4 OVERVIEW OF THIS BOOK

In selecting the subject matter for this book, a serious attempt has been made to
include discussions of all the technologies that are essential to an understanding of
microwave tube operation. The order of presentation of the material has been
selected so that the reader, in working through the book from the beginning, can
develop, in a logical sequence, a working knowledge of microwave tubes.

After a review of electron dynamics, cathodes and electrodes for forming
electrons into linear beams are discussed. Next, the behavior of the beam after
being subjected to a localized RF electric field is analyzed. This leads to
discussions of the operation of klystrons followed by the analysis of the interaction
of the beam with a traveling RF electric field. Perhaps the most significant result
of this analysis is the importance of the relative velocities of the traveling RF field
and the electron beam to the amplification of the RF field. This leads directly to a
general discussion and analysis of the variation of velocity with RF frequency
(dispersion) of TWT circuits. With an understanding of the significance of
dispersion characteristics, it is possible to analyze in some detail helix TWTs and
then coupled-cavity TWTs.

Many modern klystrons and TWTs use sophisticated electron beam collectors.
These enhance the efficiency but do not directly affect the interaction of the beam
with the circuit. Because of the importance of this subject, all of Chapter 16 is
devoted to collector technology.

The operation of crossed-field devices is still not as well understood as that of
linear-beam tubes, even though the magnetron was developed before linear-beam
tubes were. Still, an attempt is made in Chapters 18, 19, and 20 to describe the
most important aspects of the operation of these devices. The crossed-field device
cathodes and the secondary emission process used in the cathodes of crossed-field
tubes are discussed in some detail and then magnetrons and crossed-field
amplifiers are described.

The gyrotron, which was invented in 1964 in Russia, is relatively new to the
microwave tube field (klystrons and magnetrons were invented in the 1930s and
the TWT was invented in 1940). There are many configurations for gyrotrons
(gyro-oscillators, gyro-klystrons, gyro-twystrons, gyro-TWTs), and these and their
applications are described.

The remainder of this book is devoted to subjects not related directly to the
electromagnetic interactions that occur in microwave tubes but that, nevertheless,
are important to the understanding of the total operation of a tube. For example, all
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microwave tubes use output windows that permit the RF power generated within
the tube to be used outside the tube. Noise, nonlinearities, and distortion are
important in most applications of tubes. When tubes fail, it sometimes results from
degradation of the vacuum environment in the tube, and so a discussion of vacuum
requirements is included.

A degradation in vacuum environment along with many other factors can lead
to electrical breakdown in a tube, and so breakdown phenomena along with
requirements for protecting tubes against the effects of breakdown are discussed.
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Chapter 2

Static Fields Produced by Electrons

2.1 ELECTRIC FIELD

At many points in the analysis of electron motion in microwave tubes, it is
necessary to include the effects of the static electric fields produced by the
electrons. Those effects can be very large as the examples in this chapter
demonstrate. Before examining two of those effects in electron guns, it is
enlightening to look at the example in Figure 2-1. The effect of 10° electrons on
the potential distribution in a small sphere is shown. With the shell of the sphere
grounded (at zero potential), each electron that is placed within the sphere causes
the potential at the center of the sphere to decrease a little over 1 pV. With 10°
electrons, the potential at the center decreases to —1.44V. The density of electrons
in the electron beam in a microwave tube is two to three orders of magnitude
above that indicated here, so potential depressions produced by electrons are
normally hundreds to thousands of volts.

10° Electrons

¥ A

Potential

Figure 2-1 Potential variation in a sphere containing electrons. The potential depression in
the center of a sphere with a 1-mm diameter containing 10° electrons is —1.44V.

11
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It was pointed out by one of the author’s professors many years ago that, in
nearly all of the operations that must be carried out in designing, fabricating,
testing, and manufacturing a microwave tube, “Mother Nature is there to trip you
up.” In the case of electron emission from the cathode of an electron gun ina TWT
or klystron (Region 1 in Figure 2-2), it turns out that Mother Nature (and the very
dense cloud of electrons near the cathode surface) is there to help us. In Chapter 5,
this phenomenon is discussed in detail. Here we indicate why the electron cloud
near the cathode is so important.

Cathode

N

Figure 2-2 Region 1 near the cathode in an electron gun will be used first to illustrate the
effect of the field produced by electrons on microwave tube operation.

In Figure 2-3, the potential near the cathode surface is shown. When no
electrons are present, the increase in potential with distance from the cathode is
nearly linear. (It’s not quite linear because of the configuration of the electrodes.
With a cathode and an anode that are parallel planes, the variation would be
linear.)

When the cathode is heated so that a small current flows (this is called
thermionic emission), each electron causes a slight depression in the potential. As
the temperature of the cathode is increased, more current flows and the potential is
depressed further. Eventually, when temperature is increased far enough, the
density of electrons near the cathode surface becomes so high that the potential
near the cathode surface decreases to zero. It is not possible to increase the current
further by increasing temperature because the additional electrons would tend to
cause the potential near the cathode to become negative. However, if the potential
becomes negative, the additional electrons would be repelled and returned to the
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cathode surface. Thus, it turns out that emission is self-limiting and it is the
potential depression produced by the emitted electrons that produces the limiting
action. Operation of a cathode in this self-limiting mode is called space charge
limited operation.

When emission is space charge limited, then cathode temperature, surface
condition, and so forth have no effect on emission. This is indeed a very fortunate
situation because it eliminates the necessity for extreme uniformity of temperature
across the surface of a cathode. It also eliminates the necessity for precise control
of the voltage and current to the heater in the cathode. This is why it can be said
that, in this case, Mother Nature has been on our side.

Potential

el

Cathode Potential =0  1© Anode

Figure 2-3 Effect of electrons on potential near the cathode in an electron gun.

In the electron gun shown again in Figure 2-4, another region (Region 3) is
identified where the electric field produced by electrons plays a critical role in gun
operation. The electrodes in an electron gun are designed so that, after electrons
leave the cathode, they move toward the center of curvature of the cathode. As
they enter the anode aperture, they pass through a region (Region 2, which is not
shown here but is discussed in Chapter 3) where the action of the electric fields is
analogous to that of an optical lens. The focal point of the electron flow is shifted
from the center of curvature of the cathode to a point farther from the cathode.

Then, as the electrons pass through the anode, they enter Region 3 where they
escape from the accelerating electric fields between the cathode and anode and the
only forces affecting their trajectories are the forces between electrons. As the
electrons move closer together, the increasing forces between electrons cause their
trajectories to become nearly parallel in the center of Region 3. It is at this point
that, to counteract the electron forces that cause the beam to expand, focusing
forces must be applied to the beam if it is to be transported through the RF
interaction structure of a klystron or TWT. Electron beam focusing and transport
are discussed in Chapter 7.



14 Klystrons, TWTs, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons

The potential depression in the beam that accompanies the forces causing the
beam to stop contracting and then to expand is dependent on the charge density in
the beam. Also, as explained with the aid of Figures 2-5 and 2-6, the depression is
dependent on the proximity of the beam to the metallic cylinder (tunnel) through
which the beam is passing.

To find the potential in the beam, Gauss’s law can be used. This law relates
the electric field on a surface surrounding charged particles like electrons to the
magnitude of the charge, O, contained within that surface. Gauss’s law is

[Eas-2 (2-1)

o

where ¢, is the dielectric constant of free space.

Cathode

N

Figure 2-4 In Region 3, the forces between electrons are an essential part of the formation
process of an electron beam.

Inside the electron beam for the segment shown in Figure 2-5, which is like
that in the center of Region 3 where electrons have parallel trajectories, Gauss’s
law is

2
[ £, -ds= _prrt (2-2)
S &

where p is the charge density, which is assumed to be uniform. The charge, Q, is
the charge density multiplied by the volume, pzr°¢.

Only the radial component, E,, of the electric field exists and it is constant on
the surface with radius » and zero at the ends of the beam segment so E, is
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E =-F£" (2-3)
2¢,

The minus sign shows that the electric field is in the — r direction, which means
that it is pointed radially inward toward the center of the beam. (By definition,
electric fields point from plus to minus.)

The potential, V, is the integral of the electric field and, inside the beam, is

2

=L yolts (2-4)
g

o

The charge density, p, can be expressed in terms of current and velocity by
referring to Figure 2-5. All of the charge in length £ passes position z = ¢ in time

oL (2-5)

u

o

where 1, is the beam velocity. The current, which is the charge per unit time, is

=2 2vpu, (2-6)
t
and so the charge density is
S 2-7)
b,

As a side note, the current density J = [ / zb* is the current per unit area so
J = pu, (2-8)

This is, in fact, the definition of current in a beam, and it is a relation that will be
used frequently.
Finally, the beam velocity is related to beam voltage by

u, =21V, (2-9)

where 7 is the electron charge-to-mass ratio and V), is the beam voltage.
When (2-4), (2-7), and (2-9) are combined and the constants are evaluated, the
potential at the center of the beam with respect to the tunnel wall is found to be

V0=1.52x104L volts (2-10)

N

For a 10,000-V, 1-A beam, the depression is 152V. For a 100,000-V, 30-A beam,
the depression is 1,442V.
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When the tunnel is larger than the beam, as shown in Figures 2-5 and 2-6, the
electric field is

2
E, =—§—b (2-11)
&gy

and the potential depression in the center of the beam increases to
V=2V ln%+V0 volts (2-12)

If the tunnel radius is twice the beam radius, the depression is 363V for a 10,000-
V, 1-A beam and 3,441V for a 100,000-V, 30-A beam.

Tunnel Wall

Electron Beam with
Charge Density p

Figure 2-5 Segment of electron beam.

“—2V,In2 —|—V, —

a - °'b

Figure 2-6 Slice of an electron beam and associated potential distribution.
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These depressions are significant for at least two reasons. First, the electron
beam is traveling more slowly than the beam voltage would indicate. For example,
the electrons in the center of the 100,000-V beam with a 3,441-V depression have
been accelerated through 96,559V rather than 100,000V.

The depression is also significant because positive ions, which can interfere
with normal tube operation, can become trapped in the beam.

2.2 MAGNETIC FIELD

The electron beam in a microwave tube produces a magnetic field, but this field is
small and is often neglected. The calculation of the field is straightforward. In any
circular path concentric with the beam, the magnetic field is constant. At the outer
edge of a beam with radius b and current /, the magnitude of the field is

et Am 2-13)
2rh

The magnetic flux density is

(2-14)

where 4 is the permeability of free space.
As an example, assume that a TWT contains a 1-A electron beam with a
radius, b, of 1 mm as shown in Figure 2-7. The magnetic flux density is

B=2x10"T=2G (2-15)

This flux density is about three orders of magnitude smaller than the flux density
used to focus the electron beam and so its effect is usually neglected.

Figure 2-7 Magnetic flux generated by electron beam.






Chapter 3

Electron Motion in Static Electric Fields

In the electron guns and in some collectors of TWTs and klystrons, dc voltages are
applied to accelerate or decelerate electrons. The ways in which those fields
influence electron trajectories are described in this chapter. Included is a
discussion of the relativistic velocity correction, which is important in very high-
power devices.

The very simple case of electron deflection by transverse fields in a cathode
ray tube is followed by an examination of electron motion in electric lenses. The
focusing relation derived here will be of use in the analysis of electron guns.

Finally, the influence of the electric fields produced by the electrons on the
electron trajectories in an axisymmetric configuration is examined. This will also
be of use in the analysis of electron guns as well as in explanations of electron
beam behavior.

3.1 MOTION PARALLEL TO FIELD

Assume that an electron is moving in the +z direction and that the electric field, E.,
is in the opposite (—z ) direction. Then the force on the electron is

2
F:ma:md—f =—cF (3-D
dt )

If E. is constant and the initial electron velocity is zero, then

u, :—iEzt (3-2)
m

The kinetic energy of the electron is

%mtf =—¢ek z (3-3)

z

19
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but, since E. is constant, —F. z is the potential V' through which the electron has
been accelerated,

%m u>=eV joules (3-4)

The energy of the electron, eV, is often expressed in electron volts (eV) rather than
in joules. The relation between electron volts and joules (J) is

1eV=1.6x10"7J (3-5)

An electron that has been accelerated through a potential of 1V has an energy of
1 eV. An electron that has been accelerated through 10,000V has an energy of
10,000 eV.

If the electron has an initial velocity of u, resulting from being accelerated
through a potential V,, then

%(uz—uf):e(V—Vn) (3-6)

The total energy of the electron is still e/ and the increase in energy is e( V' — V).

3.2 RELATIVISTIC VELOCITY CORRECTIONS

The relation (3-4), showing that electron velocity is proportional to the square root
of voltage, is valid only when velocities are low compared with the velocity of
light. This is because the mass was assumed to be constant, whereas, by the theory
of relativity, the mass of a particle changes with velocity. Also, from the theory of
relativity, mass and energy are equivalent and are related by the square of the
velocity of light, ¢?; that is, the energy, w, is related to mass by

w=mc? (3-7)

If a force, F, is applied over a distance, dz, to accelerate an electron, then the
energy expended, dw, and the increase in electron mass, dm, are related by

Fdz=dw=c"dm (3-8)
Newton’s second law is

F =%(m u) (3-9)

At high velocities, where m is variable, this equation must be written as
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When this relation is combined with (3-9) and integrated with the constant
evaluated at » = 0 so that the electron mass is the “rest” mass, m,, the result is

mo (3-11)

2 12
u
(l_zj
Cc

The relation between electron velocity and voltage can now be found by
reconsidering the energy expended, ¢® dm, in accelerating the electron over
distance dz (see (3-8)). If the accelerating force is supplied by an electric field, E,
then the energy supplied by that field is —eEdx or edV where dV is the voltage
increment through which the electron was accelerated. The energy supplied must
equal the increase in electron energy so

m=

edV =c’dm (3-12)

If the eclectron starts at rest, where it has “rest” mass, m,, and is accelerated
through a total voltage, V, then

eV:c2(m-m0) (3-13)
With the substitution of the mass from (3-11)

1/2

u=c 1—;2 (3-14)
1+ eV
czm()
Defining
2
v,=5 _511x10° V (x1/2MV) (3-15)
e

where eV, is the energy equivalent of the rest mass of the electron, then
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1 (3-16)

V 2
)
Z

When this expression for velocity is substituted into (3-11) for mass,

u=cl|l-
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m=m, [1+£j (3-17)
Vv

n

Electron mass and velocity as functions of voltage are shown in Figure 3-1.

As is indicated in Figure 3-1, most microwave tubes operate at voltages
between 5 kV and 250 kV. Some low-power devices operate below 5 kV and a
very few extremely high-power devices operate above 250 kV.

27 .
Most Microwave Tubes |
Operate Here |

m/m, \

Y
bt

5 kV

Normalized Mass or Velocity
o
13} -

0 T T S
0.001 0.01 0.1 1
Normalized Voltage (V/ V,))

Figure 3-1 Normalized electron mass and velocity as functions of voltage.

3.3 ELECTRIC LENSES

In this section, the influence of an electric lens on electron trajectories is
examined. The electron gun used in Chapter 2 and shown again here in Figure 3-2
will be of use in explaining one of the reasons why we want to understand the
effects of electric lenses.

As electrons enter the anode aperture, they pass through Region 2 where the
action of the electric fields is analogous to that of an optical lens. The focal point
of the electron flow is shifted from the center of curvature of the cathode to a point
farther from the cathode. To understand why this happens, it is very useful to
examine the “equipotential” surfaces near the anode in the electron gun.

In Figure 3-2, the anode voltage is 10 kV above the cathode voltage. An
equipotential surface at a potential of 5 kV is identified. If a voltage probe could
be used that did not disturb the potential surfaces, and voltages were measured,
this is the surface on which the 5-kV measurements would be plotted. Thus, an
equipotential surface is an imaginary surface on which the potentials are equal.
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Cathode %

at 0 kV

/ Equipotential Surfaces

Electron Beam

Region 2

5 kV Equipotential

Figure 3-2 Equipotential surfaces that form a defocusing lens in an electron gun.

The equipotential surfaces to the right of the 5-kV contour in Figure 3-2 all
bow toward the aperture in the anode. Electrons tend to have trajectories that are
perpendicular to equipotential surfaces because that is the direction in which the
electric field is strongest, so that is why Region 2 is a beam-defocusing region.

In Figure 3-3, single aperture lenses are shown and the focusing actions of
these lenses are indicated. Each electrode set in Figure 3-3 consists of three
parallel plates with voltages such that V3 > 7, > V. The center plate at potential
V,1s equally spaced from the other two and has a circular aperture. In this section,
a simple relation is developed to determine the focal length, £, in terms of the
applied voltages. This focal length can be used in the analysis of electron guns.

As shown in Figure 3-3(a), if the voltage difference between plates 1 and 2 is
larger than that between plates 2 and 3, the equipotential contours near the
aperture will bulge into the region between 2 and 3. An electron traveling parallel
to the axis in regions 1-2 will have its trajectory deflected away from the axis in
regions 2-3.

For the case shown in Figure 3-3(b), the voltage difference between plates 2
and 3 is larger than between 1 and 2 and so the equipotential contours near the
aperture bulge into the region 1-2. An electron traveling parallel to the axis in
region 1-2 will have its trajectory deflected toward the axis in region 2—1.

Assuming that ¥} = 0 and that an electron leaves electrode 1 with negligible
velocity, then the velocity of the electron at electrode 2 at z =0 is
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Figure 3-3 (a, b) Focusing action of single-aperture lens.

m

e 12
u, :(2—1/2) (3-18)

The approximation made here is that the voltage at z = 0 in the aperture is the same
as that on electrode 2.

As is indicated in Figure 3-4(a), in the vicinity of the aperture in the center
electrode, where the equipotential surfaces are curved, there is a radial component
to the electric field, E,. This radial field produces a radial force on the electron and
a radial velocity component, u,, which can be obtained from

— (3-19)
dt
and is
u=—< j Edt (3-20)
m Yt

The time —, to ¢, is the time spent by the electron in the influence of the radial
field. Assuming that u, is constant during this time, then the time interval, —, to ¢,,
corresponds to a distance interval, —z, to z,, and since u, = dz/dt, u, may be written
as

u,=- ¢ f E dz (3-21)

mu,
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Figure 3-4 (a, b) Electric fields in lens.
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An expression for the integral in (3-21) can be obtained by using Gauss’s law.
A surface to which Gauss’s law will be applied (Gaussian surface) is shown in
Figure 3-4(b). The surface has a radius 7 and a length 2z, and is located at the
center of one of the lenses in Figure 3-3. There is no charge within the surface and
so the integral of the normal component of the electric field over the surface is
zero. Assuming that £ and E, are constant, the result is

SO

L E dz

mu

(El _Ez)

z (El _Ez)
2

Dividing this equation by u, and using the energy relation (3-18), then

However, from Figure 3-3

SO

(3-22)

(3-23)

(3-24)

(3-25)
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__4n
EI_EZ

f= (3-26)

This is the single-aperture lens formula of Davisson and Calbick. This result is
valid for u, << u, in a thin lens (z, << radius of the lens aperture).

3.4 UNIVERSAL BEAM SPREAD CURVE

Earlier in this chapter, the motions of individual electrons under the influence of
applied fields were examined. In this section, as was done in the discussion of
Region 3 in an electron gun in Chapter 2, it will be assumed that there are no
applied fields. A beam of eclectrons is assumed and the only electric fields are
those produced by the electrons. This analysis differs from that in Chapter 2
because the radial motions of the electrons and radial decelerating and accelerating
forces are considered.

The situation that will be analyzed is like that shown in Figure 3-5. The
electron beam is converging as it approaches z =z, but the forces between
electrons cause the beam to stop converging and then to diverge.

Figure 3-5 Assumed beam shape.

The radial acceleration of the electrons is

2
‘;tf = —nE, (3-27)

where E, is the electric field produced by the electrons. Using the relations given
in Chapter 2 for the electric field, (2-3), and for the charge density, (2-7), the
electric field at the beam boundary is



Electron Motion in Static Electric Fields 27

1
E(h)=—— 3-28
(2) 2nbeu, (3-28)

so the equation of motion for electrons on the beam boundary as a function of time
is

2
d f __n (3-29)
dt 2nbe,u,
or, as a function of z, is
d’b nl
—_— = (3-30)
dz> 2mnbeu
Next, let
172
A={ ’7’3} —174P (3-31)
TE U,
where
1
P = V3/2 (3-32)

In Chapter 5, it will be shown that the relation between current and voltage in most
thermionic diodes, including the electron guns on klystrons and TWTs is given by
(3-32). The quantity P is called the perveance and depends only on the geometry
of the diode or electron gun. Now, by substituting A4 into (3-30), the following
expression for the beam radius is obtained:

d*b A?
-2 -9 3-33
dz? 2b ( )
This can be rewritten as
d’B 1
=9 3-34
dZ*> 2B ( )
where
b z
B=— and Z=4— (3-35)
bO bD

Here, b, is the initial radius of the beam at z = 0.
After multiplying by dB/dZ, integrating and evaluating the integration
constant at Z = 0, (3-34) becomes
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dBY’ dB,\
2 =mB+ | (3-36)
dz dZ

2 2
B = (48/42)* - (a5, /d2) (3-37)

or

When the beam radius reaches the minimum value, b,, and B = B,, then
dB/dZ =0, so

2

Bm =o (dB,/dZ) (3-38)

To obtain Z, (3-36) may be rewritten as

Z= [ dB 1/2 (3-39)
\ (mnB+(aB,/az)")

This integral may be put in a recognizable form by changing variables and letting

—l:) (3-40)
dzZ
then
, dBdz
7 = 26—(113,)/(12; J‘ " du (3_41)
dB,/dZ

Plots of B as a function of Z can be generated for various values of dB,/dZ by
selecting values of dB/dZ and then calculating corresponding values of B and Z.
The result is in Figure 3-6. These curves are symmetrical about the position of the
minimum beam radius. As dB,/dZ is made more negative, the minimum first
moves to the right (+Z direction) and then to the left. Thus, for a given perveance,
there is an optimum value of dB,/dZ that maximizes the length of a tunnel through
which a beam can travel without being intercepted by the tunnel walls.

In the design of an electron gun, the position of the minimum beam radius
will be of interest. This position, Z,,;,, as a function of dB,/dZ can be determined
by evaluating (3-41) with dB/dZ = 0. The result is shown in Figure 3-7.

A version of this curve that can be obtained by changing the initial conditions
to the position where the minimum beam radius occurs and by normalizing the
radius and axial distance with respect to the minimum radius, b, is the universal
beam spread curve shown in Figure 3-8. The curve is symmetrical about z = z,.
This curve describes the shape of an electron beam in a field-free space. One of its
uses is in periodic focusing systems where this curve describes the shape of the
beam between lenses.
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Figure 3-6 Electron trajectories under the influence of space charge.
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Figure 3-7 Axial position, Z,,;,, of minimum beam radius as a function of dB/dZ.
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Chapter 4

Influence of Magnetic Field on Electron
Motion

Magnetic fields are used in nearly all microwave tubes for controlling the motions
of the electrons. In this chapter, the motion of an electron in a static magnetic field
is considered first. Then the motion in combined electric and magnetic fields is
examined. After a general consideration of axially symmetric fields, Busch’s
theorem is derived. This theorem applies when axial and radial electric or
magnetic fields are present, and is extremely important in the analysis of electron
beams in all linear-beam tubes.

4.1 ELECTRON MOTION IN A STATIC MAGNETIC FIELD

The force, F, produced by magnetic flux, B, on an electron moving with velocity,
u, is

F=-euxB (4-1)

The quantities F, B, and u are bold to indicate that they are vectors. The vector
product ux B is maximum when the vectors are perpendicular. For vectors that
are not perpendicular, the vector product decreases by the sine of the angle
between vectors.

Figure 4-1 shows the trajectory of an electron traveling with velocity u, at a
right angle to the direction of the flux density, B, which is constant. The force on
the electron is eu,B. An easy way to determine the direction of the force on the
electron is by using the right-hand rule. As is indicated in Figure 4-1,

Point fingers toward direction of charge velocity, u,,
Rotate fingers toward magnetic field, B.

Thumb points to force on positive charge, F+.
Force on electron is opposite.

el i e

31
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The force deflects the trajectory of the electron as shown in Figure 4-1 and,
because its direction is perpendicular to the trajectory of the electron, it does not
change the speed of the electron. Since the speed is constant, the force is constant.
The result is that the path of the electron is circular.

Force on y
4 + Charge

~
~

F+ -—
B
- X
~
u haN
Force on o
Electron

Figure 4-1 Deflection of electron by magnetic field.

The radius of the path can be determined by considering the outward
centrifugal force on the electron as it follows the circular path. The magnitude of
this force is mu2/r, where r is the radius of the electron path. This outward force
equals the inward force produced by the magnetic field so

2
eu B="" (4-2)
r
from which
po Mo (4-3)
nB

In terms of the voltage, V,, through which an electron was accelerated to reach
velocity u,, r is

1/2

;= 3.37><10*6% m (4-4)

At V,=10,000V and B =0.1T (1,000) G, = 3.37 mm.
The frequency with which the electron rotates is easy to determine because
the path length for one rotation is 2zrand the velocity is u,. Thus, the time

required for each revolution is
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=20r_2% (4-5)
u, nB
and the frequency of rotation is
1 1
=-=—nB (4-6)
4 t 2m g

Note that this frequency depends only on the electron charge and mass and on the
magnetic flux density but not on the electron velocity or the radius of the path. The
angular frequency with which the electron rotates is called the cyclotron
frequency, ., and is given by @, =27 f or

w,=nB (4-7)

c

Some values of the frequency of rotation, f, =, /2m, are:

f. (MHz) Flux Density (G)
2.8 1
28 10
280 100
2,800 1,000
28,000 10,000

4.2 ELECTRON MOTION IN COMBINED ELECTRIC AND MAGNETIC
FIELDS

4.2.1 Perpendicular Fields in Rectangular Coordinates
When electric and magnetic fields are present, the force equation is
F=—-e(E+uxB) (4-8)

Assume, as indicated in Figure 4-2, that the E field is in the —y direction and that B
is in the —z direction. First, let the electric field be zero; then the force is
—e(uxB,) and this is the example considered earlier. As shown in Figure 4-2,

with an initial velocity of u, = 0 in the x direction, the electron follows a circular
trajectory in the clockwise direction.

With u, and B, remaining constant, as the electric field is increased from zero,
the electron trajectories change dramatically. For example, consider the trajectory
when E, has been increased so that E,/B. =u,/3. The force produced by the
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electric field is in the + y direction and, as the electron moves away from x = 0,
this opposes the y-directed magnetic force. As a result, the electron trajectory
gradually moves outside the £, = 0 path. As E, continues to decelerate the
electron, the y component of velocity eventually becomes zero.

At the same time, as the velocity is decreased, the radius of curvature, which
is /., is reduced. Then, as the electric and magnetic forces accelerate the
electron in the +y direction, the trajectory takes on the shape of a teardrop.

Yo+ o
c
y
Yo
0 T T T T x
0 uO 2 uO 3 uO 4 uO
w, w, w, w,

Figure 4-2 Electron trajectories for various electric field levels. The magnetic flux density,
B., and initial electron velocity, u,, are constant.

As the electric field is increased, the electron trajectories become cusp shaped
and then somewhat sinusoidal. When the field is such that the y-directed force is
zero, that is,

F,=0=—¢(-E,+u,B.) (4-9)
then

E, (4-10)

and the electron trajectory is a horizontal line.
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Electron motions similar to these occur in a circular format in a magnetron
where the electric field is radial and the magnetic field is parallel to the axis.

4.2.2 Axially Symmetric Fields

In Chapter 3, we examined the motions of electrons in a beam when only space
charge forces are present. This led to the universal beam spread analysis. The
effect of a magnetic field was not included in that analysis. In this section, we will
derive Busch’s theorem, which is a powerful tool used in the analysis of the
motion of electrons when axial and radial electric and magnetic fields are present.
In Chapter 7, Busch’s theorem will be used with the universal beam spread
analysis to define the behavior of magnetically focused electron beams. Forces
resulting from axial electron motions, z, and a radial component, B,, of the
magnetic flux density will be included so that the 8 force equation is

Fy=m(27-6+r6) = ciB.—ezB,

(4-11)
which can be written as
3 — s5) =9 (26 4-12
nr( 7B, — zB,) _Z(V 9) (4-12)
Multiplying by dft, the following can be obtained:
i(andrBz —andzBr)zd (rzé) (4-13)

2n

To attach physical significance to this equation, consider a ring of electrons
moving axially and expanding radially as shown in Figure 4-3. Assume that the
ring is crossing magnetic flux lines. As the ring expands radially, it crosses axial
components of the magnetic flux. The total axial flux crossed, d¥_, in distance

dris

d¥, =2nrdrB, (4-14)
where B, is the axial component of flux density. The resulting force on the
electrons is in the clockwise (+6) direction.

As the ring moves axially, it crosses radial components of flux. The total
radial flux crossed, ¢ ,in the distance dzis

d¥, =2nrdzB, (4-15)

where B, is the radial component of flux density. The resulting force on the
electrons is in the counterclockwise (— ) direction.
Now, (4-14) and (4-15) are the quantities on the left side of (4-13) so the net



36 Klystrons, TWTs, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons

force producing rotation of the electron ring results from the flux change,
d¥ =dy.-dv,, and the rotation can be found from

gy —a@?é) (4-16)
27
When this is integrated, the result is

rzé—;gzéozi(g’—ﬁyo) (4-17)
2n

where 7, 6')0 , and ¥, are the radius and rate of rotation of the ring and the flux

contained within it at z,. The quantities 7, 6, and ¥ are the corresponding values at
position z.
When g =0 at z, (such as at the cathode), (4-17) becomes

9‘:2’7 (F-7) (4-18)

2
nr

d¥,.=21rdzB,

Ring of
Electrons

\

Figure 4-3 Ring of electrons crossing axially symmetric magnetic flux lines.
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In most applications of interest in linear-beam tubes, ¥ changes slowly with z
SO

Y~nr’B, and ¥, ~nr’B

zo

(4-19)

where B_ is the flux density at the point where 0 is zero. Now, Busch’s theorem

assumes the approximate form
2
0 = n B. _Berz (4-20)
207 Tr

As stated at the beginning of this section, this result is great value in
understanding the behavior of magnetically focused electron beams.






Chapter 5

Thermionic Cathodes

The cathode is the source of electrons for the electron beam in every microwave
tube. The current density of electron emission from the cathode ranges from
milliamperes to tens of amperes per square centimeter of cathode area.

Two cathode emission mechanisms are used in conventional tubes:

e Thermionic emission;
*  Secondary emission.

In cathodes for linear-beam tubes, only thermionic emission is used.
Thermionic cathodes are the primary subject for discussion in this chapter.
Secondary emission cathodes are used in crossed-field tubes such as magnetrons
and crossed-field amplifiers. Those cathodes and their applications are discussed
in Chapter 18.

J. R. Pierce [1] listed the primary characteristics that an ideal cathode should
have:

1. Emits electrons freely, without any form of persuasion such as heating or
bombardment (electrons would leak off from it into vacuum as easily as
they pass from one metal to another);

2. Emits copiously, supplying an unlimited current density;

3. Lasts forever, its electron emission continuing unimpaired as long as it is
needed;

4. Emits electrons uniformly, traveling at practically zero velocity.

Of course, real cathodes have none of these ideal characteristics. For example,
real cathodes must be heated to a temperature near 1,000°C to produce appreciable
electron emission. At that temperature, the current density is not unlimited, but
instead is on the order of a few tens of amperes per square centimeter at most.
Because of the necessity for a high operating temperature, some of the key
constituents of a cathode evaporate, which leads to their depletion and, eventually,
to the end of the life of the cathode.

39
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The reason for the fourth characteristic of an ideal cathode is not as obvious as
the other three. First, it should be noted that, in real cathodes, there are random
microscopic fluctuations in the rate at which electrons are emitted. Second,
electrons are emitted with finite random velocities in random directions relative to
the cathode surface. There are at least two important reasons why an ideal cathode
should “emit electrons uniformly, traveling at practically zero velocity”:

1. Fluctuations in electron emission and variations in electron emission
velocities lead to noise currents in the electron beam, which produce
noise on the output from the tube.

2. Variations in emission velocities and in the directions with which
electrons leave the cathode surface lead to problems in focusing the
electrons into a well-defined beam. This problem is particularly severe in
very small, high-density beams.

While real cathodes have none of the characteristics that Pierce’s ideal
cathode would have, there has been enormous progress in cathode capabilities
since Pierce listed his ideal characteristics. This progress is indicated in Figure
5-1. Note, in particular, the large increase in emission capability that was achieved
in the 1970s and 1980s. As pointed out by Thomas et al., this progress was due
largely to the advent of modern surface analytical capabilities that made possible a
better understanding of the physics and chemistry of emitter surfaces [2]. In this
chapter, we attempt to provide sufficient background material so that, at least
qualitatively, the operation of modern cathodes, with the exception of the scandate
cathode, can be understood. The operation of the scandate cathode is the subject of
active research at the present time.

The chapter starts with the basic theory of thermionic emission. This theory is
straightforward and gives a reasonably accurate prediction of the maximum
emission that can be expected from a cathode at a given temperature, in the
absence of field effects, if the work function is known. Next, the enhancement of
thermionic emission that results from the application of an electric field to the
surface of the cathode (the Schottky effect) is discussed. The emission regulating
effect of the electron cloud adjacent to the surface of the cathode (space charge
limited emission) is of extreme importance in the use of thermionic cathodes in
linear-beam tubes. For the person who must use a cathode in a linear-beam tube,
the concept of space charge limited emission may be the most important material
discussed in this chapter.

To maintain space charge limited emission, the cathode work function must
remain low enough so that adequate emission is obtained at a given temperature
during the life of a cathode. The work function of the cathode is critically
dependent on the materials and condition of the surface of the cathode. Thus, a
large portion of this chapter is devoted to a discussion of cathode materials and
their impact on life of the cathode and the tube in which it is used.
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Figure 5-1 Historical perspective of thermionic cathode emission capabilities. (From:
R. E. Thomas et al., I[EEE Trans. Electron Devices, March 1990. © 1990 IEEE.)

The physical arrangement of the cathode and the elements that provide the
power necessary to heat it to the required temperature in the time permitted by the
application are described. Conventional heaters are discussed along with fast
warm-up assemblies that are required in some special applications of tubes.

The magnetic field of the filament can have a significant impact on the
operation of an electron gun. Electron trajectories near the cathode surface are
perturbed by this field with the result that beam generation and focusing are
degraded. If an ac filament current is used, the beam shape may be modulated at
the ac frequency and this, in turn, modulates the power output of the tube. These
effects are discussed at the end of the chapter.

5.1 EMISSION MECHANISMS
5.1.1 Thermionic Emission [3, 4]

At temperatures above absolute zero, some electrons have sufficient energy to
escape from a cathode surface. As temperature is increased, the number of
electrons with sufficient energy to escape increases. In addition to temperature, the
nature of the surface of the cathode has an extremely strong effect on the rate at
which electrons are emitted. Electron emission resulting from the heating of a
surface is referred to as thermionic emission.
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The fundamental aspects of thermionic emission may be understood with the
aid of Figure 5-2, which is the classical energy level diagram for electrons near the
interface between a cathode and vacuum. In the cathode, the parabolic curves
represent electron energy levels adjacent to atoms. The energy levels merge to
form the conduction band. At a temperature of absolute zero (0K), no electrons
have energy greater than E,, which is the top of the conduction band and is called
the Fermi level. The difference in energy between the top of the conduction band
in the cathode and the vacuum level adjacent to the cathode is known as the work
function, commonly denoted by eg.

At temperatures above absolute zero, some electrons have energy greater than
E,. Emission of the electrons can occur if their energy is £, + ep or greater. It is
necessary to keep in mind, however, that the electrons move in random directions
within the cathode. Those moving toward the surface have the highest probability
of being emitted.

Electron 4
Energy l
7/
/K
E=E,
Conduction Band T

<«+— Cathode —» | «— Vacuum —»

x=0 X —»

Figure 5-2 Energy level near the surface of a metal.

For those electrons that are emitted, the current density is
J=pu, =en,u, (5-1)

where n, is the number density of emitted electrons and u, is the x-directed
velocity component (at the emitting surface) of those that are emitted. This
velocity is readily found from the energy relation

%muf =FE te¢ (5-2)

The number density being emitted, n,, is not so easy to find. This is computed
from the density of energy states in the cathode and the probability that they are
occupied. When the analysis is carried out, it is found that
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J=A4,T% " (5-3)

which is the Richardson-Dushman equation for thermionic emission. 4, is a
universal constant and has the value

A4,=120x10° A/m?>deg’ (5-4)

The most significant aspect of the Richardson-Dushman equation is the
exponential variation of current density with work function and temperature. The
variation of current density with T2is negligible by comparison. This can be
readily demonstrated by considering the relative effects of a small change in
temperature. For example, for a typical operating temperature of 1,000°C, a 1%
change in T produces roughly a 70% change in the value of the exponential term,
but only a 2% change in T'>.

To compare theory with experiment, the Richardson-Dushman equation is
first written in the following form:

In % =In4, _ed (5-5)
T kT

This suggests that a plot of InJ/T? versus 1/T should be a straight line. The

work function, ep, should be the slope of the line and In 4, should be the intercept
of the extrapolation of the line to infinite temperature (1/7 = 0). The data are
plotted in the form shown in Figure 5-3, which is known as a Richardson plot.

— ° e Determined

/ from Slope

10,000
T

Figure 5-3 Richardson plot for determining work function and emission constant 4,,.
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In practice, the experimental value of 4, turns out to be on the order of one-
quarter to one-half of the predicted value. Two reasons for this are:

1. The work function has been assumed to be independent of temperature. In
fact, ep may vary with temperature.

2. The same value of ep has been assumed for all parts of the emitting
surface. In fact, ep may be different for different crystal surfaces.
Suppose, for example, that half of the emitter area has work function eg,
and the other half has work function ep, where ep, > ep,. Then, because
of the exponential dependence of emission on work function, practically
all of the emission will be from the ep, areas. The emitting area is,
therefore, only half of the nominal cathode area, and the measured value
of 4, is only half of the theoretical value.

From the Richardson-Dushman equation, it is clear that to obtain high values
of emission, the work function must be low and the temperature must be high.
Unfortunately, as shown in Table 5-1, when pure metals are considered, materials
with low work functions also have low melting temperatures. Cesium, with a work
function of 2.1 eV and a melting temperature of 28°C, is an extreme example.
Barium also has a reasonably low work function, but has a moderate melting
temperature (725°C). It turns out that barium is commonly used in thermionic
cathodes, but not because it has a low work function. Instead, barium is used
because of its capability (accompanied by other elements including oxygen) to
reduce the work function of the underlying metal surface. Thus, even though they
have high work functions, it is possible to use high melting temperature metals
such as tungsten and osmium by introducing barium and other elements to reduce
the work function of the surface.

Figure 5-4 shows theoretical emission densities as functions of temperature
and work function (dashed lines). Also shown are measured emission densities for
several cathodes, most of which contain metals listed in Table 5-1. For W and
ThW, the experimental curves are located where expected, based on the values of
ep in Table 5-1. (For ThW, thorium diffuses to the surface of the tungsten and so
the work function is approximately that of thorium.) Notice that, for the cathodes
containing barium (BaW, BaNi, Type B, Alloy, Scandate, and Oxide), the
locations of the experimental curves indicate work functions well below that of
barium (~ 2.7 eV). In most cases it is the interaction of the barium and other
elements with the underlying metal that produces the low work function. This will
be discussed later in this chapter when the theory of cathode operation is
examined.
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Table 5-1
Room Temperature Work Functions for Various Metals

Metal Work Function eV* Melting Temperature °C
Barium 2.7 725
Calcium 2.9 839
Carbon 5.0 ~3,550
Cesium 2.1 28
Hafnium 39 2,227
Iridium 52 2,410
Molybdenum 4.5 2,620
Nickel 5.2 1,455
Osmium 54 3,045
Platinum 53 1,773
Rhenium 5.1 3,180
Scandium 35 1,539
Sodium 2.7 97
Strontium 2.6 769
Tantalum 4.2 2,996
Thorium 34 1,750
Tungsten 4.6 3,410
Zirconium 4.1 1,852

*Work function is dependent on crystalline orientation. The values
listed are estimates of average values.

5.1.2 Schottky Effect

In the derivation of the Richardson-Dushman equation, the effect of an electric
field at the cathode surface was not taken into consideration and so neither voltage
nor electric field appear in the equation. In fact, when an electric field is applied to
the surface of a cathode, it is found that the emission increases slightly.

The reason for this effect may be explained with the aid of Figure 5-5. As was
shown in Figure 5-2 and again in Figure 5-5(a), an electron must be emitted with
energy eg or greater to overcome the work function barrier at the surface of the
cathode. When a positive voltage exists on an anode near the cathode, then an
electric field, E,, is applied to the region between the cathode and anode. Near the
cathode surface, as shown in Figure 5-5(b), this field reduces the barrier that
electrons must overcome to be emitted so that more electrons are emitted. The
resulting increase in emission current is called the Schottky effect. The amount by
which the work function is reduced is eAp where
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4re,

Ap=

® Reference 2
102- ,' / 4‘7

,l
!
'l
T 1014 /
g /
< ;R
g ‘I v'
s 171 /f
o hal o
c u
(]
»
0
E 10" -
w
l
[
1
102 T i T T T 1
600 1000 1400 1800 2200 2600 3000

Temperature (K)

Figure 5-4 Emission characteristics of several cathodes. (Adapted from: [2] and from
Methods of Experimental Physics, Vol. 4, Part A, Section 1.1.1 by G. A. Haas, copyright

1967 by Academic Press.)
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Figure 5-5 (a, b) Potential energy as a function of distance from the cathode surface.
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Using this Ag, the Richardson-Dushman equation can be modified as follows:
e ek, 2
¢ 7[4 7[50]

T

J=A,Te

(5-7)

This can be written as

Jog & ) (5-8)

where J, is the Richardson-Dushman current density and is sometimes referred to
as the zero-field current density [5]. J, is a useful parameter for comparing
performances of different cathodes.

In practice, to determine J, experimentally, it is necessary to extrapolate from
values measured at relatively high electric fields. This is because, at low electric
field levels, electrons near the cathode surface alter the applied electric field. This
is known as the electron space charge effect and will be discussed.

To determine J,, proceed as follows:

1/2
nJ=in g+ [ E (5-9)
kT \4re,

This indicates that a plot of In J versus E"? should be a straight line with an
intercept, when extrapolated to £ = 0, of the value of In J,. This is illustrated in
Figure 5-6. Note that, at low values of electric field, the measured value of current
density falls below the extrapolated value because of the effect of the charge of the
electrons in the region near the cathode surface. Some error in J, may result from
the change of the true work function by the applied electric field.

5.1.3 Field Emission

As the electric field applied to the surface of a cathode is increased to the
10°-10" V/m (0.1-1.0 V/A) level, it is found that electron emission increases

very rapidly. Furthermore, the increase in emission is almost independent of
cathode temperature.

The energy profile is like that for the Schottky effect (Figure 5-5), except that
the applied field is much larger. As a result, as indicated in Figure 5-7, the width
of the potential barrier at the surface of the cathode is very narrow. Because of the
wave nature of the electron, there is some probability that an electron can exist on
the vacuum side of the barrier even though it does not have sufficient kinetic
energy to overcome the barrier. This is known as the tunneling effect.
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Figure 5-6 Illustration of extrapolation to find zero-field current density.
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Figure 5-7 Energy profile with a very strong electric field.

The resulting electron is called field emission. Field emission increases
exponentially with applied voltage. Because extremely large emission densities are
possible, there have been many attempts to develop field emission cathodes for
microwave tubes. To achieve the high electric field levels necessary for substantial
emission, it has been necessary to fabricate the cathodes from arrays of very small
needle-shaped emitters. The needle shape is used to enhance the electric field, so
that emission occurs at the tip of each emitter, as illustrated in Figure 5-8.
Unfortunately, emitted electrons ionize gas molecules to form positive ions, which
damage the tips of the emitters and degrade emission.
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Figure 5-8 Field enhancement and electron emission from a needle-shaped emitter.

5.1.4 Space Charge Limitation [6, 7]

The effect of the negative charge of an electron is to reduce the potential that is
present in the absence of the electron. Near an emitting cathode where many
electrons are present, the reduction in potential can be appreciable. This is shown
for a parallel-plane diode in Figure 5-9. With no electrons, the potential increases
linearly from the cathode to the anode. With electrons, the potential profile is
depressed as indicated by the dashed line.
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Figure 5-9 Potential distribution with and without electrons in a parallel-plane diode.
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As the electron emission rate is increased (by increasing temperature, for
example), the potential is further decreased. As indicated by Figure 5-10, there is a
limit to how far the electron emission rate can be increased. This limit occurs
when the density of electrons adjacent to the cathode surface becomes so large that
it tends to depress the potential below zero. If the potential were to become
negative, electrons would be forced back to the cathode.
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Figure 5-10 (a—c) Potential profiles near the surface of the cathode.

In Figure 5-10(a), the electric field at the cathode surface causes all emitted
electrons to leave the cathode, thereby depressing the potential near the surface. In
Figure 5-10(b) the electric field at the cathode surface forces electrons back to the
cathode surface and increases the potential. An equilibrium condition occurs
when, as shown in Figure 5-10(c), the potential adjacent to the cathode surface is
zero, that is, when the electric field at the cathode surface is zero. If the potential
tends to become positive, more electrons flow from the cathode, thereby
depressing the potential. If the potential tends to become negative, fewer electrons
flow from the cathode, thereby raising the potential.

When the electric field at the cathode surface is forced to zero by the electron
cloud near the cathode surface, the emission is said to be space charge limited.
When a sufficient number of electrons are present so that emission is space charge
limited, then cathode temperature and surface condition have no effect on
emission. This is indeed a very fortunate situation because it eliminates the
necessity for extreme uniformity of temperature across the surface of a cathode. It
also eliminates the necessity for precise control of the voltage and current to the
heater in the cathode. When the voltage is increased in a diode with a space charge
limited cathode, the potential at all points between the cathode and anode tends to
increase. As a result, additional electrons flow from the cathode to cause the
electric field at the cathode surface to remain at zero. It is evident, therefore, that
diode current is dependent on anode voltage.
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The relation between voltage and current in a parallel-plane, space charge
limited diode can be determined in a straightforward manner. It is assumed that the
electric field at the cathode surface is zero, as is indicated in Figure 5-10.
Poisson’s law applies and so the potential, V, can be found from

Ay =L (5-10)
&

o

Assuming that the parallel plane diode extends to infinity in the transverse
directions, then there are variations only in the x-direction, so

d’v _p (5-11)

dx* ¢

o

The charge density, p, is related to current density, J, and electron velocity, u,
by
p=L (5-12)
u

and, from the conservation of energy,

u=.2nv (5-13)

SO

av . J (5-14)

dx*  2qnVe,

This can be solved with the conditions that at x = 0, J'= 0, and, for space charge
limited emission with no initial electron velocity, dV/dx = 0. The result is

3/2
J=%gu )" (5-15)
X
When the values for # and ¢, are used,
V 3/2
J=233x10"°— (5-16)
x

This is the Child-Langmuir law for the flow of electrons in a parallel-plane, space
charge limited diode. For a diode with a cathode-to-anode spacing x = d, this
equation is

1=pPV* (5-17)

where I = J4 with 4 being the cathode area. P is known as perveance and is



52 Klystrons, TWTs, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons

4 12 A
P=—¢,(27) = (5-18)
9 U( 77) d2
or
o A
P =233x10 — (5-19)
d

for a parallel-plane diode. Perveance is a function only of geometry. Space charge
limited diodes with geometries other than planar such as cylindrical and spherical
all obey I = PV*?, where the expression for perveance is the one appropriate for
the geometry used.

In this analysis, it has been assumed that the velocities of the electrons are
zero when they are emitted. In fact, electrons are emitted with small initial
velocities. If the electric field was zero at the cathode surface, all of the emitted
electrons would be able to leave the surface and the saturation emission, .J, (total
thermionic emission capability of the cathode), would flow. In practice, space
charge limited emission is much less than saturated emission because the presence
of large quantities of electrons near the surface causes a potential minimum to be
formed just outside the cathode surface. The voltage at the minimum is a small
fraction of a volt below cathode potential. Only the most energetic electrons can
overcome this potential minimum and pass on to the anode. The less energetic
electrons are returned to the cathode.

The effect of increasing the anode voltage so that more current flows is to
decrease the depth of the potential minimum and move it closer to the cathode. As
J approaches the saturation current density, J,, dV/dx approaches O at the cathode
surface. If the voltage is increased further, current will be limited to the saturation
current density and space charge limited operation will cease.

In practice, space charge limited diodes behave as predicted. This is readily
demonstrated by plotting current as a function of voltage using two-thirds power
graph paper. As shown in Figure 5-11, the resulting plot is a straight line for space
charge limited operation. The slope of the line is the perveance.

When the voltage is increased to a value high enough so that the cathode
cannot supply sufficient current to maintain the space charge limited condition, the
cathode is said to be 7L (temperature limited). The TL region is readily apparent in
the two-thirds power I-V graph because the plotted results depart from a straight
line.

In Figure 5-12, current is shown plotted as a function of temperature for a
thermionic cathode. In the region of TL operation, current increases with
temperature. At high temperatures, current is independent of temperature,
indicating space charge limited operation. As voltage is increased, the temperature
at which the transition from TL to space charge limited operation occurs is
increased.
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Figure 5-11 Current versus voltage plotted on two-thirds power graph paper.
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Figure 5-12 Emission as a function of temperature and anode voltage.

As indicated in Figure 5-13, the TL portion of a current versus temperature
curve moves to higher temperatures as time increases. The reason for this will be
discussed later in this chapter. It is necessary to select an operating temperature for
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a cathode that remains above the knee of the curve for the life of the cathode. The
rate at which the TL curve moves increases with increasing temperature, so an
excessive temperature will reduce cathode life.

In Figure 5-13, there is a slight upward slope with increasing temperature in
the space charge limited region. This is caused by the movement of the cathode
toward the anode as a result of thermal expansion of elements of the cathode
support structure.
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Figure 5-13 Movement of the TL curve with time.

The mechanisms dominating current flow in a thermionic diode are
summarized in Figure 5-14. At low voltages, current is space charge limited. As
voltage is increased, the emission limit of the cathode is reached and current
becomes dependent on cathode temperature. Current continues to increase slowly
with voltage because of the Schottky effect. At high voltages, field emission
causes current to increase rapidly.

5.2 EVOLUTION OF THERMIONIC CATHODES

The first thermionic cathodes used in quantity were those in early radio tubes.
They were made from pure tungsten, although other cathode materials were
known that were capable of producing adequate emission at lower temperatures
than tungsten. Because of the high work function (~ 4.6 eV), the operating
temperature was high. For example, 2,200°C yields about 0.3 A/cm’. Apparently,
tungsten was used in early tubes rather than other cathodes because it was
foolproof. A tungsten cathode always had plenty of emission. Other cathodes were
temperamental and were sometimes “poisoned” by mysterious agents.
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Figure 5-14 Summary of mechanisms dominating current flow in a thermionic diode.

For some applications, thorium oxide in a concentration of about 2% is added
to tungsten in the process of making the tungsten wire for the cathode. By
processing, thorium is brought to the surface of the tungsten. The work function of
thorium is well below that of tungsten, so the emission is about 1,000 times higher
than for tungsten.

The cathode surface is sometimes carburized, that is, heated in a vapor of a
hydrocarbon such as alcohol, so that a layer of tungsten carbide is formed on the
surface. This increases cathode life by reducing the rate of evaporation of thorium
and protecting the cathode from ion bombardment.

The life expectancy of high-power switch tubes containing thoriated tungsten
cathodes is shown in Figure 5-15. Thoriated tungsten cathodes are in common use
in high-power switch tubes, transmitter tubes, and microwave oven magnetrons.

Early cathodes were all directly heated, that is, the filament, which was heated
by passing a current through it, was also the cathode. Thus, as a result of the heater
current, there was a voltage variation along the surface of the cathode. Because
batteries were used as power sources, the filament voltage was dc, so there was no
modulation of the emission current.

The development of ac radios and the need to heat the filaments with ac
current brought about the need for a cathode, the surface of which was all at the
same potential. The indirectly heated cathode resulted, whereby the heater was
separate from the electron emitting surface. Directly and indirectly heated
cathodes are illustrated in Figure 5-16.

In indirectly heated cathodes, tungsten is used for the filament. Because of
heat losses and the relatively large cathode area, the cathode surface had to operate
at a temperature substantially below the heater temperature. This provided the
requirement for a low work function emitting surface
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Figure 5-15 Life expectancy for a tube with a thoriated tungsten cathode (actual life = 1/2
of life expectancy). (From: T. E. Yingst et al., Proc. IEEE, March 1973. © 1973 IEEE.)
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The oxide-coated cathode, which was discovered by Wehnelt in 1904, long
before radio tubes, provided the solution to the problem because of its very low
work function (1.5 eV) and resulting low operating temperature. Oxide-coated
cathodes served the industry well from the 1920s through World War II and into
the early 1950s. They are still prevalent today in applications requiring relatively
modest cathode emission and long life. Early oxide-coated cathodes were
described by J. R. Pierce [1] as follows:

The early history of oxide coated cathodes seemed without rhyme or
reason. It was found that if a wire intended to emit electrons was heated
and rubbed with sealing wax and the sealing wax then burned off a truly
phenomenal cathode was produced. Further work traced the emission to
alkaline earth oxides, and the compound from which they came was
humorously described as a barium resinate. The sealing wax technique
died hard, and for several years the process of coating filaments consisted
in stringing fine platinum ribbon out in long lengths, heating it with an
electric current, and rubbing a resinous compound containing barium and
strontium over it repeatedly. The narrow ribbon was then cut into lengths,
put into a crude vacuum tube of the day, the tube was pumped and baked
until a “hard vacuum” was achieved, and the filament was activated. This
activation was a wishful process consisting of glowing the filament
brightly, applying voltage, and drawing current to the plate until, in
happy circumstances the plate got red-hot, giving off enough gas to
produce a blue glow and further increase the activity and the current.
After a lucky period of this treatment the filament became active; that is,
it would emit electrons at a lower and reasonable temperature, at which it
would last for a number of thousands of hours.

The art and science of oxide cathodes are now highly developed. A mixture of
barium, strontium, and calcium carbonates is applied to a metal base (usually
nickel) and then activated in vacuum. Activation consists of heating and reducing
the carbonates to oxides.

As oxide-coated cathodes were improved, dc emission increased from
mA/cm’ to hundreds of mA/cm?. Pulsed emission densities are dependent on pulse
length and can be as high as tens of A/cm?. Oxide-coated cathodes are not capable
of high dc emission densities because of the high resistivity of the coating and the
resistive heating that occurs at high currents. They are also easily poisoned.

The search for better cathodes than oxide-coated cathodes resulted from their
low dc emission and susceptibility to damage. The L cathode, illustrated in Figure
5-17, was developed by Philips about 1950. In this cathode, the emissive material
is sandwiched between the heater and a porous tungsten pellet. During operation,
emissive material diffuses through the porous tungsten and forms a low work
function emitting surface.
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Figure 5-17 Essential features of the Philips L cathode.

Cathodes like the L cathode are referred to as reservoir cathodes for the
obvious reason that a reservoir of emissive material is used. Early problems have
been overcome and structures like the L cathode are now in use. Some of these are
referred to as MK cathodes.

A reservoir cathode, developed by the Naval Research Laboratory, is known
as the controlled porosity dispenser (CPD) cathode. The reservoir contains BaO,
CaO, and Al,05_as well as particles of tungsten, which act as a reducing agent that
frees barium from the BaO. The CPD cathode uses a thin sheet of tungsten or alloy
(to be discussed next) in which pores have been etched or drilled with a laser. The
CPD approach to cathode construction offers advantages of improved emission
uniformity and improved reproducibility and performance. At present, the
difficulties of fabricating CPD cathodes, especially for concave cathodes, limit
their usefulness.

From 1950 to 1955, the evolution of the impregnated dispenser cathode
illustrated in Figure 5-18 occurred. The Philips B-type cathode developed by Levi
is still in use by the microwave tube industry. The pores of a porous tungsten
pellet are impregnated with a compound of BaO, CaO, and Al,O;. Barium is
released when the impregnant reacts with the tungsten. The freed barium migrates
to the surface of the porous tungsten to form the emitting surface. A common
emissive mix used in the B-type cathode consists of five parts BaO, three parts
Ca0, and two parts Al,O; and is frequently referred to simply as 5:3:2. Other
mixes are 6:1:2 and 4:1:1. The 4:1:1 cathode is sometimes referred to as an S-fype
cathode. The choice of mix depends on the application of the cathode [8]. For
example, the 5:3:2 cathode is often used in large tubes at low emission densities.
The 6:1:2 cathode has very good poisoning resistance and a low barium
evaporation rate and is recommended for most applications. The 4:1:1 cathode is
very active and poison-resistant and can usually be operated 30°C cooler than
other types.

The B-type cathode is rugged and relatively impervious to damage and can
readily provide emission densities of several A/cm”. At these high densities, the
operating temperature must be 1,100°C or higher because of the relatively high
work functions of these cathodes. As a result, life is limited to a few thousand
hours.
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Figure 5-18 Typical B-type impregnated dispenser cathode.

The search for a cathode capable of an emission density comparable to
the B-type cathode, but with a lower operating temperature and longer life, led to
the development of the M-type cathode in the 1960s. In its simplest form, the
M-type is a B-type with a film several thousand Angstroms thick of osmium,
iridium, or rhenium applied to the surface. Compared to a B cathode, the effect of
the film is to reduce the work function ~ 0.2 eV and the cathode operating
temperature ~ 90°C (dependent on film metal).

A problem early in the development of M cathodes was degradation of the
enhancing film. At normal operating temperatures, the tungsten substrate and
coating metal would interdiffuse, and an alloy surface was formed with a
composition that changed with time. The lowest work function occurs when the
alloy is about 50/50 tungsten and coating metal. Thus, during the life of one a
cathode, emission would actually increase at first, then degrade, and then
eventually revert to that of a B cathode as the surface became tungsten.

Several fabrication techniques for controlling the properties of the alloy
formed on the surface of an M cathode have been examined. In one cathode, the
mixed metal matrix (MMM) cathode, the cathode pellet contains particles of the
enhancing metal (usually iridium). Fabrication is difficult because the size
distribution of the tungsten and iridium particles must be carefully controlled. In
the controlled doping (CD) cathode developed by Varian, multiple layers of alloy
material, having different compositions, are deposited. The composition of the
layers is adjusted to minimize interdiffusion of the tungsten and the enhancing
metal. A few percent of the enhancing metal can be added to the tungsten matrix
prior to coating and this reduces the diffusion of tungsten into the coatings.
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The performance -characteristics of the cathodes just described are
summarized in Figure 5-19. The increase in emission capability over B cathodes of
cathodes containing osmium, iridium, or rhenium is clearly shown.
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Figure 5-19 Performance comparison for various dispenser cathodes. (Adapted from:
L. R. Falce, Technical Record, 1983 IEDM. © 1983 IEEE.)

For several years, there has been considerable interest in scandate cathodes.
These cathodes have a very low work function (=1.5 eV) and are capable of
emission densities on the order of 100 A/cm” for thousands of hours. In one
version developed by Philips, the emitting surface is composed of a layer of
tungsten mixed with Sc,O3 (5% by weight). The entire matrix of the cathode is
impregnated with BaO, CaO, and Al,O;. While these cathodes are being used in
some applications (see, for example, [9, 10]), they are not yet in widespread use
because of nonuniform emission, which leads to a very broad work function
distribution (discussed in the following sections) and also because of a lack of
robustness such as poor resistance to the effects of ion bombardment [11].

5.3 IMPREGNATED DISPENSER CATHODES

5.3.1 Fabrication

At present, the most commonly used cathodes in the microwave tube industry are
impregnated dispenser cathodes. These are fabricated from small grains of

tungsten that have been pressed together under high pressure and sintered at a
temperature of over 2,000°C for 1 to 2 hours to form porous billets. The pores are
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then filled with a plastic material to facilitate rough machining to the desired
shape. After machining, the plastic is removed and the porous matrix is filled with
a compound containing barium oxide, calcium oxide, and aluminum oxide.
Usually, there is then an additional machining operation of the emitter surface
to the final dimensions. This is a difficult procedure because the cathode is a
porous structure. Care must be taken to avoid excess smearing of the tungsten over
the pore openings. If the pore openings become plugged, then, during cathode
operation, the emissive compound will be prevented from diffusing to the cathode
surface. Figure 5-20 shows the surface and interior of a cathode after final
machining. The differences between grain sizes and pore distributions between the
surface and the interior show that significant smearing occurred during machining.
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Figure 5-20 SEM image showing surface and interior view of a porous tungsten cathode.
(From: R. L. Ives et al., IEEE Trans. Electron Devices, December 2005. © 2005 IEEE.)

Before a new dispenser cathode is installed in an electron gun, the cathode
surface is usually processed to remove excess impregnant. One technique is to
place the cathode in a vacuum chamber (not the tube in which it will eventually be
installed) and heat it to a high temperature. This causes the excess impregnant to
evaporate from the cathode surface. Another technique is a liquid cleaning
process, referred to as SRLV or EDTA cleaning [12]. This process removes a
shallow layer of impregnant from the tungsten surface.

Figure 5-21 shows the scale of the features of the surface (without smearing)
of a typical B-type cathode [13—15]. A coated cathode (M type, for example) has a
very thin film of enhancing metal on the surfaces of the tungsten grains. Note that
all dimensions are typically a few microns. Note also that there is a wide
distribution in the sizes of the tungsten grains and that they are irregularly shaped.
This results in there being a lack of control over the porosity of the cathode surface
and this contributes to the variability of the work function of the cathode (to be
discussed next).
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It should be pointed out that, over the years, there have been many attempts to
control the porosity of a cathode surface. The work of the Naval Research
Laboratory is mentioned earlier in this chapter. None of these attempts has found
application for any one of several reasons [16]. Ives et al. [16] proposed a novel
technique for controlling porosity that appears to overcome many of the
shortcomings of previous techniques. Tungsten wires are sintered to form the
uniform array of pores of uniform size shown in Figure 5-22.
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Figure 5-21 Scale of features of an impregnated cathode. (From: M. C. Green, Technical
Report, RADC-TR-81-211, July 1981.)

Figure 5-22 SEM photograph of sintered tungsten wires. (From: R. L. Ives et al., /EEE
Trans. Electron Devices, December 2005. © 2005 IEEE.)
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5.3.2 Operation

When a cathode is heated to the operating temperature, barium is released from the
interior of the tungsten matrix by reactions of the impregnant with the tungsten.
The freed barium migrates through the pores to the surface of the cathode. Once
there, the barium migrates across the surface and eventually evaporates. The rate
of diffusion of barium to the surface, along with the energy of desorption of
barium atoms from the surface (which controls the evaporation rate), determines
the surface coverage.

It is important to avoid operating a cathode at a temperature that is higher than
necessary because the rate of evaporation of barium is highly temperature
dependent. Clearly, it is also important for the surface to be heated to a uniform
temperature. The hottest portions of the cathode become depleted of barium
soonest and this leads to reduced emission and the end of cathode life. It is
desirable that the temperature should not vary more than a few degrees centigrade
over the entire surface of the cathode.

The work function of the cathode depends on the fraction of the cathode
surface that is covered by barium along with the work function of the metal
substrate. The reason for this will be discussed later in this chapter. An example of
the variation of work function with surface coverage is shown in Figure 5-23. For
optimum coverage, which turns out to be nearly a monolayer, the work function is
a minimum. With time, as a cathode operates, the pores become depleted and the
rate of diffusion of barium to the cathode surface decreases. As a result, the
coverage of the surface decreases, the work function increases, the rate of
emission decreases, and the space charge cloud may disappear. If that happens,
emission becomes temperature limited. By increasing the cathode temperature, the
rate of diffusion of barium to the surface can be increased, the rate of emission can
be increased, and it may be possible to return to space charge limited operation. Of
course, the increased temperature causes the rate of evaporation to increase and
this hastens the return of temperature limited operation.

5.3.3 Miram Curves

Miram et al. developed a technique for presenting emission data that provides a
powerful tool for comparing cathodes, for diagnosing their performance, and for
helping to understand their operation [17, 18]. The basic concepts may be
understood with the aid of Figure 5-24. Values of emission current are plotted as
percentages of the FSCL current. Curves plotted in this manner are often referred
to as Miram curves. Several curves are shown for TL operation. With the Miram
technique, the curves are plotted for FSCL current densities that are separated by a
factor of 2. From the Richardson-Dushman equation, the temperature difference
required to produce an increase in current density by a factor of 2 is about 40°C,
and, in fact, the TL curves are separated by about 40°C.
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Figure 5-23 Variation of work function with the fraction of the surface covered by
barium. (From: L. Falce and L. Garbini, Fifth IEEE IVEC. © IEEE 2004.)
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Figure 5-24 Miram curves for a good cathode. (From: T. J. Grant, Technical Digest, 1984
IEDM. © 1984 IEEE.)

The use of Miram curves and work function distribution curves provides a
technique, not only for evaluating cathode performance as functions of
temperature and loading, but also for revealing defects in cathode fabrication and
operation. Examples of Miram curves for defective cathodes are given in Figure
5-25. The curves in Figure 5-25(a) were obtained from a cathode with chipped
edges. The chipped regions had a higher effective work function than the central
portion of the cathode. As a result, the emission plots exhibited two types of knees.
The ones for the central portion were much like the knees for a good cathode. The
other knees were very broad and occurred at higher temperatures.
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Figure 5-25(b) shows results for a cathode for which the effective work
function increased as the temperature was raised above 940°C. Note that, above
940°C, the separation between the 8 A/cm’ curve and the 4 A/cm® curve is greater
than the separations between the 4 and 2 A/cm’® curves or the 2 and 1 A/em’
curves. This large change in separation indicates an increase in the work function.

In the plots shown in Figure 5-25(c), the knees of the curves have changed, as
indicated by the dashed lines. The change may have occurred as a function of
time, or the change may represent the difference between a cathode assembly that
is known to be operating properly and another assembly that is supposed to be
identical to the first. If only the knees of the curves have changed as shown in
Figure 5-25(c), then it is likely that something has caused a nonuniformity in the
electric field near the cathode surface. With a gridded electron gun, this could be
movement or misalignment of one of the grids.

If both the spacing and shapes of the knees have changed as shown in Figure
5-25(d), then there is a cathode emission problem and possibly a misalignment of
gun electrodes.

100,

100,

Current (percent)

800 880 960 1040 1120 800 880 960 1040 1120

Temperature (°Cg)

Figure 5-25 (a—d) Miram plots showing evidence of cathode and grid defects. (Adapted
from: M. J. Cattelino et al. and T. J. Grant, Technical Digests, 1982 and 1984 IEDMs. ©
1982 and 1984 IEEE.)

5.3.4 Work Function Distribution

Because the energy of desorption and the work function vary from grain to grain,
the work function of a cathode is not a single valued quantity but instead has a
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distribution of values. For example, the B cathode can have twice as many
crystalline surface orientations as a coated cathode, causing a broader work
function distribution as shown in Figure 5-26.

M Cathode
\
B Cathode
—

f(eq)

I I
1.7 1.8 1.9 2.0 21 2.2 23
Work Function, ep (eV)

Figure 5-26 Work function distribution for a B cathode and an M cathode early in life.
(From: T. J. Grant, Technical Digest, 1986 IEDM. © 1986 IEEE.)

To understand the overall emission characteristic of a cathode, it is necessary
to understand the distributed nature of the work function. An important
consideration is the thickness of the electron space charge cloud at the surface of
the cathode during space charge limited operation. Because of the finite velocities
of emission of electrons, there is a small depression in the potential (~0.2V) near
the surface of the cathode. The location of the position where the potential is a
minimum is a measure of the thickness of the space charge cloud. Figure 5-27
shows the distance between the potential minimum and the cathode surface. Note
that, at emission densities of a few A/cm?, which are typical for coated dispenser
cathodes, the position of the potential minimum is comparable to the tungsten
grain size (see Figure 5-21) and thus the emission patch size, so we can conclude
that the various patches emit independently at rates determined by their individual
work functions [19].

Because the various patches operate independently, the surface of the cathode
behaves like an array of diodes with varying work functions that are connected
together in parallel. Thus, the emission characteristic for the cathode can be
modeled as a parallel combination of the emission characteristics of the diodes
(patches). In the temperature-limited (TL) region of operation of each patch, the
Richardson-Dushman equation applies. In the space charge limited region
(indicated by FSCL to show that the calculation is based on an operation that is
fully space charge limited, that is, no part of a patch is operating temperature
limited), the Child-Langmuir law applies.
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Figure 5-27 Distance between potential minimum and cathode surface.

Figure 5-28 shows, conceptually, how the TL and FSCL curves can be
combined to obtain the overall emission characteristic (Miram curve), which is
often called a roll-off curve. Notice that, below the FSCL current, emission
consists of a combination of currents from patches that are operating TL and from
patches that are operating SCL (space charge limited). In Figure 5-28, all currents
are plotted as percentages of the FSCL values. It has been assumed that all
emission patches operate at the same temperature and that the electric field applied
by the anode is the same for all emission patches.

FSCL Region

I~ 2=

Cathode Current

---- Patch Characteristics

—— Composite Cathode
Characteristic
(Roll-Off Curve)

Cathode Temperature

Figure 5-28 Combination of emission curves for several patches to form the overall
emission characteristic (roll-off curve) for a cathode.
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Cattelino and Miram have used the practical work function distribution
(PWFD) as a tool for evaluating cathode quality and predicting life [20]. Figure
5-29 shows how the PWFD plot is constructed. First, the Miram curve is overlaid
on a set of TL emission curves calculated using the Richardson-Dushman
equation. Currents up to the 0.5 FSCL value are normalized with respect to the
FSCL current and plotted against the work function. Currents above the 0.5 FSCL
value are subtracted from the FSCL current, normalized, and plotted against the
work function.
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Figure 5-29 Determination of the practical work function distribution (PWFD). (Adapted
from: Cattelino and Miram, Applied Surface Science, Vol. 111, 1997.)

Cattelino and Miram used PWFD to compare and cathodes. The best of class
is the cathode of a particular type such as the M-type that has the best emission
performance. The PWFD curves for best-of-class cathodes have the following
characteristics:

1. The curves are nearly the same for all current densities.
The mean value and the width of the curves are nearly constant
throughout life.

3. The curves are narrow.

Figure 5-30 contains PWFD plots for a best-of-class cathode and the plots in
Figure 5-31 are for a cathode with a poor emission characteristic. The best-of-class
curves in Figure 5-30 exhibit the second and third characteristics listed above. In
addition, PWFD curves (not shown in Figure 5-30) at current densities of 2 and 4
A/em® were nearly the same as those at 8 A/em’. By comparison, the PWFD
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curves in Figure 5-31 for a cathode with continual degradation in emission over its
life show a continual shift in peak value toward higher work functions. Also, the
widths of the curves increase with life indicating degradation in emission
uniformity. Note that early in life, the best-of-class cathode had a lower peak
PWFD work function (~1.78 eV) than the poor cathode (~1.81 eV).
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175 180 185 190 195 200 2.05 210
Work Function, ep (eV)

Figure 5-30 PWFD for best-of-class alloy-coated cathode at 8 A/cm?’. (Adapted from:
Cattelino and Miram, Applied Surface Science, Vol. 111, 1997.)
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Figure 5-31 PWED for an alloy-coated cathode at 8 A/cm? with poor emission and life
characteristics. (Adapted from: Cattelino and Miram, Applied Surface Science, Vol. 111,
1997.)

Cattelino and Miram reported that the PWFD provides a means for predicting
cathode performance and life expectancy. They noted that, in general, it has been
observed that cathodes with similar PWFD characteristics tend to have similar life.
Cathodes exhibiting best-of-class PWFD performance typically exhibit best-of-
class life expectancy.



70 Klystrons, TWTs, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons

A quantity related to the PWFD is emission spread. Miram et al. reported that
emission spread, along with PWFD, is useful for evaluating cathodes for
applications like the gyrotron, which require TL emitter operation [21]. As shown
in Figure 5-32, emission spread is determined from the roll-off curve. It is defined
at a specific TL operating point (Miram uses 40% of the FSCL current) and is the
difference between the calculated (Richardson-Dushman) work function that
produces the emitted current and the lowest measurable work function for the
emission characteristic (1.80 eV in Figure 5-32). For the example in Figure 5-32,
the emission spread is 0.035 eV.
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Figure 5-32 Determination of emission spread. (From: G. V. Miram et al., Fifth IEEE
IVEC, © IEEE 2004.)

Before leaving the subjects of PWFD and emission spread, it is of value in
understanding the characteristics of scandate cathodes to show results reported by
Miram et al. [21]. Figure 5-33 shows the emission spread and PWFD for a
scandate cathode. The emission spread is 0.2 eV and indicates that, at the
temperature of 700°C, most of the surface of the cathode is operating temperature
limited. However, over a range of ~300°C from ~750°C to ~1,100°C, the cathode
becomes space charge limited. This is an indication of the emission nonuniformity
of present state-of-the-art scandate cathodes.

5.4 LIFE CONSIDERATIONS

Long-life requirements often range from 10,000 hours to over 100,000 hours.
While life testing is sometimes done, it is more common to predict cathode life on
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the basis of known cathode degradation mechanisms. Grant identified three
distinguishable types of emission degradation mechanisms [19]:

Typel gradual decrease in perveance, that is, FSCL emission decreases
with time;

Type I change in work function distribution with time and without
dependence on changes in cathode temperature;

Type III change in work function distribution with temperature as well as
with time.

The type II mechanism results from a change in the base metal work function with
time. This mechanism applies to coated cathodes and is attributed to the diffusion
of tungsten through the coating. Grant pointed out that the work function
distribution can move to lower as well as higher work functions early in life
depending on coating composition, thickness, and interdiffusion rate.
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Figure 5-33 Emission spread and PWFD for a scandate cathode. (From: G. V. Miram et
al., Fifth IEEE IVEC, © IEEE 2004.)

When the type III mechanism occurs, the work function distribution changes
in a reversible manner as temperature changes. That is, if temperature is increased
or decreased, the distribution increases or decreases and the measurements are
repeatable. This can occur early in life and is attributed to an insufficient supply of
barium, a change in sticking coefficient of the barium to the cathode surface or to
external poisoning.
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The reason given for the type I degradation is usually the gradual depletion of
the barium supply in the impregnated tungsten pellet [2, 22-25]. Thus, the rate at
which barium diffuses to the cathode surface decreases, so the barium coverage of
the surface decreases and work function increases.

Grant noted that the Miram curves do not always support the conclusion that
barium coverage of the entire cathode depletes with time [19]. In some cases, a
reduction in current persists even if cathode temperature is increased 150°C above
the point where the cathode is 99.5% FSCL. If depletion of the entire cathode had
been the reason for the reduced current, the increase in temperature would have
increased the current. Grant stated that “the preferred reason for the change in
perveance is the complete depletion of barium from the edges of the cathode
surface.” Depletion from the cathode edge is rapid because, if there is no barrier to
diffusion on the outer diameter of the cathode pellet, barium can diffuse and
evaporate radially outward as well as from the front surface of the cathode.

A feature of Miram curves and of PWFD curves that results from barium
depletion is the movement with time of the curves toward higher temperatures
([13] and Figure 5-31). Another example is given in Figure 5-34. By observing the
rate at which the curves shift to higher temperatures, life projections can be made.
End of life is sometimes predicted to occur when the knee of the roll-off curve of
interest reaches the operating temperature and emission current starts to drop or
drops by a prescribed amount such as 10%. For the curves shown in Figure 5-34,
the movement of the curves over a 2,500-hour period is shown. Assuming that the
curves continue to move at the same rate, then the time for the 1 A/cm? or the 2
Alem’ curves to reach the operating temperature (1,050°C) can be estimated. At
4 A/em® the knee of the curve has already reached the operating temperature and
current has dropped about 5%. For this current density, a 10% drop would soon
occur.

Under ideal conditions, the selection of the temperature at which a cathode
should be operated to maximize life would be straightforward. For example,
consider the roll-off curve shown in Figure 5-35. A cathode could have this
emission characteristic if:

1. All areas of the emitting surface had the same work function.
2. There was no variation in temperature across the emitting surface.
3. The electric field near the emitting surface was the same everywhere.

End of life would occur when the knee of the curve reached the operating
temperature and suddenly there was a precipitous drop in emission current. The
operating temperature could be selected by using the life prediction model of
Grant and Falce [26]. Life predictions for B and M cathodes are shown in Figure
5-36 and in Figure 5-37.
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Figure 5-34 Miram plot for B-type cathode. (From: M. C. Green, Technical Report
RADC-TR-81-211, July 1981.)
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5.4.1 Grant and Falce Life Prediction Model

The model used to generate the curves in Figures 5-36 and 5-37 is based on the
type I and type II degradation mechanisms (gradual depletion and base metal work
function change). The model is valid for both B- and M-type cathodes, the only
difference being the variation with time of the base metal work function in the M-
type alloy coatings. Life was defined as the first onset of temperature limited
operation.
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Figure 5-36 Life of a B-type cathode as a function of operating temperature. (From: T. J.
Grant and L. R. Falce, Third IEEE IVEC, April 2002, © 2002 IEEE.)

As an example of the use of these curves for a B-type cathode having the
emission characteristic in Figure 5-34, assume that life is to be maximized for
operation at 1 A/cm”. The knee temperature in Figure 5-36 is slightly below
1,000°C. Life is maximized with an operating temperature of ~1,050°C or ~50—
60°C above the knee temperature. It should be noted, however, that there is very
little sacrifice in life if the operating temperature is only ~40°C or as much as
~100°C above the knee temperature.

The life advantage (over an order of magnitude) of the M cathode, compared
with the B cathode, is the most striking feature of Figures 5-36 and 5-37. Unless
there is some compelling reason to use a B cathode, it is clear that an M-type
cathode should be used.

An interesting characteristic of several of the M-cathode curves in Figure
5-37, for example, the 1 A/em?® curve, is that the cathodes have a longer life at
temperatures below the initial knee temperature. This effect is due to a gradual
change of the base-metal work function as tungsten diffuses into the M-type alloy
coating.
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Figure 5-37 Life of an M-type cathode as a function of operating temperature. (From: T. J.
Grant and L. R. Falce, Third IEEE IVEC, April 2002. © 2002 IEEE.)

Unfortunately, roll-off curves found for real cathodes don’t have the sharp
knee shown in Figure 5-35 but instead have a knee shape more like one of those
shown in Figure 5-34. As a result, the selection of the temperature at which the
cathode should be operated is not so straightforward. Sometimes a knee
temperature is defined as shown in Figure 5-38. It is the intersection of linear
extrapolations of the TL and FSCL lines that is used to determine the knee
temperature. Then the operating temperature is specified to be a temperature
increment, AT, above the knee. Unfortunately, this technique ignores the fact that
there can be a great deal of variability in knee shapes for cathodes for a specific
application. For example, for the cathode in Figure 5-38(a), FSCL operation would
be possible for a time period of ~AT/2, whereas for the cathode in Figure 5-38(b),
the onset of TL operation and reduced current would occur much sooner.

Ideally, the operating temperature should be chosen so that end of life is
determined when the cathode current in a tube has decreased by an amount that
causes one of the operating parameters of the tube to fail to meet specification. In
this case the “knee” temperature is the temperature that produces that cathode
current. Then the operating temperature is specified to be a AT such as 50°C above
that knee temperature.
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Figure 5-38 (a, b) A technique for defining the knee temperature for a real cathode.

Unfortunately, it is not as easy to determine end-of-life temperature in this
manner as it would appear to be. This is because there are several factors that can
cause irregularities in the shape of the roll-off curve in the FSCL region. Perhaps
the most important factor is the thermal expansion characteristic of the cathode
support structure. This causes the cathode-to-anode spacing and thus perveance to
vary with temperature. This effect has to be compensated to find the true FSCL
current. Other factors that complicate the determination of FSCL current include
grid movement and scatter in measured data.

5.4.2 Longo Life Prediction Model

Another example of life prediction based on the depletion model is by Longo [22—
24]. He observed that the following simple relation described the emission from an
impregnated cathode over a wide range of voltages and temperatures.

IR S (5-20)
JOP JFSCL JTL

In this equation, Jyp is the observed current density, JFsc, is the current density
that would be observed if the entire cathode was operating space charge limited,
and Jr; is the current density that would be observed if the entire cathode was
operating temperature limited. Shown in Figure 5-39 is a comparison of Longo’s
equation with measured results.

Vaughan observed that the knee of the roll-off curve described by Longo’s
equation is much broader than that found for most cathodes. Vaughan proposed
the relation

IR S (5-21)
JO”P J;SCL JT"ZL
where 7 can be adjusted to provide the best fit to data [27]. A value for » of 6 to 10

was given as being appropriate for good electron guns. The dashed curve in Figure
5-39 shows Vaughan’s expression plotted for n = 6.
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Figure 5-39 Empirical relations for emission current. (Adapted from: R. T. Longo,
Technical Digest, 1978 IEDM. © 1978 IEEE.)

Longo used his relation to predict emission current density as a function of
time by assuming that the work function in Jz; (the Richardson-Dushman current)
varies with time. The time dependence of work function is assumed to result from
the variation with time of the fraction of the cathode surface that is covered by
barium and by how much barium is on the covered surface. Surface coverage is
determined by considering losses by evaporation and increases due to the
evolution of material in the porous tungsten and the migration of this material to
the surface by gas flow under conditions known as Knudsen flow.

To use the prediction model for an M-type cathode, Longo took into account
the diffusion of tungsten into the osmium coating and the resulting variation with
time of the base metal work function and of the minimum cathode work function.
He calibrated his model against the results of accelerated life tests as shown in
Figure 5-40(a) and then used the model to predict the operating lifetime at normal
operating temperatures as shown in Figure 5-40(b). In this figure, J(0) is the initial
cathode current density and J(¢) is the current density at a later time. Note that
lifetimes over 100,000 hours are predicted with only small decreases in emission
current.

Since the first use of cathodes many decades ago, there has been a continuing
requirement for increased emission capability along with long life. At present, for
microwave tubes, these requirements are driven primarily by millimeter-wave
tubes where small, high-current density cathodes are required for acceptable beam
formation. There are also requirements for high-current density cathodes for
technologies other than microwave tubes. One of these is for free electron lasers
where a high-current density cathode (commonly referred to as a high brightness
cathode) is needed to help limit the divergence of the beam generated by the
electron gun.
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Figure 5-40 (a, b) Results of Longo’s life prediction model. (From: R. T. Longo et al.,
Technical Digest, 1984 IEDM. © 1984 IEEE.)

There is a practical limit to the current density that can be drawn from a
cathode, regardless of its emission capability. This limit results from the electrical
breakdown characteristics of vacuum. For a 1-cm gap with a uniform field, the
breakdown field is about 10° V/cm, so breakdown across the 1-cm gap would be
expected for a voltage of about 100 kV. For a gap with hot electrodes (such as a
thermionically emitting cathode) and filled with a high electron density, the
breakdown voltage would be below 100 kV.

For a planar SCL diode with an anode-cathode separation of 1 cm, a voltage
of about 120 kV is required for a current density of 100 A/cm?®. While the average
field would be 120 kV/cm, the field at the SCL cathode would be zero and at the
anode would be above the average field. Even if breakdown did not occur within
the current flow region, it is probable that it would occur between the focus
electrode and the anode where the spacing would be less than 1 cm. Thus, it
appears that the practical upper limit to emission current densities is less than 100
A/em?®. Higher-current densities are possible at very short pulse lengths because
the breakdown field strength increases as pulse length becomes shorter.

By optimizing the alloy composition on coated cathodes, Varian (now CPI)
has been able to demonstrate emission densities of over 100 A/cm® [28]. The
Miram curves in Figure 5-41 show this emission capability and also show that the
cathode was well behaved up to the highest temperatures and currents tested.

Thomas et al. used barium depletion calculations to predict cathode life at
high emission densities [2]. The criterion used for end of life was when the
temperature limited emission dropped to half the initial level. Evaporation rate
data for B-type cathodes was used to predict life as a function of temperature for
each cathode type. Thomas et al. noted that the approximation is crude because of
differences in impregnant composition, pore structure, and surface composition,
all of which affect the net rate of evaporation. Still, a B-type cathode tested at
LLNL and an M type tested at NRL, both at about 40 A/cm?, are in reasonable
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agreement with predicted life. Thus, the results as shown in Figure 5-42 appear to
be valid within a factor of 2 or 3 uncertainty.

The life of the scandate cathode was also assumed to be limited by barium
depletion. Thomas et al. noted that, at the time the paper was written, it was not
clear what other mechanisms may limit the life of this cathode. Also, for all of the
cathodes shown in Figure 5-42, it is often found that a higher temperature than
expected (with resulting shortened life) is required to maintain emission because
of the effects of poisoning gases.
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Figure 5-41 Test data for the 100 A/cm? dispenser cathode. (From: G. V. Miram et al.,
Vacuum Electronics and Display Conference, 1989.)

5.5 DISPENSER CATHODE SURFACE PHYSICS

The basic theory of thermionic emission discussed at the beginning of this chapter
has been well established and understood for several decades. What has not been
well understood until recently has been the work functions of surfaces with
adsorbed atoms of various materials. As a result, cathodes have historically been
developed more by trying various combinations of materials and techniques, rather
than by design based on a thorough knowledge of surface physics. Fortunately,
however, the modern state of cathode theories is significantly advanced from that
given by Pierce in 1946 [1].
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Figure 5-42 Predicted cathode life versus current density. (From: R. E. Thomas et al.,
IEEE Trans. Electron Devices, March 1990. © 1990 IEEE.)

It is clear that as far as science goes, the state of the oxide coated cathode
is confused indeed. Not only does theory fail to help us make good
cathodes; it seems not to fit all the evidence. Maybe cathodes work
sometimes one way and sometimes another, which isn’t as ridiculous as it
may sound. At any rate, while some physicists are uninterested and others
confused, cathode making continues to be an art practiced, it seems, by
artists with a good deal of witch doctor in their make-up. When
something goes wrong, this or that demon is exorcised, and eventually
things go right again. And, unlikely as it seems, cathodes continue to
improve.

While it is not yet possible in theory to design a new type of cathode having a
predetermined emission density, operating temperature, and life, present cathode
theories do explain very well how most dispenser cathodes operate. The following
section contains an overview of the present theories of dispenser cathode
operation.

In the fundamental theory of thermionic emission, an energy level diagram for
electrons in and near the metal surface, like that shown in Figure 5-43(a), was
used. In dispenser cathodes, the emitting surface is far more complex than that
shown in Figure 5-43(a). This is because of the diffusion of barium, oxygen, and
perhaps other elements to the surface of the cathode. For the B-type cathode, for
example, measurements show that the surface consists of monolayers of barium
and oxygen on the tungsten base as indicated in Figure 5-43(b). The layers of
barium and oxygen are each approximately a monolayer thick. The atoms in these
layers are charged. The barium atoms have lost an electronic charge and are
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positively charged. The oxygen atoms have acquired an electronic charge and are
negatively charged. Thus, the positive barium atoms and negative oxygen atoms,
along with negative image charges on the surface of the metal (not indicated in
Figure 5-43(b)), form electric dipoles. These dipoles affect the potential
distribution at the surface of the metal, as indicated by the curved potential profile
followed by a question mark. Thus, the work function that electrons must
overcome to be emitted is changed.
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Figure 5-43 (a, b) Effect of oxygen and barium on the energy level diagram.

The positive charge of the barium atoms also results in electrostatic forces that
attract the atoms to the surface of the metal. This causes the rate of evaporation of
the barium atoms from the tungsten surface to be far below (by over an order of
magnitude) the rate of evaporation of barium atoms from a barium surface.

Before attempting to explain the effect of two (or more) layers of charged
atoms of different elements on the work function of a surface, it is helpful to
consider a single layer of atoms of one element. Following the work of Zalm and
van Stratum [29], who were early developers of the M-type cathode, consider
again the energy level diagram for a metal surface in Figure 5-44(a). With no
foreign atoms near the surface, the energy levels are as previously discussed. If a
small number (far fewer than required to form a monolayer) of atoms that can
easily give up electrons (have a low ionization potential) are brought into the
electric field near the surface of the metal, it is probable that some of the atoms
will become ionized and give up electrons to the metal surface (see Figure
5-44(b)). The presence of the resulting positive charge on the surface of the metal
produces a reduction, Aeg, in the work function, which, in turn, increases the
probability of electron emission. The influence of the positive ions near the surface
of the metal is similar to that of a microscopic grid at a positive potential. Such a
grid would reduce the potential barrier at the surface of the metal and permit
increased electron emission.
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As additional atoms are brought near the surface, some become ionized and
further reduce the work function (Figure 5-44(c)). For small numbers of atoms
(much fewer than required for a monolayer), the amount by which the work
function is reduced, Aeg, increases linearly with the density of atoms on the metal
surface.

Electron
Energy

Vacuum

N
<— Metal

Vacuum —
(a) (b)

Figure 5-44 Energy level diagrams for a metal surface with: (a) no foreign ions on

surface, (b) a few foreign ions on the surface, and (c) many foreign ions on the surface.

As more atoms are brought near the surface, and more ions are formed, two
primary effects reduce the rate of ion formation:

1. The reduction in electric field near the surface that the ions produce
results in a reduced probability of ionization. Eventually, the field is
reduced enough that the probability of ionization approaches zero. The
addition of more atoms will not produce additional reductions in the work
function.

2. As the number of ions increases, the distance between ions decreases. As
this distance decreases, the repulsion forces between ions increases, and
this causes more ions to be ejected from the metal surface.

As still more atoms are brought near the surface, and the film thickness grows to
over a monolayer, the work function gradually changes to that of the atoms on the
surface.

Using the concepts outlined in the preceding discussion, it is possible to
understand the reasoning that led Zalm and van Stratum to the use of osmium and
other high work function metals in cathodes. Consider two metals, one having a
higher work function than the other. For example, consider osmium with a work
function of about 5.4 eV and tungsten with a work function of about 4.6 eV. The
energy level diagram in Figure 5-45 indicates why, with an adsorbed layer of ions,
Zalm and van Stratum expected the work function for osmium to be lower than for
tungsten. In each case, as more atoms are brought near the surface, ionization will
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occur until the electric field has dropped to the point where the probability of
ionization approaches zero (P; — 0). This field will be approximately the same for
the two metals. Because the work function for osmium is higher than for tungsten,
the field at the surface is higher, and more ions can be produced than for tungsten,
so the resulting reduction in work function for osmium is higher than for tungsten.
In fact, the reduction for osmium is high enough that the overall work function of
the metal plus adsorbed ion layer is lower than for tungsten. This results in a
higher electron emission from osmium (with an adsorbed layer) than for tungsten.

Electron 4
Energy

N

Figure 5-45 Effect of work function of metal on energy profiles.

The explanation given previously for the improved performance of an osmium
cathode fails when some other metals are considered. For example, as indicated in
Figure 5-46, the work function for platinum (which is a 5d transition metal in the
same family as osmium) is comparable to that of osmium. However, the emission
of a platinum coated cathode is significantly below that of osmium and is even
below that of tungsten. As another example, the emission capability of a cathode
coated with a tungsten-osmium alloy is superior to that of an osmium-coated
cathode even though the work function of the tungsten-osmium alloy is below that
of osmium.

To understand the differences in performance between cathodes coated with a
tungsten-osmium alloy, osmium, or platinum, it is necessary to examine the
atomic structure of the metal cathode surface and its relation to adsorbed oxygen
and barium atoms. The work of Miiller [30-32] has led to calculations of work
functions for dispenser cathodes that are in excellent agreement with experimental
results.

In Miiller’s work, a microscopic portion of the surface of a cathode is
modeled as a cluster of atoms. The models are chosen on the basis of crystal
structures found on actual cathodes. An example is shown in Figure 5-47. Here,
the B-type cathode is modeled as a cluster consisting of 19 tungsten atoms in a



84 Klystrons, TWTs, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons

body-centered cubic configuration and three groups of BaO molecules. The
tungsten substrate in an actual B-type cathode is polycrystalline with many crystal
faces present. The (100) orientation was chosen because of its simple structure.
The clusters used for modeling the osmium and osmium-tungsten alloy substrates
represented the hexagonal-close-packed lattice. For platinum, the face-centered
cubic lattice was used.

Emission
Enhancement Factor
N
1

5.0 Re Os

Bare Work
Function (eV)

4.5

Figure 5-46 Emission enhancement and work function for dispenser cathode metals.
(From: M. C. Green, Technical Report, RADC-TR-81-211, July 1981.)

The calculations were performed using large computer codes capable of
analyzing the interactions between the relatively large numbers of atoms in the
clusters. Calculated properties included electronic energies, densities of states,
electron densities, charge distributions, surface electric dipoles, and barium
binding energies on different substrates.

Only the work function change that occurs with the sorption of barium and
oxygen on the metal surface is obtained from the calculated properties. Thus, the
minimum work functions depend critically on the bare-metal work functions of the
various crystal faces considered. Because accurate values of the bare surface work
functions are not known in most cases, some assumptions and approximations had
to be made. In addition, empirical temperature dependencies of polycrystalline
work functions for pure metals were used to estimate work functions at 1,200K.
The initial bare-metal work functions affect the results by their magnitude and
temperature dependence. A high value leads to a large charge transfer from barium
to oxygen and the metal substrate. Alloying with W, in general, reduces the work
functions for Re, Os, Ir, and Pt.
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Ba Ba Ba

Figure 5-47 Body-centered cubic cluster (100 face) assumed for BaO/W computations.
(From: W. Miiller, Technical Record, 1991 IEDM. © 1991 IEEE.)

The work-function change that is induced by the sorption of BaO is found to
be the largest for the hexagonal structures (Os, Ir, Os-W). The larger change more
than offsets the initially higher bare-metal work functions of the alloy substrates
and, as shown in Figure 5-48, leads to work functions that are up to 0.2 eV lower
than for BaO on tungsten.

The calculated barium binding energies for high surface coverages are 5.4 eV
for BaO/W and ~6.0 eV for the alloy substrates. This increase of 0.6 eV is in
excellent agreement with the observed increase in the energy of desorption for Ba
from B- and M-type cathodes. This, along with a reduced operating temperature
for a given emission current, is the reason for the long life of the M-type cathode.
For BaO on platinum, the calculated binding energy drops to 3.6 eV. Thus, barium
evaporates at a higher rate from platinum than from the other metals considered,
and the resulting reduced coverage of the surface leads to a higher minimum work
function.

5.6 HEATERS
5.6.1 Conventional Heater Assemblies [33]

Typical oxide coated cathodes operate near 850°C and B-type cathodes operate
near 1,100°C. To raise a cathode to this temperature, the heater must be very hot.
The materials of choice for heaters are pure tungsten or tungsten with a small
amount of rhenium added. The rhenium makes the tungsten easier to work.

After being formed, the heaters are coated with an insulating layer 0.002—
0.003 inch thick of aluminum oxide. The oxide can be applied by spraying or by
cataphoretic coating (an electrolytic process). The aluminum oxide insulation is
sintered at high temperature to drive off organic binders and to form a hard, scuff-
resistant coating.
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Figure 5-48 Calculated work functions for B- and M-type cathodes. (From: W. Miiller,
1992 Tri-Service/NASA Cathode Workshop.)

Heaters for oxide-coated cathodes generally operate at a temperature near
1,100°C. This is not excessive for long life in tungsten or tungsten-rhenium
heaters. Oxide cathode heaters are generally mounted in a fairly simple cathode
structure with no special steps taken to improve the transfer of heat from the heater
to the cathode. Two typical structures are shown in Figure 5-49.

Emitting Emitting
Surface Surface
——

2

Figure 5-49 Typical heater assemblies for oxide-coated cathodes.

%ooo{

One side of the heater is often connected to the cathode so that no large
voltage difference exists between the cathode and any part of the heater. The
aluminum oxide insulation on the heater is thin and will not withstand much
voltage without breakdown.

Heaters for B-type dispenser cathodes present a more severe problem because
of the 1,100-1,150°C operating temperature of the cathode. The usual solution is
to embed the heater in an aluminum oxide pellet at the back of the cathode as
shown in Figure 5-50. Heat transfer between the heater and the cathode is much
improved by this embedding or potting, so the heater operating temperature needs
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to be only 150-200°C higher than the cathode. Also, the potting gives the heater
mechanical support, making it resistant to damage from vibration and shock. The
heater potting material is added as a powder, possibly compacted under pressure
and then sintered at high temperature.

Potted heaters have one disadvantage. The extra mass of the potting material
increases the warm-up time over an unpotted version in a similar cathode. In most
applications this warm-up time penalty (typically 2-3 minutes) is accepted as the
price for improving heater reliability. Some applications, in missiles, for example,
require fast warm-up. (Fast warm-up heaters are discussed in the following
section.) Fortunately, such applications do not require long life, so the heater can
be designed for low mass and high temperature operation.

Pancake Heater Toroidal Heater

\
~N |QQ |>( 1 lQQ AN 1

Heat ~— e
Shields Emitting

Surface
| ! 1

o oD
[ 7

Sintered Aluminum Oxide

Figure 5-50 Heater assemblies for dispenser cathodes.

Dispenser cathodes require special steps to conserve heater power. Heat
shields are used extensively to minimize radiation losses to the side and back.
Support members are made with as thin a cross section as possible to minimize
conduction losses. Finally, considerable care must be taken by the manufacturer to
ensure consistency in the heater potting operation. Variations in contact between
the heater, the potting material and the cathode can lead to dangerous heater “hot
spots” and cathode “cold spots.”

Heaters can be operated from either ac or dc supplies. When an ac supply is
used, the heater may cause “hum” to appear as modulation of the signal. The
source of this hum is often magnetic flux generated by the heater current. This flux
extends to the cathode surface and perturbs the trajectories of electrons leaving the
cathode. The toroidal heater on the right in Figure 5-50 is designed to minimize
the generation of stray magnetic flux. The perturbation of the beam in a tube by
magnetic flux from the cathode is discussed further in the following section.

The dc heater supplies require extra circuitry, but they are sometimes used. A
dc heater will eliminate hum, but stray magnetic flux from the heater can still
perturb the beam emerging from the gun and cause increased interception current.
The rectifier circuitry for a dc heater supply adapts easily to voltage regulation,
which is of value when ac line voltage variations are excessive.
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When a dc supply is used, the polarity of the supply can be important. If one
side of the heater is connected to the cathode, that side should go to the positive
side of the heater supply. The heater is then negative with respect to the cathode.
This precaution is taken to avoid emission current from the back of the cathode to
the heater. If the heater were positive with respect to the cathode, it would attract
any electrons unintentionally emitted from the back of the cathode. The voltage
and current involved are small, but over a long period of time such a current can
damage the heater.

5.6.2 Fast Warm-Up Heaters

Fast warm-up heaters are needed for cathodes in expendable microwave tubes for
missiles and may be needed for some space defense applications. Full emission is
required from these cathodes within a few seconds after heater power is applied.
This emission requirement must be met even though the cathodes may have been
dormant for years prior to turn on. Also, most tubes with this fast turn-on
requirement must meet severe shock and vibration specifications.

The problems of rapid reactivation of a cathode after storage were discussed
in detail by Haas et al. [34]. The factors involved include cathode type, surface
composition, pore spacing, Ba impregnant concentration, Ba-O bonding, exposure
to poisoning gases, and heating time and temperature. Haas et al. pointed out that
it is the elimination of the poisoning products of ambient gases from the surface
along with the arrival of new Ba surface atoms via the impregnant diffusing out of
the pores that constitutes the reactivation process of the cathode surface. Some
turn-on tests indicate that essentially no delay occurs. This could have been due to
temperature overshoot as the cathode is very quickly brought to the operating
temperature or to the passivating effect of other gases such as hydrogen. Other
tests have correlated turn-on delays with measured pressures of oxidizing gases.

Shown in Figure 5-51 are the temperature characteristics of some fast warm-
up heater-cathode assemblies [28]. The cathode diameter in each case was 0.2 inch
(0.79 mm). In all cases, the fast warm-up times were achieved by using low
thermal mass components. The 3-second design used an integral tungsten-3%
rhenium heater cataphoretically coated with alumina. A voltage surge as high as
twice the normal operating voltage was used.

The bombarder-type assembly, which is shown in Figure 5-52, achieved a
warm-up time of 1 second [35]. The heater is made of thoriated tungsten and
designed to be heated to about 1,700°C in a fraction of a second by a large
overvoltage. At that temperature the heater is also an emitter. Several hundred
volts are applied between the heater and the cathode. Bombardment of the back of
the cathode by electrons from the heater raises the cathode to the operating
temperature.
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Figure 5-51 Temperature characteristics for fast warm-up heater-cathode assemblies.
(From: G. V. Miram et al., Vacuum Electronics and Display Conference, 1989.)
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Figure 5-52 Bombarder-type fast warm-up heater. (From: R. C. Treseder et al., Technical
Digest, 1983 IEDM. © 1983 IEEE.)

Cattelino et al. described fast warm-up heaters for large diameter cathodes
[36]. Anisotropic pyrolytic graphite deposited onto anisotropic boron nitride is
used to fabricate heater wafers. Both planar and spherical heaters can be made.
Warm-up times of 1 to 2 seconds for 4-6.4-mm-diameter cathodes and less than
20 seconds for 60-mm-diameter cathodes have been demonstrated.

5.6.3 Heater Testing
By examining heater current and voltage, it is possible to determine if a heater is

operating properly and, usually, if the cathode is at or near the proper operating
temperature. It is important to realize that heater resistance varies rapidly with
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heater temperature. For the tungsten-3% rhenium wire often used for heaters,
resistance increases by a factor of 6 as the wire is heated from room temperature to
approximately 1,550°C. Thus, a plot of heater current versus heater resistance, as
shown in Figure 5-53, can reveal malfunctions of the heater assembly.

To provide meaningful information, the region of acceptance must be
determined for a particular class of heater assemblies that are known to operate at
the desired temperature. Then Figure 5-53 becomes the benchmark against which
other heater assemblies can be compared. Excessive heater current implies that the
heater assembly is at a lower temperature than it should be (for that current, the
heater resistance is too low so the temperature is too low). Possible problems are
that the tube is gassy (gas cools the heater) or that a heat shield is touching the
heater or cathode assembly and carrying heat away. Operation below the region of
acceptance indicates excessive heater wire temperature and possible heater failure.
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Excess Heater
Temperature

Heater

Failure
Region of
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Figure 5-53 Heater performance. (Adapted from: T. J. Grant, Technical Digest, 1984
IEDM. © 1984 IEEE.)

5.6.4 Effect of Filament Magnetic Field

Detailed measurements made on the electron beam from a magnetically shielded
Pierce gun (discussed in the following chapters) illustrate the effect that an ac
heater can have on a beam. The current used in the cathode heater was ac, and the
beam voltage was pulsed on at various times during the heater current cycle [37].

When the heater current was zero, the electron beam cross section of Figure
5-54 was obtained. When the heater current was at a maximum value, cross
sections like that of Figure 5-55 were obtained. Under very specialized conditions,
an image of the spiral-wound heater could be detected in the beam, as shown in
Figure 5-56.
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Figure 5-54 Electron beam cross section obtained for no current through the cathode
heater. (From: A. S. Gilmour, Jr., Proc. IRE, Vol. 49, 1961. © 1961 IRE (now IEEE).)

The perturbations shown in Figures 5-55 and 5-56 resulted from the linking
through the cathode surface of magnetic flux lines generated by the heater current.
The variations in the shape of the beam as the filament current changes result in
modulation of the RF output of the tube at the frequency of the filament current.
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Figure 5-55 Electron beam cross section obtained with the cathode heater at a maximum
value. (From: A. S. Gilmour, Jr., Proc. IRE, Vol. 49, 1961. © 1961 IRE (now IEEE).)
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Figure 5-56 Image of spiral-wound cathode heater in electron beam cross section. (From:
A. S. Gilmour, Jr., Microwave Tubes. Copyright 1986 by Artech House. Reproduced with
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Chapter 6

Electron Guns

The electron guns for all linear-beam tubes have operating principles that are
nearly the same. The only major differences are in size and operating voltage and
current, which result from differences in power requirements. In this chapter, the
operating principles of the electron guns used on nearly all linear-beam tubes are
discussed. Most of these guns are designed using guidelines set forth by J. R.
Pierce and are known as Pierce guns [1].

6.1 PIERCE GUNS

The electron gun in a microwave tube is used to form the electrons from the
cathode into a beam suitable for interaction with a microwave circuit. Electron gun
designers must cope with the following two basic problems:

1. Electrostatic repulsion forces between electrons tend to cause the beam to
diverge.

2. The current density required in the electron beam is normally far greater
than the emission density that the cathode can supply with an acceptable
life expectancy.

The solution to these problems, described by Pierce, is summarized in Figure
6-1. It is assumed that there is no magnetic field in the gun. Thermal velocities of
electrons are ignored and laminar electron flow is assumed. The gun is divided
into three regions. In the first region, assuming that a beam with a circular cross
section is desired, the shape of the cathode disk (referred to as the cathode button)
is spherical. (This may not be the optimum shape as pointed out by Brewer [2].)
The focus electrode is designed to produce equipotential surfaces in region 1 that
are nearly spherical, with the same center of curvature as the cathode. As a result,
electrons flow toward the center of curvature of the cathode.

In region 2, because the anode must contain a hole to let the electron beam
pass through, equipotential surfaces bow into the anode aperture. As a result, a

95
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divergent electrostatic lens exists that produces a defocusing action on the electron
beam.

Finally, in region 3, the electrons have escaped from the accelerating field of
the cathode-to-anode regions and are drifting under the influence of space charge
forces. Thus, the electrons in the beam follow universal beam-spread trajectories.

Focus Electrode Equipotential Surfaces
\ '

_

Cathode

Electron Beam

i

Region 3

A\

Figure 6-1 Overview of a Pierce gun.
6.1.1 Focus Electrodes for Parallel Flow

Dealing first with the repulsion force problem as electrons leave the cathode and
move toward the anode, it is instructive to examine the problem of attempting to
cause electrons to travel in parallel paths as they leave a cathode as indicated in
Figure 6-2.

Electron Beam

/

Cathode Beam Extends to o
in + z Directions

Figure 6-2 Parallel electron flow from a planar cathode.
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When no electrons are present, the equipotential profiles in a parallel-plane
diode are parallel and spaced equal distances apart for equal voltage increments.
This is shown by the dashed lines in Figure 6-3. When electrons are present, the
equipotential profiles are deflected to the right as indicated by the solid lines.
Electrons tend to move perpendicularly to the equipotential profiles, so the
electron trajectories diverge as the electrons move away from the cathode. This is
simply another way of saying that the electrons are pushing on each other, and this
causes their trajectories to diverge. If an electrode arrangement could be devised
that would straighten the equipotential profiles even though electron space charge
forces are present, then the electrons would travel in parallel paths.
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Figure 6-3 Equipotential profiles without (dashed lines) and with (solid lines) electrons.

Intuitively, it can be seen that, if the electrodes adjacent to the cathode are
tipped toward the anode, as indicated in Figure 6-4, then the equipotential profiles
will be straightened. In the absence of electrons, the profiles curve toward the
cathode. The electron charge causes them to move toward the anode.

The mathematical solution that leads to a definition of the electrode
configuration for parallel electron flow is similar to the solution for the problem of
space charge limited flow discussed in Chapter 5. The main difference now is that
the equations must be solved inside and outside the beam, and the solutions must
match at the edge of the beam.
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Figure 6-4 Straightening of equipotential profiles in electron beam.

Pierce showed that planar electrodes at the potential of the cathode placed at
an angle of 67.5° with respect to the edge of the beam, as shown in Figure 6-5
(along with a curved electrode at the anode potential, V,), will cause parallel
electron flow. These electrodes at 67.5° are called Pierce electrodes and the 67.5°
angle is referred to as the Pierce angle.

Figure 6-6 shows an electron gun containing 67.5° Pierce electrodes for
producing parallel (rectilinear) electron flow. Note that grid wires are shown
across the aperture in the positive electrode. This is to maintain the electrode
potential within the beam and, thus, prevent divergence of the beam after it passes
through the positive electrode. Beam divergence caused by an anode aperture will
be discussed next.

6.1.2 Focus Electrodes for Convergent Flow

The current density required in the electron beam in a microwave tube is normally
far greater than the emission density capability of the cathode. As a result, it is
necessary to use a cathode having a relatively large area and then compress the
flow of electrons as the beam is formed. The starting point in Pierce’s analysis is a
spherical diode. The inner surface of the outer sphere is the cathode and the inner
sphere is the anode. A conical section of the diode is used as shown in Figure 6-7.
Space charge limited emission is assumed.
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Figure 6-5 Equipotential profiles for parallel electron flow in a planar two-dimensional
diode. (Adapted from: Theory and Design of Electron Beams by J. R. Pierce, copyright
1954 by D. Van Nostrand, Inc.)

Zero Potential

Cathode

Figure 6-6 Electron gun for producing rectilinear (parallel) electron flow. (Adapted from:
Theory and Design of Electron Beams by J. R. Pierce, copyright 1954 by D. Van Nostrand,
Inc.)
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Figure 6-7 Conical diode used in a Pierce gun.

When the analysis is carried out, the perveance in the conical diode is found
to be related to the half angle of the cone, 8, by

P=1467x10° (179050) (6-1)

(o)’

The quantity (—«)* used here was first defined by Langmuir and Blodgett [3] and is
a function of the dimensions of the diode as is shown in Figure 6-8.
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Figure 6-8 Langmuir and Blodgett’s (—a)°.
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Figure 6-9 shows perveance as a function of cone angle and normalized
cathode-anode spacing. It will be shown that the extremely high values of
perveance indicated in Figure 6-9 cannot be achieved in real electron guns when
anode effects are considered.
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Figure 6-9 Perveance as a function of cone half angle and cathode-anode spacing.

The problem with the conical diode is that space charge forces will cause the
beam to diverge just as they did for the planar diode. Equipotential contours,
which should be spherical in shape, are deflected by the electron space charge
potential as indicated in Figure 6-10. To retain radial electron flow when the
remainder of the sphere is removed, it is necessary, as was the case for rectilinear
flow in a parallel plane diode, to use electrodes that cause the equipotential
profiles to have the shape which they had in the absence of the electrons (spherical
in this case).

Conceptually, as for the planar diode, it can be seen that, by tipping the
electrodes adjacent to the cathode forward, the equipotential contours can be made
more nearly spherical. In fact, as indicated in Figure 6-11(a), close to the edge of
the cathode, electron flow appears to originate from a planar portion of the cathode
with electron flow perpendicular to that portion. Thus, an electrode placed at a
67.5° angle with respect to the edge of the beam will have the desired effect on the
equipotential profiles near the edge of the cathode. For small cone half angles
(small 8), this effect extends to the center of the cathode so no further
consideration of the shape of the focus electrode is necessary.



102 Klystrons, TWTs, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons

Desired
Equipotential

_ Deflected Flow
Cathode ]

Desired Flow

Deflected
Equipotential

Figure 6-10 Deflection of equipotential contours in a conical diode by electron space
charge potential.
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Figure 6-11 (a—c) Modification of Pierce electrodes to produce spherical equipotential
profiles.
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For large cone angles, as indicated in Figure 6-11(b), the potential profiles
will still not be spherical. As a result, the electron trajectories, as the electrons
leave the cathode region, will not be focused toward the center of curvature of the
cathode.

A more important problem may be that nonuniform emission from the
cathode will occur. For high perveance guns in which the cathodes are large in
diameter, this problem can be severe. Assume, for example, that the separation
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between the cathode and one of the equipotentials near the cathode is twice as
large at the cathode center as it is at the edge. Since the equipotential and the
cathode are, in effect, a diode, the emission current density from the edge of the
cathode will be four times that at the center. (Remember that current in a diode
varies inversely with the square of cathode-anode spacing.) This will compound
the focusing problem of the electron gun and will also shorten the cathode life
because the entire cathode will have to be at a temperature high enough to provide
the emission required at the outer edge.

To correct these problems, the shape of the focusing electrode must be
modified so that the equipotential profiles near the cathode surface become more
nearly spherical. Researchers have experimented with many possible shapes, one
of which is shown in Figure 6-11(c) [4]. In effect, the modified focus electrodes
lift the equipotential profiles away from the edges of the cathode. There is little
effect on the shapes of the profiles in the center region of the cathode because the
electron space charge fields dominate in controlling the potentials there.

6.1.3 Defocusing Effect of Anode Aperture

To remove electrons from the conical diode, it is necessary to cut a hole in the
anode. The resulting distortion of the equipotential profiles near the anode aperture
is illustrated in Figure 6-12 [5]. Notice that, at a low perveance as in Figure
6-12(a), the distortion of the profiles is limited to the region very close to the
anode aperture. As perveance is increased, as in Figure 6-12(b, c), the size of the
anode aperture increases and the separation between the anode and cathode
decreases. At a perveance of 3x10°° the distortion of the profiles extends to the
cathode surface. As a result, the electron trajectories in the cathode-to-anode
region are seriously perturbed and emission from the cathode is very nonuniform.

In [5], Brewer described the modification of the focus electrode as shown in
Figure 6-12(d) to reduce distortion of the equipotentials and improve electron
focusing and cathode emission uniformity. The modified focus electrode has the
same effect as that shown in Figure 6-11(c). That is, the equipotentials are lifted
away from the regions near the edge of the cathode. Although focusing and
emission uniformity are improved, perveance decreases because of the reduced
electric field near the cathode edges.

The distortion of the equipotential profiles near the anode aperture results in
the formation of a divergent lens. This lens changes the focus of the electron flow
to a point beyond the center of the sphere, as shown in Figure 6-13.

The lens formed by the distorted equipotential profiles is nowhere near a
perfect lens because it suffers from spherical aberration. As is shown in Figure
6-14, this aberration results in a focal length that varies with the radial position in
the lens. Notice that the trajectory of the electron that leaves the cathode at
position 1 is focused to a point to the left of the trajectory of the electron that
leaves the cathode at position 2.
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Figure 6-12 (a—d) Effect of anode aperture on equipotential profiles. (Adapted from: G. R.
Brewer, Jour. App. Phys., January 1957 and Focusing of Charged Particles, copyright 1967
by Academic Press.)
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Figure 6-13 Defocusing effect of the anode aperture.
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Figure 6-14 Effect on the focal length of spherical aberration. (Adapted from: G. R.
Brewer, U.S. Patent 3,139,552, June 30, 1964.)

Frost, Purl, and Johnson [6] found that the measured beam from a high
perveance gun was larger in diameter and less uniform in current density than
expected from theory. By modifying the spherical radius of the cathode, as shown
in Figure 6-15, they were able to correct for the lens aberration. The resulting
improvements in beam characteristics are shown in Figure 6-16. The beam-current
profiles at the top left of the figure were obtained before the correction was made.
Note the severe nonuniformity in current as a function of radial position in the
beam.

Beam
Minimum

Experimental
Beam Diameter

Figure 6-15 Modification to cathode radius used by Frost, Purl, and Johnson [6] to correct
for spherical aberration.
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After modifying the cathode radius, the profiles at the bottom left of Figure
6-16 were obtained. Not only was the uniformity of the current improved, but the
radius of the beam at the position of the beam minimum was also reduced. After
an additional small change in the focus electrode voltage, the profile to the right
was obtained. As indicated by the xs, the shape of this profile was very close to
that predicted by theory (the theories of Pierce and of Cutler and Hines [7], who
predicted thermal velocity effects).

Initial
C;;gioudse Beam Minimum
-— with Adjusted
Focus Electrode
1 1 1 1 1 1 Voltage
0100 0 0.100 0.100 0, 0.100 (= Theoretical )
Beam l
Minimum
Near
Anode Modified
Cathode
Radius
1 1 1 1 1 1
0100 0 0.100 0.100 0 0.100 0100 0 0.100
Radius (in) Radius (in) Radius (in)

Figure 6-16 Beam-current profiles measured before and after correcting for spherical
aberration. (Adapted from: R. D. Frost et al., Proc. IRE, August 1962. © 1962 IRE (now
IEEE).)

As reported by Vaughan [8], True in an unpublished work defined the values
of the gun angle, 07, and the radius of curvature of the cathode, R.;, corrected for
spherical aberration by

s'in o —k (6-2)
sin 4,
and
Ry (6-3)
R.

where k is an empirical constant less than unity. For diode guns, £ =0.905 yields
results that agree well with practice.
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Before leaving the subject of spherical aberration, it should be pointed out that
Brewer proposed the use of a nonspherical cathode for compensating for the
effects of the aberration [2]. His parabolic-shaped cathode is shown in Figure

.
1

Figure 6-17 A nonspherical cathode that corrects for spherical aberration. (From: G. R.
Brewer, U.S. Patent 3,139,552, June 30, 1964.)

6.1.4 Formation of Minimum Beam Diameter

After the beam leaves the anode aperture and enters region 3 (see Figure 6-1), the
axial electric field is nearly zero and the only forces on the electrons are those
resulting from the space charge. As a result, the shape of the beam is defined by
the universal beam spread curve, shown in Figure 6-18. From the analysis for this
curve (Chapter 3), the minimum beam radius, b,, and the axial position of the
minimum radius, z,, can be found as functions of the entrance conditions into
region 3. It is essential to have accurate knowledge of these quantities to properly
inject the beam into the magnetic focusing structure.

It is important to realize that the values of b,, and z, are very sensitive to
R./R, (the ratio of the cathode and anode radii of curvature). This is illustrated in
Figure 6-19, where beam profiles are shown for values R./R, of that differ by 25%.
As R./R,increases from 1.6 to 2.0, significant changes occur in both the minimum
beam diameter and its axial position. As R./R, increases to 2.5, the minimum beam
diameter is again reduced by a significant amount. This figure clearly illustrates
the importance of precisely locating the cathode with respect to the anode.
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Figure 6-18 Beam shape in region 3 (drift region).
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Figure 6-19 Emerging electron stream for various ratios of cathode radius to anode radius.
(Adapted from: Theory and Design of Electron Beams by J. R. Pierce, copyright 1954 by
D. Van Nostrand, Inc.)

Vaughan described a simple technique for synthesizing the design of a Pierce
gun [8]. A design example is given in [9]. The technique provides a way to quickly
check the design of an electron gun to see if dimensions and parameters are
reasonable.
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6.1.5 Thermal Velocity Effects

In this section we will consider the effects of the thermal velocities of electrons on
the beam produced by an electron gun. It is assumed that the magnetic field is
zero. The nature of electron emission from a thermionic cathode is discussed early
in Chapter 5 and also in Chapter 23. The Maxwellian velocity distribution of the
emitted electrons is of importance here.

Consider a small spot on the cathode of an electron gun. Electrons are emitted
in all directions, and the beamlet of electrons from the spot grows in diameter and
the current density decreases as the beamlet is accelerated toward the anode. The
current has a Maxwellian distribution with a normal deviation, o, as shown in
Figure 6-20.

Cutler and Hines [7] analyzed the effects of thermal velocities on electron
flow in a Pierce gun. They define the normal deviation by

o Ar (k_Tj 12 (6_4)
(dr / dt)v m

where Ar is the trajectory deviation of an electron with an initial transverse
velocity at the cathode (dr/df).. For a 10-kV, 1-A, 0.1-cm radius beam from a
cathode at 1,000°C with a radius of 1 cm, the value of ¢ is ~0.01 cm.

Cutler and Hines summed the currents in beamlets from the entire cathode
surface to find an expression for the total current distribution in the beam leaving
the gun. The result is shown in Figure 6-21. Here, r is the radial position in the
beam, b is the nominal beam radius (the radius in the absence of thermal effects),
and J, is the current density in a beam having the nominal radius.

Figure 6-20 Effect of thermal velocities on a beamlet emitted by a spot on a cathode.
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Figure 6-21 Current density versus radial position; b is the radius without thermal effects.
(From: C. C. Cutler and M. E. Hines, Proc. IRE, March 1955. © 1955 IRE (now IEEE).)

For ¢ =0.01 cm and a beam radius of 0.1 cm (b/ = 10), the curve on the right
in Figure 6-21 indicates the beam shape. Figure 6-22 shows the percentage of the
total beam current to be found within any given radius of the beam. About 92% of
the current would be contained within the 0.1-cm beam radius.
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Figure 6-22 Percentage of total beam current to be found within any given radius. (From:
Cutler and Hines, Proc. IRE, March 1955. © 1955 IRE (now IEEE).)
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When very small beams are required, thermal effects are severe. An example
from Danielson et al. [10] is given in Figure 6-23. Ignoring thermal effects, the
minimum beam radius was calculated to be less than 2x10°* in. The experimental
radius enclosing 95% of the beam current (r9s) was over four times larger (about
8x10~ inch). The minimum rys radius calculated with the Cutler-Hines theory
agreed well with experiment, but the variation of the radius with distance was
quite different.

Cutler .
16 1 Hines Danielson
Rosenfeld
] Saloom
—~ 12
@
o
: 7] Experiment
£
Z 84
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g
4 Universal
Beam Spread
0 1 1 1 1 1 1 1
0 40 80 120 160 200 240 280

Distance from Ideal Anode (in x 1079)

Figure 6-23 Computed and experimental beam profiles for a very small beam dispersed
by thermal velocities. (Adapted from: Danielson et al., Bell Sys. Tech. Jour., March 1956.)

Danielson et al. corrected the Cutler-Hines theory by including the correction
to the Davisson-Calbick equation and by using the space charge field in the
thermal beam rather than that in the nominal beam. The minimum radius that they
predicted also agrees well with experiment, and the variation of radius with
distance is closer to experiment than that predicted by Cutler and Hines.

Before leaving the discussion of thermal velocities, it is important to consider
the effect of beam convergence in the electron gun on the transverse velocity
distribution of the electrons. Figure 6-24 shows the trajectories of several
nonthermal electrons, which are convergent on point F. The trajectory of one
thermal electron is shown crossing the trajectories of the nonthermal electrons.
Electric fields are assumed to be negligible. It is clear that the angle that the
trajectory of the thermal electron makes with the trajectories of the nonthermal
electrons increases as the beam converges. Thus, the component of thermal-
electron velocity perpendicular to the nonthermal-electron trajectories increases as
the beam converges.
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Figure 6-24 Illustration of increase in transverse velocity of thermal electron in

convergent flow.

Using Figure 6-24, it is easy to calculate the increase in the transverse
component of the velocity of the thermal electron. If v is the velocity of the
thermal electron, then at the positions where the radius is 7| and 7, the transverse

velocity components are

and v,=vsina,
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(6-9)



Electron Guns 113

That is, the transverse velocity increase is inversely proportional to the radius
compression ratio. Thus, to limit the growth of transverse velocities in an electron
gun, the amount by which the beam is compressed should be held to a minimum.
A cathode with a high emission capability helps in this regard because, for a given
beam size and current from a gun, the cathode can be smaller, so the radius
compression ratio is smaller than for a cathode with a low emission capability.

6.1.6 Effects of Patchy Emission and Cathode Roughness

The thermal velocity effects on beam shape discussed in the previous section are
frequently overshadowed by the relatively large transverse electron velocities
produced by patchy emission and cathode roughness. The surface of a dispenser
cathode is made up of grains of tungsten that have various crystalline orientations
and that may have various work functions. Because the thickness of the space
charge cloud at the cathode surface is comparable to the dimensions of the grains
and the pores between grains, each grain emits independently of the others and the
emission is said to be patchy. For those grains that are temperature limited,
emission varies with grain work function and most of the emission comes from the
grains with low work functions.

There are at least two ways by which the patchy nature of emission produces
transverse velocity components to electrons leaving the cathode. These are
indicated in Figure 6-25(a, b). In Figure 6-25(a) we note that space charge forces
within the beamlet emitted from a patch cause spreading of the beamlet. In Figure
6-25(b) we show that equipotential surfaces near the cathode surface are rippled
because of the varying space charge density near the patches. This produces a
spreading of the beamlets.

(a) (b) (c)

Space Potential Roughness
Charge Variation

N /

Trajectories Equipotential

== S~-- /\
T T T
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Figure 6-25 (a—c) Spreading effects of patchy emission and cathode roughness on electron
trajectories.
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As explained in Chapter 5, coated dispenser cathodes have a narrower
distribution of work functions than uncoated cathodes, so patchy emission is less
pronounced for coated than for uncoated cathodes. If the work function
distribution of a cathode increases with time, then the effects of patchy emission
become worse. This may cause the beam diameter to increase so that current
intercepted by the circuit increases.

If the surface of the cathode is rough, as indicated in Figure 6-25(c), then local
transverse electric fields are present, which produce transverse electron velocities.
A problem sometimes encountered with coated dispenser cathodes is that the
coating may develop microscopic cracks and peel away from the tungsten matrix.
Then a cathode that was originally very smooth can become rougher as it is
operated. If this happens, transverse velocities increase, beam size increases, and
interception current may increase.

6.2 BEAM CONTROL TECHNIQUES

In all applications of microwave tubes, beam current must be controlled. Usually,
the beam current must be switched on and off. Sometimes, continuous control is
required. The “brute-force” way to control beam current is with the cathode-to-
anode voltage as indicated in Figure 6-26(a). A second anode (called a modulating
anode) may be placed between the cathode and final anode for current control as
shown in Figure 6-26(b). In some guns current can be controlled with the focus
electrode as shown in Figure 6-26(c). Finally, in the majority of applications, one
or more grids is placed near the cathode surface, as indicated in Figure 6-26(d), for
current control. In this section these control techniques are discussed. The primary
emphasis is on grid control because of its wide use in TWTs.

6.2.1 Cathode Pulsing

Conceptually, cathode pulsing is the simplest technique for switching a microwave
tube on and off. In virtually all applications, the anode of the gun and the body of
the tube are at ground potential. To turn the beam on, the cathode is pulsed
negative. To turn the beam off, the cathode is pulsed back to ground potential. The
primary problem with cathode pulsing is that the power supply (the power
modulator) must switch al/ of the beam power so the power modulator must be
large, heavy, and, usually, inefficient.

6.2.2 Control Focus Electrodes
If a large enough negative voltage is applied to the control electrode, the current

can be reduced to zero. The voltage needed to cut off beam current can be reduced
by placing an additional electrode in the center of the cathode (Figure 6-27).
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Figure 6-26 (a—d) Techniques for current control in

Figure 6-27 Control focus electrode gun. (From: Armand Staprans et al, Proc. IEEE,
March 1973. © 1973 IEEE.)

The control focus electrodes can be used to turn on the beam by setting the
voltage at or very close to the cathode potential. The beam is turned off by setting
the voltage significantly below cathode potential. This system is not useful for the
intermediate control of current because of the severe defocusing that occurs in the
electron gun.
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6.2.3 Modulating Anode

In the modulating anode gun, the anode of the electron gun (the modulating anode)
is separated from the body of the tube, a part of which is a second (final) anode.
The configuration of a modulating anode gun is shown in Figure 6-28.

Figure 6-28 Modulating anode gun.

Although the voltage range over which the modulating anode must be varied
to vary beam current is large, the power required to drive the modulating anode is
small because the current intercepted by this anode is small. At intermediate
voltage levels, perveance may be controlled with the modulating anode without
severely affecting beam focusing.

6.2.4 Grids

Under normal operating conditions, the guns with modulating anodes and those
with control electrodes operate as Pierce-designed guns. When grids are used,
however, electron trajectories near the cathode are affected, and so beam focusing
is degraded and beam dynamics are affected. Still, grid control is very widely used
because of the small modulator size that it makes possible.

Several types of grid structures are illustrated in Figure 6-29. The simplest
structure has a single grid element. A computer simulation of electron flow in a
Pierce gun containing a single grid operating at a voltage positive with respect to
the cathode is shown in Figure 6-30. Thermal velocities are ignored here, and,
because the grid is positive, electron flow is very laminar. The problem with a
single grid that is positive with respect to the cathode is that the cathode current
intercepted by the grid can be very high. In some cases as much as 15% or more of
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the cathode current is intercepted. The results of the interception are excessive
heating of the grid at high duty cycles and the need for a relatively powerful grid

modulator.

Cathode

Nonintercepting Grid L
with Dimpled Cathode Unigrid

Figure 6-29 Various grid structures used in Pierce guns for current control. (From:
Microwave Tube Manual by Varian, Air Force Publication No. T.O. 00-25-251, October

1979.)
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Figure 6-30 Computer simulation of electron flow in a Pierce gun with a single grid.
(Adapted from: R. True, Technical Digest, 1985 IEDM. © 1985 IEEE.)



118 Klystrons, TWTs, Magnetrons, Crossed-Field Amplifiers, and Gyrotrons

Many grid structures contain a shadow grid between the control grid and the
cathode surface. The shadow grid operates at or near cathode potential so that
heating by intercepted current is small. The elements of the shadow grid are
aligned with the elements of the control grid so that the control grid is shielded and
intercepts very little current. Several shadow-grid structures are shown in Figure
6-29.

Grid control of current in electron tubes has been used since the invention of
the vacuum tube. In 1960, Wolkstein discussed methods of grid placement and
associated design considerations for convergent-flow Pierce guns [11]. The basic
concept is to form the grid so that its shape is identical to that of an equipotential
contour near the cathode surface (usually spherical). Then, if the grid is at the
potential of that contour and intercepts negligible current, electron flow will not be
disturbed. To interrupt the current flow, the grid voltage is switched negative with
respect to the cathode.

A simple relationship for grid voltage as a function of anode voltage and gun
dimensions can be found by equating the current flow from the cathode to grid, /.,
to the current flow from grid to the anode, I (refer to Figure 6-31).

Cathode

A

R

c

Figure 6-31 Gun parameters for determining grid-cathode spacing.

The current flow from the cathode to grid is given by the Child-Langmuir
equation for parallel-plane diodes. The current flow from the grid to the anode is
given by the Langmuir-Blodgett relation for spherical diodes. The result is in
Figure 6-32 and is
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&_{M]m (6-10)

Ve | de/R.

where V, is the grid-to-cathode voltage, V, is the anode-to-cathode voltage, and
(—0,) is Langmuir and Blodgett’s (—a) evaluated at the anode. As an example of its
use, consider a 10-kV, 1-A gun design with R./R, = 2.25. For a grid voltage of
100V,

dy
©~0.032 (6-11)
R.
If we assume that R. = 1 c¢cm, then
d ¢ =0.032cm~0.013inch (6-12)
So we see that the grid must be very close to the cathode if the grid voltage is to be
low.
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Figure 6-32 Relation of grid and anode voltages to grid, cathode, and anode positions.
(Adapted from: H. J. Wolkstein, RCA Review, September 1960.)

Next, we will examine the configuration of the grid elements. Examples of
control grids for Pierce guns are shown in Figure 6-33. The grid configuration on
the left is often used in guns with intercepting grids and that on the right is used in
shadow gridded guns.
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Grid Wires

Figure 6-33 Examples of control grids for Pierce guns.

To stop (cut off) electron flow from the cathode, as shown in Figure 6-34, a
negative voltage (with respect to the cathode) is applied to the grid. In Figure 6-34,
the dashed curves show the potential variation between the cathode and anode for
the 10-kV, 1-A electron gun with the grid 100V above the cathode potential. The
solid curves show the potential variation when the grid is sufficiently negative
with respect to the cathode to cut off electron flow. Note in the expanded drawing
of the grid region that two solid curves are shown. One is the potential variation
through a grid wire and the other is the potential variation midway between grid
wires. The net effect of these two potential variations must be that the potential
near the cathode is zero or negative if current flow is to be prevented.

To avoid electrical breakdown between the grid and the cathode, the grid
voltage used for cutoff must not be excessive. The cutoff grid voltage is controlled
largely by the spacing between grid wires. Clearly, for large spacings, the cutoff
grid voltage must be large because of the strong tendency for the anode field to
penetrate the regions between grid wires. Thus, for relatively small cutoff grid
voltages (and low probability of grid-cathode breakdown), the grid wire spacing
must be small.

In addition to small grid wire spacing, the area of the grid wires (and, thus, the
width of the grid wires) must be small compared with the cathode area if the
current intercepted by the grid is to be small. The ratio of the grid area to the
cathode area is the screening fraction, which is the fraction of the cathode current
intercepted by the grid. Thus, it is clear that, for small interception, the screening
fraction must be small.

An example of grid dimensions was reported by True [12] for the control grid
in a shadow gridded gun similar to that on the right in Figure 6-33. For a 9.6-kV
gun with control grid voltages (with respect to the cathode) of 102V and —86V, d,.
= 0.015 inch, effective grid wire spacing = 0.023 inch and grid wire width = 0.002
inch.
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Figure 6-34 Potential variations in a gridded 10-kV Pierce gun.

At this point, we can start to appreciate the care that must be taken in
designing and fabricating a gridded Pierce gun. Not only are dimensions small, but
also proper grid-to-cathode spacing must be maintained as the cathode is heated to
a temperature of 1,000°C or higher. The problem of maintaining spacings and
alignments is even more critical in shadow gridded guns, which are discussed
next.

The main problem with a single grid is that the cathode current intercepted by
it can be very high. To alleviate this problem, many gridded Pierce guns use a
shadow grid between the control grid and the cathode. The shadow grid was
invented by Drees [13], who described its configuration and operation as follows:
“In accordance with the present invention, the novel grid construction comprises a
first control grid and a second grid spaced from and aligned with the first grid. The
second grid is disposed between the control grid and the cathode. In this
arrangement, with the second grid preferably being held at cathode potential, the
second grid acts as a (shadow) grid in that it shadows electrons from the control
grid so that they are not intercepted by the control grid.”

The effects on electron trajectories of the shadow grid, its location, and its
voltage are illustrated in Figure 6-35 [14]. Each of these plots shows computer-
generated electron trajectories from a cathode for the region from midway between
grid wires to the grid wires. In an ideal shadow gridded gun, both the shadow grid
and the control grid would be at positions and voltages that coincide with the
equipotential surfaces that exist in the absence of the grids. Thus, except for
interception and the finite sizes of the grid wires, electron flow would not be
disturbed. The plot in Figure 6-35(d) shows trajectories with grid voltages adjusted
to approximate the ideal shadow gridded gun voltages.
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Figure 6-35 (a—d) Electron trajectories for shadow-gridded structures (simplified planar
model). (Adapted from: R. True, Technical Digest, 1979 IEDM. © 1979 IEEE.)

For the standard shadow gridded gun (Figure 6-35(a)), the shadow grid is at
cathode potential but is placed a short distance (usually a few thousandths of an
inch) from the cathode surface. Thus, a lens action occurs near each wire of the
shadow grid. This is evident from the bending of the equipotential surfaces near
the shadow grid. As a result of the lens action, electron trajectories are severely
distorted.

When the shadow grid is attached to or placed on the cathode surface, as in
Figure 6-35(b), the distortion of the trajectories is significantly reduced.
Unfortunately, of course, the shadow grid must operate at the cathode temperature,
which can cause difficulties with grid emission and grid alignment.

An advantage of placing the shadow grid at cathode potential, as in Figure
6-35(a, b), is that only one grid power supply is required. If a separate power
supply for the shadow grid can be used, then, as shown in Figure 6-35(c, d), the
beam laminarity of the contiguous shadow grid can be equaled as in Figure 6-35(c)
or improved upon as in Figure 6-35(d).

Shown in Figure 6-36 are plots of electron trajectories in a shadow-gridded
gun with the standard shadow grid [15]. The beam radius containing 95% of the
current, ros, is indicated by dots. If the trajectories outside the rys radius are
followed back to the cathode, it is seen that they are the trajectories of electrons
originating close to the grid wires.
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If we examine Figure 6-36, we note that the grid-to-cathode spacing is
somewhat smaller near the edge of the cathode than near the center. This was also
evident in Figure 6-30. The reason for the reduced spacing at the cathode edge is
that the equipotentials were spaced that way. As a result, the electric field and the
emission density at the edge of the cathode are somewhat larger than at the center.

—— — —y —— ——
— o

Figure 6-36 Electron trajectories in a shadow-gridded gun. (Adapted from: R. True, /EEE
Trans. Electron Devices, March 1984. © 1984 IEEE.)

To cut off current flow, the control grid is pulsed negative with respect to the
cathode. The resulting voltage distribution in the region of the grids is shown in
Figure 6-37. Here, the grid voltage was —160V and the inner most potential
contour from grid wire to grid wire was at —10V, so the grid voltage was slightly
below that required for cutoff.

Cathode at 0V \ : \ Control Grid at -160V
Shadow Grid at 0V (
L) ) '«— 500V Potential Contour
\ 10V Potential Contour
] \
@

Figure 6-37 Voltage distribution near the grids at a control grid voltage slightly below
cutoff. (Adapted from: R. True, Technical Digest, 1989 IEDM. © 1989 IEEE.)
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We have noted that the electric field is somewhat higher at the edge of the
cathode than at the center. Also, when grids like that shown on the right in Figure
6-33 are used, the spacing between grid wires increases with increasing radius.
Thus, for negative control grid voltages, the anode field has a greater tendency to
penetrate the regions between grid wires near the edge of the cathode than near the
center. This means that, as control grid voltage is made negative with respect to
the cathode, the last part of the cathode to be cut off is that near the outer edge. To
compensate for this effect, True and Laycock tapered the widths of the grid wires
so that they increased in width near the cathode edge [16]. As a result, cutoff
voltage was reduced by a factor of almost 2.

As the control grid voltage is varied, cathode current varies as shown in
Figure 6-38. In addition, the beam current intercepted (the body current), mostly
by the RF structure, varies. This is because, as control grid voltage and cathode
current are changed while cathode voltage remains fixed, the gun perveance
changes and focusing conditions change. As a result, the entrance conditions of the
beam from the gun into the magnetic focusing field change. This causes the beam
shape and body current to vary.
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Figure 6-38 Shadow-gridded electron gun characteristics. (From: Armand Staprans et al.,
Proc. IEEE, March 1973. © 1973 IEEE.)

A particularly disturbing aspect of the body current characteristic shown in
Figure 6-38 is that body current tends to become maximum when grid voltage is
zero. This means that if grid bias is lost (perhaps because of a power supply
failure), the RF circuit may be damaged because of excess body current. To
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prevent this damage, a beam shaver like that shown in Figure 6-39 is often placed
between the gun and the RF circuit.

Beam Shaver

= V\/\/\,

/////////’%’/

Zero-Bias Beam Normal Beam

Figure 6-39 Placement of beam shaver to protect the RF circuit.

When the control grid is pulsed negative to cut off the beam current, complete
cutoff may not occur if the grid is emitting electrons. The resulting small beam
current can result in unwanted signal generation and interpulse noise.

Grids are often fabricated from molybdenum. Because of its high work
function, grid emission from the molybdenum is insignificant even at high grid
temperatures. However, when barium and barium oxide vapors from the cathode
collect on the molybdenum, the work function can decrease to the point where grid
emission occurs.

There are two obvious options for preventing grid emission:

1. Keep the grid cool enough so that emission is negligible regardless of the
work function.

2. Keep the work function of the grid high enough so that emission will be
negligible regardless of temperature.

The problem of controlling grid emission is complicated by the fact that there is a
very large temperature variation from the center of a grid to the outer edge. An
example calculated for a 3-mil-thick grid with a spiderweb configuration like that
in Figure 6-33 is shown in Figure 6-40. The temperature drop from the center of
the grid to the outer edge is nearly 400°C. Clearly, there can be no problem with
grid emission near the outer edge of the grid, but near the center, where the
temperature approaches 800°C, emission can occur if the work function is low
enough.

A technique that is sometimes used in an attempt to keep the work function
high is to coat the molybdenum with zirconium. Haas and Shih [17] reported that
zirconium acts as a getter by reducing barium oxide molecules and absorbing the
oxygen. The freed barium then immediately vaporizes from the zirconium surface
so that the work function is not reduced.
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Figure 6-40 Grid temperature as a function of radial position.

Unfortunately, as the oxygen content of the zirconium increases, its
effectiveness decreases and eventually excessive grid emission can occur. Green
and Goeser [18] reported that a thin layer of tungsten deposited on the
molybdenum prior to zirconium deposition serves to extend the life of the
zirconium film. In fact, the zirconium/tungsten/molybdenum combination is found
to outperform pure zirconium grids. The role of the tungsten layer is not known.

The best way to prevent excessive control grid emission is to ensure that the
temperature of the center of the grid is less than about 600°C. Then, even if the
grid work function is as low as 2.2 eV (highly unlikely), emission will be
negligible. To do this, the grid support must be properly cooled and the radial
thermal conduction of the grid must be as high as possible.

The fabrication of shadow grid structures is difficult, especially in
high-frequency tubes, where dimensions are small. Alignment of the elements of
the control and shadow grids is critical. Alignment must be maintained despite the
fact that the shadow grid operates at a higher temperature than the control grid
because it is closer to or perhaps in contact with the cathode.

An example of the grid motions that occur as a cathode warms up is given in
Figure 6-41. These results were computed using the thermal expansion
characteristics of the grids and their support structures [19]. Note that, at one
point, the shadow grid moved to within about 0.001 inch of the cathode surface.
This small spacing exceeded the total tolerance on the position of the grid. Thus,
the shadow grid could touch the cathode, which, in turn, could lead to deformation
of the shadow grid [20]. The author of [19] stated that this phenomena had also
been noticed experimentally and corrective action was undertaken.
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Figure 6-41 Relative spacing between shadow grid, control grid, and cathode during gun
warm-up. (From: R. Sawicki, Technical Digest, 1978 IEDM. © 1978 IEEE.)

In an effort to overcome the problems of maintaining proper grid spacings in
shadow gridded guns, Miram et al. developed the bonded grid structure shown in
Figure 6-42 [21-23]. The grid elements were pyrolytic graphite, and these were
deposited on a thin boron nitride spacer. To suppress grid emission, the control
grid was overcoated with a thin boron nitride film. Technical feasibility was
demonstrated in a 2,000-hour life test in which grid leakage and emission were
shown to be very small and stable. The bonded grid has not yet found application
because boron nitride with the required characteristics is not available and the cost
of establishing a facility to produce it is, at present, prohibitive.

Very sophisticated grid structures have been developed for some microwave
tube applications. In the example in Figure 6-43, two control grids are used along
with a shadow grid. This grid structure was developed for a tube that could operate
efficiently at two different power levels. This is referred to as dual-mode
operation. The grid closest to the anode controls emission from the central part of
the cathode. The next grid controls emission from the outer portion of the cathode.
Thus, beam current and diameter can be switched to change the beam power level
while maintaining constant beam voltage and proper focusing conditions.
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Figure 6-42 Bonded grid and cathode assembly. (From: T. J. Grant et al., Technical
Digest, 1983 IEDM. © 1983 IEEE.)

In [24], True described a dual-mode structure using two grids rather than
three. The grid farthest from the cathode is a control grid like that on the right in
Figure 6-33. The grid next to the cathode is like a shadow grid except that the
outer openings contain closely spaced wires. When this grid is pulsed positive with
respect to the cathode (+36V in [24]), current flows from the entire cathode. When
the grid is negative (—36V in [24]), the outer portion of the cathode is cut off and
current flows only from the center portion.

The use of a shadow grid makes it possible to reduce interception on the
control grid to about 0.1% of the cathode current. Unfortunately, at high
frequencies where gun dimensions are very small, the fabrication of shadow grid
structures becomes very difficult. To facilitate gun construction, negative grids are
often used. With these grids, only a single grid is required and there is no grid
interception. The beam optics are comparable to a shadow gridded gun. The
current-voltage characteristic of a negative grid is compared with a unigrid (see
Figure 6-29) in Figure 6-44.

6.2.5 Summary of Beam Control Electrode Characteristics

Table 6.1 contains a summary of the more important characteristics of beam
control electrodes [25]. Two amplification factors are given. The total
amplification factor, 4, is the ratio of beam to control electrode voltage required
for beam control. The cutoff amplification factor, x., is the ratio of beam voltage to
the negative control electrode voltage (with respect to the cathode) required to
reduce the beam current to zero.
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Figure 6-43 Dual-mode gun. (From: Microwave Tube Manual by Varian, Air Force
Publication No. T.O. 00-25-251, October 1979.)
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Figure 6-44 Control characteristics of a negative grid compared with a shadow grid.
(From: B. James, Internal Varian Report.)
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As would be expected, the gridded guns have by far the highest amplification
factors and the modulating anode gun has the lowest amplification factor. The
capacitances of all of the control electrode structures to the surrounding electrodes
are essentially the same. Capacitance is important, of course, in the design of the
modulator that must be used to drive the control electrode structure. Finally, as
would be expected, the interception of the intercepting grid structure is much
higher than the other structures. Only the modulating anode gun has good focusing
because the design of that gun is essentially the design of an ideal Pierce gun.

Table 6.1
Typical Characteristics of Control Electrodes
. Focusing
Type v e Capacitance Grid . at Low
Interception
Voltage
Modulating
Anode 1to3 50 pF 0 Good
Control Focus
Electrode 2t010  2to 10 100 pF 0 Poor
Intercepting o .
Grid 50 100 50 pF 15% Fair
Shadow o .
Grid 30 300 50 pF 0.1% Fair

Source: A. Staprans et al., Proc. IEEE, Vol. 61, No. 3, March 1973, pp. 299-330.
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Chapter 7

Electron Beams

In Chapter 6, Pierce electron guns used in linear-beam tubes were discussed. In
this chapter, the magnetic focusing of a beam from a Pierce gun is examined
([1-3] are recommended for further reading). Before proceeding with the
discussion of magnetically focused beams, it is important to point out that
numerous electrostatic focusing techniques have been examined in the more than
70 years that microwave tubes have been in existence. With the exception of very
few special cases, only magnetic focusing is used currently.

The primary problem in focusing, as illustrated in Figure 7-1, is that space
charge forces are so high in the beams in microwave tubes that, without focusing
forces, rapid divergence of a beam occurs. With constraining (focusing) forces,
beam divergence can be prevented.

— ol

o é‘oﬁace_ _ _Focusingj _
arge Forces T

Figure 7-1 Illustration of the effects of space charge forces and focusing forces on an
electron beam.

In linear-beam tubes, the focusing forces are provided by a magnetic field
aligned with the axis of the electron beam. Often, a solenoid like that in Figure 7-2
is used to generate the field. Before developing the equations of beam motion in a
magnetic focusing field, it is of value to discuss qualitatively how magnetic
focusing works.
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Figure 7-2 Illustration of the use of a solenoid to focus the beam in a TWT or klystron.

7.1 OVERVIEW OF UNIFORM-FIELD FOCUSING

To simplify the description of the focusing process, it is initially assumed that
there is no magnetic flux through the cathode and that the beam first encounters
magnetic flux lines as it enters the solenoid. It is also assumed that there are no
transverse velocity components (from thermal or grid effects, nonuniform cathode
emission, and so forth). Magnetic focusing of the beam is initiated as the electron
beam crosses radially directed components of magnetic flux lines (illustrated in
Figure 7-3).

Radial Component
of Flux

Electron Beam

Figure 7-3 Configuration of magnetic flux lines at entrance of electron beam into
solenoid.



Electron Beams 135

Consider, for example, an electron above the axis of the beam (and solenoid).
That electron encounters a component of magnetic flux that is radially directed
downward. The magnetic force on the electron is out of the paper (the cross
product of the velocity, u, and the flux density, B, is into the paper and the force
on an electron is in the reverse direction from the u x B product).

Consider next an electron below the axis. That electron encounters a
component of magnetic flux that is directed upward. The magnetic force on that
electron is into the paper.

When the magnetic forces on all electrons are considered, the net effect is that
the electron beam starts rotating in the clockwise direction as it enters the field
with the flux lines in the directions shown in Figure 7-3. If the directions of the
flux lines were reversed, the direction of rotation of the beam would be
counterclockwise.

As the electron beam moves further into the magnetic field, it encounters
stronger axial components of magnetic flux. Consider again an electron above the
beam axis. As a result of crossing radial components of flux, this electron has a
velocity component out of the paper. The cross product of that velocity component
with the axial magnetic flux is a vector away from the axis so that the force on the
electron is toward the axis. Similar considerations for other electrons show that
they all experience a magnetic force toward the axis. Thus, it is the rotation of the
beam (established as the beam crosses radially directed flux lines) interacting with
the axial components of flux that produces the magnetic focusing force. As each
electron in the beam is followed, it is found that a helical trajectory about the axis
of the solenoid is traversed as indicated in Figure 7-4.
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Figure 7-4 Electron trajectory in an axial field.
7.1.1 Brillouin Flow

If the space charge forces (plus centrifugal forces resulting from beam rotation)
tending to cause the beam to diverge are just balanced by equal and opposite
magnetic forces tending to compress the beam, and if the electrons enter the
magnetic field with no radial velocity components, then the beam diameter will
remain constant as the beam rotates and moves through the magnetic field.

For a beam with uniform charge density throughout and no magnetic flux
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through the cathode, the magnetic flux level that produces a magnetic force that
exactly balances the space charge and centrifugal forces is called the Brillouin flux
level, commonly denoted by Bg. The resulting electron motion in the form of a
rotating beam with constant diameter is called Brillouin flow. The configuration of
the electron gun and magnetic pole piece for launching Brillouin flow are shown
in Figure 7-5.

No Flux in
Cathode Region

Cathode

. -
Focus / % /

Electrode Anode

Figure 7-5 Gun and pole piece configuration for launching Brillouin flow.

When the beam exits from the magnetic field at the collector end of the tube,
the sequence of interactions is just the opposite of that at the entrance of the beam
into the field. That is, as the beam leaves the magnetic field, the radial
compressive force disappears, rotation stops, and the beam expands under the
influence of space charge forces as it enters the collector.

Now, as we have said, for Brillouin flow, the beam must have a uniform
charge density and must enter the magnetic field on axis with no radial electron
motion and with a radius, b,, equal to the equilibrium radius, a (the radius at which
space charge and centrifugal forces are balanced by magnetic forces). This
situation is shown in Figure 7-6.

7.1.2 Scalloping

When the electron gun is shielded from magnetic flux, it is extremely difficult to
achieve the perfectly balanced force condition that is required for Brillouin flow.
For example, consider the case when the electron beam enters the magnetic field
with a radius smaller than the equilibrium radius shown in Figure 7-7.
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Figure 7-6 Entrance conditions for Brillouin flow. (The initial beam radius, b,, is the
equilibrium radius, a, and no radial velocities exist so 50 =0.)
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Figure 7-7 Beam dynamics resulting from the beam entrance into magnetic field at less
than the equilibrium radius.

At plane z;, where the beam enters the magnetic field, the space charge force
is larger than the magnetic focusing force, so the beam starts to expand. When the
beam reaches plane z,, the radial forces are equal, but the electrons are moving
radially outward. As a result, the electrons overshoot the equilibrium radius. By
the time the electrons have reached plane z3, the radial motion of the electrons has
been stopped because the space charge and centrifugal forces have become smaller
than the magnetic forces. In fact, this force imbalance causes the beam to become
smaller again and, by plane z4, the electrons are again crossing the equilibrium
radius. Because the electrons are moving radially inward at plane z;, they
overshoot the equilibrium radius. By the time the beam reaches plane zs, the
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inward radial motion has been stopped because the space charge and centrifugal
forces exceed the magnetic forces.

In a uniform axial field, the beam radius at plane zs is the same as it was at
plane z; and the entire process that took place between planes z; and zs starts over
again. As a result, the beam radius continues to oscillate as the beam moves in the
axial direction. This periodic variation of beam radius is referred to as scalloping.

For the preceding consideration (electrons moving parallel to axis as the beam
enters the magnetic field), it is possible to adjust the magnetic field level so that
the beam radius is the equilibrium radius. Then scalloping can be eliminated.

A similar situation occurs when a beam traveling parallel to the axis but
having a radius larger that the equilibrium radius enters the magnetic focusing
field. Then the beam scallops inward because the focusing forces are larger than
the space charge and centrifugal forces. Again, it is possible to adjust the magnetic
field level to eliminate scalloping.

If the electron gun is at the wrong axial position so that the beam is either
diverging or converging as it enters the magnetic field, then no adjustment of the
magnetic field can be made to eliminate the resulting scalloping.

At this point it is appropriate to comment on the beam behavior that occurs if
the axis of the electron beam is not aligned with the axis of the magnetic field.
This could happen if the electron gun was misaligned during tube fabrication. The
gun axis could be either off center or tilted with respect to the axis of the tube.
Other causes for misalignment include errors in cathode, grid, or control electrode
positioning or nonuniformities in magnetic pole piece material. The result of beam
misalignment is that the entire beam spirals about the magnetic field axis at the
cyclotron frequency.

Figure 7-8 contains a summary of the problems that could be encountered in
attempting to form a Brillouin beam flowing parallel to the axis. These problems
are:

(a) Flux density is too small.

(b) Flux density is too large.

(c) Beam is converging at the entrance.

(d) Beam is diverging at the entrance.

(e) Beam axis is offset from the magnetic field axis.

(f) Beam axis is tilted with respect to the magnetic field axis.

Brillouin flow has the advantage that the magnetic field required is the lower
than for any other focusing technique. The primary disadvantage is that the beam
is extremely sensitive to misalignments and perturbations (such as those produced
by RF modulation). The effect of a change in beam