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PREFACE TO THE SECOND EDITION

The preparation of the second edition of ““Theory and Applications of
Electron Tubes’’ was prompted by two principal considerations. The
first, and probably more important, of these was the necessity of bringing
the book up to date as regards the principal new developments of the past
five years in the field which it covers. Although the press of other
work connected with the defense and war efforts has made it impossible
for the author to make an exhaustive search of the literature of this
period, he believes that the most important subjectshave been adequately
treated. :

The second factor that led to the preparation of the new edition was
the desirability of incorporating improvements in presentation that have
been suggested or that have suggested themselves during five years of use
of the book in college courses. Much of the material has been rear-
ranged, and the chapter on Modulation and Detection and that on
Oscillators have been to a considerable extent rewritten. A few changes
in symbols or definitions have appeared to be desirable. In response to
many requests, problem answers are included in the new edition.

The author of a book in a field that develops as rapidly as that
covered by this book is faced with the difficulty of keeping the book up
to date without increasing the size unduly. Probably the best judges of
what material should be eliminated or added are the instructors in the
courses in which the book is used as a text. The author will welcome
suggestions and criticisms.

- HersERT J. REICH.

CAMBRIDGE, Mass.,
August, 1944.
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PREFACE TO THE FIRST EDITION ‘

Electron tubes, which have made possible the rapid development of
radio to its present state of refinement, have been assuming an increasing
importance in power control and transmission, in manufacturing, in the
home, and in the various-branches of engineering and scientific research.
The rapidly growing field of application of electronic devices has necessi-
tated the addition of courses in theoretical and applied electronics to
engineering and scientific curriculums. The need for a single book to
- assemble and coordinate our present knowledge of the theory and applica-
tion of electron tubes led to the writing of this book.

The book is intended to give the student a sufficiently thorough
grounding in the fundamental principles of electron tubes and associated
circuits to enable him to apply electron tubes to the solution of new
problems. The author has not attempted to discuss all applications of
tubes to special problems but rather to cover basic principles and typical
applications. Since it was not his purpose to write a treatise on the
subject of applications of electron tubes, Class C amplification and the
design of radio transmitters and receivers, which are adequately treated
in books on radio engineering, have not been taken up. The basic
principles that are presented, however, are applicable to radio engineering
problems, as well as to industrial electronics, power control, electrical
measurements, and other fields of use of tubes. Although written
primarily as a text for college students, it is hoped that it will also prove
to be of value to practicing engineers as a reference book.

The book is based upon mimeographed notes that have been used in
the author’s courses on electron tubes during the past five years. These
notes have been kept up to date and have been revised as use in the
classroom has indicated whete improvement could be made.

A problem encountered in the preparation of the manuscript was the
choice of symbols. In the main, the symbols used are those which have
been standardized by the Standards Committee of the Institute of Radio
Engineers. Although the use of the symbols e and E for the voltage of
tube electrodes is in agreement with the practice of most writers on the
subject of electron tubes in the United States during the past twenty-
five years, it is not in agreement with the symbols standardized by the
American Institute of Electrical Engineers nor with those used in Eng-
land. Since the basic symbols that are used in this book have already
been standardized by the Institute of Radio Engineers, the author

1X



X PREFACE TO THE FIRST EDITION

feels that it would be a mistake to set up new symbols now. Because
of the very large number of symbols that must be used in the analysis of
tubes, difficulties are invariably encountered, regardless of the system
of nomenclature that is adopted. ,

The series expansion for electrode currents has been made the basis
of the analysis of the operation of high-vacuum tubes and associated
circuits. In order to justify the use of the series expansion and several
other very useful equations, the outlines of their derivations are included.
The student will not be seriously handicapped by the omission of these
derivations. Because the author believes that a thorough understanding
of the principles of detection and modulation is of great value in the study
of distortion in amplifiers, the chapter on detection and modulation
precedes those on amplification. The arrangement of subject matter is
such, however, that little difficulty will be experienced by the student
if this chapter is studied after those on amplifiers. Equivalent-circuit-
and graphical methods of analysis are stressed throughout the book.

H. J. REIcH.

UrBANA, ILL,
November, 1938.
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THEORY AND APPLICATIONS
OF ELECTRON TUBES

CHAPTER 1

PHYSICAL CONCEPTS

An electron tube is a device consisting of a number of electrodes
contained within a totally or partly evacuated enclosure. The useful-
ness of such a device arises’from its capacity to pass current, the magni-
tude of which may be controlled by the voltages of the electrodes. As
suggested by the term electron tube, the operation of all types of elec-
tron tubes is dependent upon the movement of electrons within the
tubes. The electron, which is the smallest known particle, has a mass
of 9.03 X 10-28 g and a negative charge & of 16 X 10~2° coulomb or
4.8 X 1071% e.s.u. The operation of many types of electron tubes also
depends upon the separation and motion of other elementary particles
of which matter is composed. For this reason a brief discussion of the
fundamental processes governing the behavior of these elementary
particles is of value in the study of electron tubes and their applications.

1-1. Excitation, Ionization, and Radiation.—The mass of the electron
is greatly exceeded by that of an atom, the lightest atom, hydrogen,
having a mass approximately eighteen hundred times that of the electron.

- The major portion of the mass of an atom is accounted for by the nucleus,
a stable assemblage of charged and neutral particles having a net positive
charge equal to the atomic number of the element. The atom also
contains relatively loosely bound electrons, normally equal in number
to its atomic number. The normal atom is therefore neutral.

Experiments show that, in addition to possessing kinetic energy,
an atom is capable of absorbing energy internally. The internal energy
appears to be associated with the configuration of the particles of which
the atom is composed. The internal energy can be altered only in
discrete quantities, called quanta, and hence the atom can exist only in
definite stable states, which are characterized by the internal energy
content. Under ordinary conditions an atom is most likely to be in that
state in which the internal energy is a minimum, known as the normal
state. If the internal energy of the atom exceeds that of its normal state,

1
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it is said to be excited. Excitation may be caused in a number of ways,
among which is collision of the atom with rapidly moving positive
or negative particles, which may give up some or all of their kinetic
energy to the atom during the collision. A limiting case of excitation is
tonization, in which the energy absorbed by the atom is sufficient to
allow a loosely bound electron to leave the atom against the electrostatic
force which tends to hold it within the atom. An atom that has lost
one or more electrons is said to be Zonized and is one type of positive ton.
It is possible for excitation or ionization to take place in successive steps
by the absorption of two or more quanta of energy.

The return of an excited atom to a state of lower energy content
is usually accompanied by electromagnetic radiation. Since the energy
of the atom can have only discrete values, the radiated electromagnetic
energy corresponding to a change from one given energy state to another
of lower energy is always associated with the releasing of a definite
quantum of electromagnetic energy, called *a photon. The frequency
of the radiated energy is determined by the relation W, — W, = hy, in
which W, and W, are the values of the internal energy of the atom in the
initial and final states; h is a universal constant called Planck’s constant,
6.55 X 10?7 erg-sec; and v is the frequency of the radiated energy in
cycles per second. From the form of this relation it is seen that the
quantity hv is the energy of the emitted photon. Each line of the emis-
sion spectrum of an element represents the transition of atoms of the
element from some energy state to another of lower internal energy.

In interacting with atoms and molecules, photons exhibit some of the
characteristics of material particles, a photon behaving as though it
were a bundle of energy. The collision of an atom with a photon whose
energy-is equal to the required change of internal energy may result in
excitation of the atom. If the energy of the colliding photon is equal
to. or greater than that necessary to remove an electron from the atom, .
the collision may result in ionization of the atom.

-"A number of attempts have been made to give a picture of the struc-
ture of atoms that will account for the phenomena of excitation, ioniza-
tion, and radiation. The most successful of these, proposed by Bohr, is
based upon the assumption that one or more electrons move about the
central nucleus of an atom in a manner similar to the motion of the planets.
about the sun. To account for the observed definite values of internal
energy, it was assumed that the electrons can move only in certain
orbits and that the internal energy of the atom is increased when one
or more electrons are abruptly displaced from given orbits to others at a
greater distance from the nucleus. Radiation was assumed to result
when one or more electrons jump from given orbits to others nearer to
the nucleus. Any such picture is valuable principally in its ability
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to explain observed phenomena and to predict others. The complexity
of atoms containing more than two orbital electrons limited the usefulness
of the Bohr picture of the atom to the hydrogen and helium atoms.

The phenomena of excitation, ionization, and radiation are also
observed in molecules. Because of the greater complexity of molecules,
and the fact that their internal energy is partly associated with the
vibrational and rotational mogion of the atoms of which they are com-
posed, a molecule has many more stable states than an atom of the same
element.

1-2. Electron Volt.—Since the energy that a charged particle acquires
in free space when accelerated by an electric field is equal to the product
of the charge by the difference of potential between the initial and final
positions, the difference in potential may be used as a measure of the
gain in kinetic energy. Any quantity of energy may, in fact, be expressed

““electron volts.” An electron volt is the amount of energy gained by
an electron when accelerated in free space through a difference of potential
of 1 volt. It is often convenient to express in electron volts the energy
required to ionize or excite atoms or molecules.

1-3. Excitation and lonization Potentials.—An excitation potential
is the energy, expressed in electron volts, that must be given to an atom
or molecule in order to cause a transition from a given state to one of
higher internal energy. An <onization potential is the least energy,
expressed in electron volts, that must be supplied to a normal or an
ionized atom or molecule in order to remove an electron from the atom or
molecule. Inasmuch as all atoms but hydrogen contain more than one
electron, an atom or molecule may, in general, have more than one
ionization potential. The first ionization potential applies to the removal
of an electron from a normal atom or molecule; the seécond ionization
potential applies to the removal of a second electron from an atom or
molecule that has already lost one electron; etc. A less likely type of
ionization is the simultaneous removal of two or more electrons.. Table
1-T lists the first ionization potentials of some of the elements that are
used in electron tubes. It should be noted that when ionization or
excitation potentials are expressed in electron volts they indicate the
minimum voltage that must be applied between two electrodes in order
to cause ionization as the result of acceleration of electrons or other
singly charged particles by the resulting field between the electrodes.

TaBLE 1-I.—FIrsT JoN1zATION POTENTIALS IN ELECTRON VoOLTS

Argon........... 15.69 Nitrogen........... 14.48 Sodium............. 5.12
Neon............ 21.47 Carbon dioxide. .. .. 14.4 Rubidium........... 4.16
Helium.......... 24.46 Mercury........... 10.38 Cesium............. 3.87
Hydrogen........ 13.53 Lithium........... 5.37 Magnesium......... - 7.61

Oxyge.n .......... 13.55 Potassium......... 4.32 Barium............. 5.19
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1-4. Ionization.—The positively charged mass resulting from the
removal of one or more electrons from an atom is only one of many types
of ions. In general, an {on is an elementary particle of matter or a small
group of such particles having a net positive or negative charge. Atoms
or molecules that have lost one or more electrons, or that have picked up
one of more extra electrons, and simple or complex groups of a number of
atoms or molecules bearing excess positive, or negative charge, are special
examplés of ions. This definition of an ion also includes such relatively
simple particles as the electron and other elementary charged particles
of which atomic nuclei are composed. The process of ionization, broadly
defined, is the production of ions in gases, liquids, or solids. It may result
from a number of causes, among which are

1. Collision of atoms or molecules with
.a. Electrons.
b. Positive or negative ions of atomic or molecular mass.
¢. Excited atoms or molecules.
2. Collision of atoms or molecules with photons (photoelectric effect).
3. Cosmic radiation. »
4. High temperatures in gases or vapors.
5. Chemical action.

. 1-5. Ionization by Moving Electrons.—One of the most important
causes of ionization in electron tubes is the collision of rapidly moving
electrons with atoms or molecules. In order that a single moving electron
may ionize an atom or molecule it is necessary that the kinetic energy
of the electron be at least equal to the first ionization potential of

.the atom or molecule. It is sometimes observed, however, that ions
appear in a gas or vapor when the bombarding electrons have energy
corresponding to the first excitation potential. The explanation of this
is that the atom may be ionized in steps, each successive impact by an
electron supplying sufficient energy to cause a transition to a state of
higher energy. Thus, although the first ionization potential of mercury
is 10.38 electron volts, ionization of mercury vapor by moving electrons
begins when the colliding electrons have energy corresponding to the
lowest excitation potential, 4.68 electron volts. Other more complicated
processes may produce similar results. Precise measurements show that
the voltages at which moving electrons begin to ionize a gas or vapor are
very sharply defined. ‘

1-6. Ionization by Positive Ions.—Ionization by positive ions is a
more complicated phenomenon than ionization by electrons. One
reason for this is that a positive ion which strikes a neutral atom or
molecule is able to surrender not only its kinetic energy but also some
or all of its own energy of ionization, thus reverting to a state of lower
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internal energy. A collision in which an ionized or excited atom or
molecule transfers all or part of its energy of excitation to another atom or
molecule is known as a collision of the second kind. The transferred
energy may be used to excite or ionize the unexcited particle or may be
converted into kinetic energy of one or both particles. In a mixture of
gases a bombarding positive ion of one of the gases may ionize a neutral
atom or molecule of the other, the difference in energies of ionization
being supplied by or added to the kinetic energies of the two particles.
Because of conservation of momentum, the large mass of the positive
ion also complicates the process of ionization by positive ions. Ionization
by bombardment of positive ions requires higher accelerating potentials
than by electrons, and the potentials at which ionization begins are not
sharply defined. .

1-7. Amount of Ionization.—The ionization potential is a measure
only of the minimum kinetic energy, below which & moving ion cannot
ionize a normal atom or molecule by a single collision. It does not follow
that every electron that acquires this amount of energy will necessarily
ionize a gas through which it moves. The likelihood of ionization, which
differs for different gases, is a function of the energy of the bombarding
particles. The amount of ionization produced in a gas or vapor by
charges that are accelerated by electric fields in the gas may be most
conveniently specified by the ‘onzzation coefficient. The ionization coeffi-
cient is defined as the number of ionizing collisions made by an ion per
centimeter of advance through the gas. It differs for different gases and
for different types of ions and is a function of the gas pressure and the
electric field strength. The ionization factor varies with electric field
strength because increase of field strength increases the energy acquired
by an ion between collisions. It varies with gas pressure because increase
of gas density increases the likelihood that an ion will strike a gas particle
in a given distance, but decreases the distance it moves and hence the
energy it acquires between successive collisions with gas particles.
Because of these conflicting effects, the ionization factor passes through
a maximum value as the pressure is raised from a low value.

1-8. Photoionization.—In its narrower sense, the photo-electric effect
is the release of electrons from the surface of a solid by light or other
electromagnetic radiation. In its broader sense the photoelectric effect
is the ionization of an atom or molecule by collision with a photon and
may take place not only at the surface of a solid, but throughout a gas,
liquid, or solid. The photoelectric effect and its applications will be
discussed in detail in Chap. 13. The principles that govern ionization
by collision also apply to photoelectric ionization. -The energy of a single
incident photon kv must be at least equal to the first ionization potential
of the atom. Impact of photons with atoms results not only in ionization
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but also in excitation. Ionization may occur in successive steps by a

rapid sequence of impacts of successive photons. Excitation by photons
is the inverse process to radiation, just as collision of the second kind is
the inverse phenomenon to excitation or ionization by collision. Absorp-
tion spectra are an indication of the conversion of radiant energy into
energy of excitation or ionization.

The frequencies of photons capable of ionizing most elements lie out-
side of the visible spectrum. The exceptions to this rule are the alkali
metals, which are therefore used in light-sensitive electron tubes.

1-9. Ionization by Cosmic Rays.—The exact constitution of cosmic
rays is still the basis of much scientific controversy. All experiments
seem to indicate, however, that the primary source is outside of the earth
and its atmosphere. They appear to be either electromagnetic radiation,
of very short wave length, or charged particles that move with extremely
high velocity. Ionization by cosmic rays at the surface of the earth
results mainly from secondary rays formed in the outer atmosphere and
appears to consist of both photoelectric ionization and ionization by
collision. It is of importance in connection with glow and arc discharges
because it is one of the sources of initial ionization that is necessary to the

_formation of glows in cold-cathode discharge tubes.

1-10. Space Charge and Space Current.—A group of free charges in
space is called space charge. If the charge is of one sign only or if the
density of charge of one sign in a given volume exceeds that of the other
sign, the charge will give rise to an electrostatic field. The relation
between the net charge within a volume and the resulting electrostatic
flux is given by Gauss’s law, which states that the electric flux through
any surface enclosing free charges is equal to 4 times the sum of the
enclosed charges.!?

The movement of free charges in space constitutes a current, called
space current. The current per unit area is equal to the product of the
charge density and the velocity normal to the area. The conventional
direction of current is in the direction of the motion of positive charges
and opposite in direction to the motion of negative charges.

1-11. Deionization.—The rapid disappearance of the products of
ionization is necessary for the proper functioning of certain types of
electron tubes containing gas or vapor. = The removal of ions from a
volume of gas or vapor takes place in four ways: '

1. Volume recombination.

2. Surface recombination.

3. Action of electric fields.

4. Diffusion.

1 PaGE, L., and Apams, N, I., “Principles of Electricity,” pp. 18, 41, D. Van
Nostrand Company, Inc., New York, 1931.
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There is good experimental evidence that the direct recombination
of electrons with positive ions is of relatively rare occurrence in electrical
discharges. Volume recombination results mainly from the attachment
of electrons to neutral gas molecules to form the heavier and slower-
moving negative ions, which subsequently combine with positive ions.
The likelihood of attachment of electrons to neutral molecules decreases
with increase in temperature, decrease in pressure, and increase in field
strength. The rate of recombination of positive and negative ions is
proportional to the product of the two ion densities, the constant of
proportionality being called the coefficient of recombination. The coeffi-
cient of recombination is different for different gases.

Surface recombination occurs at conducting walls of the tube that
contains the ionized gas, at the electrodes, and at surfaces of any other
conducting solids that project into the ionized gas. Recombination
takes place as the result of charges of opposite sign that are induced
on conducting surfaces or pulled out by strong fields at the surfaces. On
insulating surfaces or on conductors that are electrically isolated, charges
may also accumulate and build up an electric field that repels charges of
the same sign and attracts those of opposite sign. Surface recombination
is one of the main factors affecting deionization in glow- and arc-discharge
tubes and in circuit breakers of the “deion” type.

The electric field in the vicinity of the electrodes carries ions to the
electrode surfaces, where surface recombination may take place. Within
the main part of the gas, the electric field can change the ion density in a
given small volume only if the ion density is not uniform throughout the
tube, or at least in the vicinity of the volume under consideration. If
the ion density is uniform, the field will sweep as many n'ew ions into one
side of the volume as it removes from the other. If an ion density
gradient does exist, the action of the field may either increase or decrease
the density in the given volume. An example of deionization by electric
fields is the removal of ions in glow- and arc-discharge tubes when applied
potentials are reduced below the value necessary to maintain a glow
or are.

Diffusion of ions results from the fact that ions, like gas molecules,
have a random motion which carries them from point to point. If the
ion density in an element of volume is greater than in adjacent elements,
then on the average more ions leave the given element than enter it; if,
on the other hand, the ion density is uniform throughout the region under
consideration, then on the average just as many ions enter a given ele-
ment of volume in unit time as leave it. Thus, deionization by diffusion,
like deionization by electric fields, is dependent upon nonuniform density.
Because of surface recombination and nonuniform production of ions
throughout the tube, ion density differences are set up in glow- and arc;
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discharge tubes which enable diffusion and electric fields to be effective
delonizing agents. ’

1-12. Free Electrons in Metals. Electron Affinity.—Some of the
electrons of metallic atoms are very loosely bound to the atoms. When
groups of such atoms are massed together into solids or liquids, the loosely
bound electrons can readily pass from atom to atom. Because of their
random temperature velocity these free electrons are constantly moving
about within the mass, and, although at some particular instant they may
be loosely bound to particular atoms, on the average they experience no
force in any particular direction. It is these electrons that make metallic
conduction possible and that play indispensable roles in thermionic
emission.

An electron that happens to pass through the surface of the metal in
the course of its random motion will, while it is still close to the surface,
induce a positive charge on the surface of the metal. This induced charge
results in a force that tends to return the electron into the metal, the
so-called ¢mage force. In order to escape from the metal the electron
must give up a certain amount of kinetic energy. The kinetic energy
that an electron loses in passing through the surface of a metal and far
enough away to be beyond the range of the image forces is called the
electron affinity of that metal and is represented by the symbol w.

The electron affinity is different for different materials and varies
greatly with the condition of the surface and with impurities contained
in the substance, particularly at the surface. Schottky has shown
theoretically that the-electron affinity should be reduced by strong
electric fields at the surface and that it should vary from point to point
on a given surface because of microscopic irregularities, being smaller at
projections and larger in hollows.! Table 1-II lists representative values
of electron affinity for a number of metals commonly used in electron tubes.

TaBLE 1-II.—ELECTRON AFFINITY w IN ELEcTRON VoLTs

Tungsten........................ 4.52 Magnesium. .................... 2.7
Platinum........................ 50 Nickel.......................... 4.0
Tantalum... ... e 4.1  Sodium..................... ..., 1.9
Molybdenum.................... 4.3 Mercury........................ 4.4
Carbon.................... ... .. 4.5 Caleium........................ 2.5
Copper. . ... 4.0 Barium.................... . 2.0
Thorium............. 3.0  Thorium on tungsten............. 2.63

0x1de-coated nickel....0.5t0 1.5
1-13. Contact Difference of Potential.>—A potential difference,
called contact difference of potential, exists between the surfacds of two
_18crorrky, W., Physik. Z., 12, 872 (1914), 20, 220 (1919); Ann. Physik, 44, 1011
(1914); Z. Physik, 14, 63 (1923).

2 An interesting discussion of contact potential and other small effective electrode
voltages is given by R. M. Bowie, Proc. I.R.E., 24, 1501 (1936).
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different metals that are in contact or are connected through an external
circuit, as shown in Fig. 1-1. Contact difference of potential results from
the fact that the electron affinities of the two metals differ. It is very
nearly equal to the difference between the electron affinities divided by
the charge of an electron. To prove this, suppose that an electron starts
from any point a close to the surface of one of the metals, passes into this
surface, thence around the circuit, and out through the surface of the
second metal to any point b close to its surface. In passing into the first
metal the electron does work equal to —w;, the electron affinity of that
metal. In crossing the junction between the metals it does a small
amount of work because of the Peltier potential difference, which always
exists at the junction of two different metals and which is also a function
of the electron affinities of the metals. In passing out of the surface
of the second metal it does work equal to w,, the electron affinity of that
metal. If the small amount of energy that the
electron loses as the result of impacts with atoms b
and molecules in the metals (I2R loss) is neglected a- o b-w
and the Peltier potential difference is called V»,
the total amount of work done is 8V + w2 — wy, [
where & is the charge of an electron. &V may y //
be shown to be small in comparison with ws — wy, Fra. 1-1—Production
and so the work done is approximately ws — w;. of contact difference of
Since the potential difference between two points ggﬁi’mﬂg’r’o’:e;giﬁfl;s"'
may be defined as the work done in moving a

unit charge between the points, it follows that a difference of potential
approximately equal to (w; — w,)/& exists between any two points a and
b close to the surfaces of the two metals. If the connection between the
metals is made through an external circuit containing one or more addi-
tional metals, the proof is altered only in respect to the additional
Peltier potential differences, which are negligible.

Inasmuch as the various electrodes in electron tubes may be made of
different metals, contact potentials may exist. The contact potential
differences may be of the order of 1 to 4 volts, as seen from Table 1-II,
and must sometimes be taken into account when applied voltages are
small or when high accuracy is necessary in the analysis of electron tube
behavior.

~ 1-14. Emission of Electrons and Other Ions from Solids.—The
presence of ions in a given volume may result not only from ionization
processes in that volume but also from the introduction of ions produced
or existing elsewhere. The mechanism by which ions are introduced
may be diffusion, action of electric fields, or the emission of electrons or
positive ions from the surfaces of solids or liquids. There are five ways
in which ions may be emitted from the surfaces of solids or liquids:

a
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. Thermionic emission.
Photoelectric emission,

. Secondary emission.

. Field emission. .

. Radioactive disintegration.

GUs L N

Thermionic and photoelectric emission will be discussed in detail in
later chapters and therefore need no further consideration at this
point.

Secondary Emission.—When ions or excited atoms impinge upon
the surface of a solid, electrons may be ejected from the surface. These
are called secondary electrons, and the phenomenon is termed secondary
emisston. Some secondary emission as the result of electron bombard-
ment appears to take place when the energy of the impinging electrons
is less than the electron affinity of the emitter. For this reason it seems
likely that the energy that makes possible the escape of a secondary
electron is obtained not only from the impinging electron, but also from
the thermal energy of the emitter. The nufaber of secondary electrons
ejected per primary electron increases with the velocity of the primary
electrons and may become great enough to have an appreciable effect -
upon the behavior of electron tubes at accelerating voltages as low as
5 to 10 volts. At several hundred volts the emission passes through a
maximum and then continues to fall with further increase of accelerating
voltage. This may be because the primary electrons penetrate farther
into the solid and transfer most of their energy to electrons that are so
far from the surface that they collide with atoms or molecules before
reaching it. The number of secondary electrons emitted per primary
electron is in general higher for surfaces having a low electron affinity.
It also depends upon the condition of the emitting surface, being reduced
by degassing the emitter and by carbonizing the surface. A single
primary electron may eject as many as 8 or 10 secondary electrons. The
primary electrons may be absorbed, reflected, or scattered by the surface.
The number of secondary electrons released by a single impinging
particle is less for positive-ion bombardment than for electron bombard-
ment, and emission does not appear to take place unless the energy
of the impinging ions exceeds the electron affinity of the emitter. The
phenomenon of secondary emission is an important one in all types of
electron tubes. :

Field Emission.—Field emission is the emission of electrons as the
result of intense electric fields at a surface. It is probably an important
factor in the operation of certain types of arc discharges. The field
strengths required to pull electrons through surfaces at ordinary tempera-
tures are so great that the phenomenon is difficult to produce by direct
means.



Skc. 1-16] . PHYSICAL CONCEPTS ) 11

Emission Resulting from Radioactive Disintegration.—The emission
of positive or negative ions in the disintegration of radioactive substances
is of importance in glow- and arc-discharge tubes because the presence
of minute traces of radioactive materials in the tube walls and electrodes
may thus produce a small amount of residual ionization, which makes
possible the initial flow of current.

" 1-15. Electron Dynamics.—The motion of ions, including electrons,
- is governed by the same laws as the motion of larger masses that can be
observed directly. Analyses of the dynamics of masses are based pri-
marily upon Newton’s second law, which may be stated symbolically
by the equation

f = ma )

in which f is the force in dynes acting upon a mass of m grams and a
is the resulting acceleration in centimeters per second per second. Aside
from forees resulting from the collision -of charged particles with other
charged or uncharged masses, the forces acting upon charged particles
are electrostatic and electromagnetic. Anelectric or a magnetic field is
said to exist in a region in which electric or magnetic forces, respectively,
act.. The electric intensity (electric force) at any point is a vector quantity
which is given, both in magnitude and in direction, by the force (mechan-
ical) per unit positive charge which would act on a charged particle
placed at this point. The magnetic intensity (magnetic force) at a point
may be defined as the vector quantity-which is measured in magnitude
and direction by the force (mechanical) that would be exerted on a unit
magnetic pole placed at the point.

1-16. Motion of an Electron with Zero Initial Velocity in a Uniform
Electric Field.—In the simplest case commonly encountered in electron
tubes, the electrostatic force acting upon an ion results from the applica-
tion of a potential difference to two parallel plane electrodes whose
area is large in comparison with their separation. Except near the
edges, the electric intensity between such plates is constant throughout
the space between them. Since difference of potential between two
points may be defined as the work done in moving a unit charge between
the points, it follows that the potential difference is equal to

E = ];dF dz e.s.u. (statvolts) = 300 ﬁ)dF dx  volts (1-2)

where F is the electric intensity in e.s.u. and d is the electrode spacing in
centimeters. Since F is constant,

d
E=F ﬁ) dz =Fd  esu. (1-3)
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and .
E .

F = Ej e.s.u. (1-4)

The force exerted upon an electron between two such plates is equal

to the force exerted upon a unit charge times the charge of the electron:

&
fe= % dynes (1-5)

where E is expressed in e.s.u. (statvolts), & in e.s.u. (statcoulombs),
and d in centimeters.. It follows from Eqs. (1-1) and (1-5) that the
acceleration of the electron is

fe Eg

= Je _ 2 -
Qe =T md cm/sec (1-6)

in which m. is the mass of the electron in grams. Since, by definition,
acceleration is the rate of change of velocity, the velocity at any instant
after the electron starts moving under the influence of the field is

t . - t
Eg E¢t .
Ve = /; a.dt = med/; dt = mad cm/sec 1-7)
The distance moved by the electron in the time ¢ is
f Eg [* Es ,
s—/ovedt—m Otdl—2medt ecm (1-8)

From Eq. (1-8) it follows that the time taken for the electron to move
from one electrode to the other under the sole influence of the electric

field is
b= 2 e (1-9)
¢ T %NEs °
The velocity with which it strikes the positive plate is -
_ Esta _ [2Es ‘
Vg = md \/.me cm/sec, (1-10)

The energy with which it strikes and which is converted into heat in the
positive electrode is
K.E. = $mupqs® = E§ ergs (1-11)

Equation (1-11) might have been obtained directly, since the difference
of potential between the electrodes is the energy acquired by a unit
charge moved under the sole influence of the field and, if the charge
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does not collide with other particles on the way, this energy can appear
only in kinetic form.

1-17. Motion of an Electron in a Uniform Electric Field. Initial
Velocity Parallel to the Field.—If an electron leaves one of the plates
with initial velocity v, parallel to the field, the velocity at any instant
thereafter is

Ve = U, T al cm/sec (1-12)

in which the minus sign is used if the direction of the electric force is
such as to reduce the initial velocity. The distance moved in the time ¢ is

s = ﬁ)‘ (v + ad)dt = vt + dad® om (1-13)

If the field reduces the initial velocity, the maximum distance moved
can be found by differentiating Eq. (1-13). The time taken for the
electron to move through this distance is found by equating ds/dt to zero.

ds
0= Et_ = Vo — Qolmax (1-14)
Vo
bmax = . sec (1-15)
2 2 2
Smax = U_D - DL = 20—‘ cm (1"16)

The electron will reach the second electrode if

v _md
Smax = 2ae = ZES Vo = d (1"17)
that is, if
~ imp,2 = E8 (1-18)

Equation (1-18) follows directly from the law of conservation of energy,
since the electron can reach the second electrode only if its initial kinetic
energy imw,? equals or exceeds the energy it would lose in moving
between the electrodes, ¢.e., E&. '

It also follows from the law of energy conservation that energy gained
by a charged particle while moving in vacuum under the action of an
electric field must be supplied by the source of potential applied to the
electrodes. Conversely, energy given up by an ion in moving in an
electric field is returned to the source, or converted into I*R loss in con-
ductors joining the electrodes to the source, or into heat of impact if the
electron strikes an electrode or other surface.

1-18. Motion of Electrons in Nonuniform Electric Fields.—In general,
the electric intensity in electron tubes is not uniform, and so the integra-
tion of Egs. (1-2), (1-7), (1-8), and (1-13) is less simple. When space
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charge becomes appreciable, the motion of individual electrons is also

affected by the fields set up by other electrons. This important
phenomenon will be discussed in detail in Chap. 2.

Inspection of the methods used in deriving Egs. (1-5) to (1-18) shows
that the equations may be applied to other ions than electrons by making
suitable changes in the values of charge and mass.

1-19. Importance of Transit Time.—The time taken for electrons
and other ions to move between electrodes is so small that it may be
neglected in many analyses of the operation of electron tubes (see Probs.
1-1 and 1-2). It cannot be neglected, however, when the electrode
voltages alternate at frequencies so high that the time of transit is of the
same order of magnitude as the periods of the voltages. It is also of
importance in the study of the deionization of gas- or vapor-filled tubes.

1-20. Electric Field Normal to Initial Direction of Motion.—Up to
this point it has been assumed that the initial velocity of the electron is

Ve >-

F1a. 1-2.—Deflection of electron beam by electric field.

parallel to the electric field. Under this assumption there is no change
in the direction of motion in vacuum. In cathode-ray oscillograph and
television tubes, electron beams are deflected by electric fields perpen-
dicular to the initial direction of motion. The arrangement is essentially
that shown in Fig. 1-2. Electrons enter the space between the deflecting
electrodes with a velocity v, parallel to the electrode surfaces, and are
deflected by the electric field between the electrodes, which have a
length I, a separation d, and a potential difference E.

The acceleration produced by the field is normal to the initial velocity
and its magnitude is given by Eq. (1-6) as E€/m.d cm/sec2. Since the
velocity normal to the electric field remains constant, the time taken for
an electron to move through the deflecting field, which is assumed to be
uniform between the plates and zero on either side, is I/v,. The vertical
displacement at the point where the electron leaves the plates is given
by Eq. (1-8). Itis

Eg Egl?

= 2 = -
) 2medt 2v.2m.d e (1-19)

The vertical velocity when the electron leaves the deflecting plates
is given by Eq. (1-7) -
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_ Bt _ Esl
T md  vomed

vy cm/sec (1-20)

~ The horizontal velocity, which is unaffected by the field, is still v,.
Therefore, the final direction of motion makes an angle with the initial
direction given by the relation

tan g = 2 = 0 (1-21)

But by Eq. (1-19),

= = tan 9 (1-22)

Examination of Fig. 1-2 shows, therefore, that after deflection the
electrons move as though.they had passed through a point midway
between and midway along the deflecting plates. ,

1-21. Motion of an Electron in a Magnetic Field Normal to the
Initial Velocity.—Like a current-carrying conductor, an electron moving
normal to a magnetic field experiences a force perpendicular to the field
and to the direction of motion of the charge. The magnitude of the
orce is given by the relation

fn = B8 dynes (1-23)

in which B is the flux density in gauss, & is the charge of an electron in
electromagnetic units, and v is the velocity in centimeters per second.
If the electronic charge is expressed in e.s.u., Eq. (1-23) may also be
written
Béw

fh, = W dynes (1-24)

The action of a magnetic field differs from that of an electric field in
that the force on a moving charge in an electric field is always parallel
to the field, whereas the force on a moving charge in a magnetic field is
normal to the field and to the instantaneous velocity. If an electron
enters a uniform magnetic field with an initial velocity », normal to the
field, it will be deflected at right angles to the field by the force Bg&',
dynes. Since the acceleration is normal to the velocity, the speed
remains constant. If p is the instantaneous radius of curvature, the
radial acceleration is v,%/p. Therefore, by Eq. (1-1),

MWDo

Bg", = (1-25)
and
= VMe _ 10 %o .
P = po 3X 10 BE cm (1-26)
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Since B is assumed to be constant, the electron moves with constant speed
along a path of constant radius of curvature, z.e., along a circular path,
in a plane perpendicular to the field. The dependence of the radius of
curvature upon the velocity and upon the mass makes possible the
separation of charged particles of different velocities or masses.

If the initial velocity also has a component parallel to the field, the
electron will describe a spiral path around an axis parallel to the field.
A similar spiral motion results if the initial velocity is parallel to the field
but some other force, such as repulsion between two or more electrons,
produces an acceleration normal to the field. This principle may be used
in preventing the spreading of and in focusing a beam of electrons. Elec-
tron beams may also be focused by the use of nonuniform electric fields
such as exist between adjacent cylinders of unequal diameter when a
difference of potential exists between
them.! These methods are used in
focusing electron beams in cathode-

[y ray oscillograph and television tubes
Ao R ! and in electron microscopes (see Secs.
|
I

Vo

a 24 and 15-17).
fe-s - In cathode-ray oscilloscope and
Fia. 1-3.—~Deﬂec£ioxl. of electron beam by  television tubes, electron beams may
magnetic field. be deflected by magnetic fieldsnormal
to the initial velocity of the electrons that comprise thebeams. Although
a general analysis is complicated, a useful expression for the beam deflec-
tion angle may be readily derived under the assumption that the field is
uniform throughout a distance s and zero elsewhere, as shown in Fig. 1-3
Inspection of Fig. 1-3 shows that

sin 6 =2 (1-27)
p
in which p, the radius of curvature of the circular path within the field,
is given by Eq. (1-26). Substitution of Eq. (1-26) in Eq. (1-27) gives the
relation:

. sBg
sin § = m (1-28)

For small deflection angles, Eq. (1-28) simplifies to

sBg&

6= 3 X 101%,m,

(1-29)

In the range of 6 in which Eq. (1-29) is valid, the path of the electrons

1 See, for instance, I. G. MaLorF, and D. W. EpstEIN, “Electron Optics in Tele-
vision,” Mc¢Graw-Hill Book Company, Inc., New York, 1939.
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after deflection by the magnetic field is the same as though they had
originated at the center of the region in which the field acts.

1-22. Crossed Electric and Magnetic Fields.—If an electron is sent
through electric and magnetic fields that are perpendicular-to each
other and to the initial velocity of the electron, as shown in Fig. 1-4, the
electron is acted upon by a force 8F dynes caused by the electric field and
a force B&v,/(3 X 101%) dynes caused by the magnetic field. These
forces are both normal to the surfaces of the deflecting plates. If they
are equal in magnitude and opposite in direc- .
tion, the electron is undeflected. This is true

if . B/’
eF — D&% (1-30) v — LAV

3 X 101 - 3
or . > vt

=3 X lO“’g cm/sec  (1-31)

. . . . - . F1g. 1-4.—Path of an elec-
in which F is measured in e.s.u. and B is tron through balanced electric

méasured in gauss. This phenomenon may "9 magnetic fields.
obviously be used to measure the speed of electrons or other charged
particles.

Problems

1-1. a. Find the time of transit of an electron between parallel plane electrodes
having a separation of 0.2 ¢cm and a potential difference of 250 volts.

& = 4.8 X 10710 es.u.

b. Find the energy delivered to the positive electrode by the electron.

1-2. a. An electron at the surface of a plane electrode is accelerated toward a
second parallel plane electrode by a 200-volt battery, the polarity of which is reversed
without loss of time 107? sec after the circuit is closed. If the electrode separation is
1.5 ¢cm, on which electrode will the electron terminate its flight?

b. What will become of the kinetic energy that it acquires during its acceleration?

1-3. a. An electron having initial kinetic energy of 10~° erg at the surface of one
of two parallel plane electrodes and moving normal to the surface is slowed down by the
retarding field caused by a 400-volt potential applied between the electrodes. Will
the electron reach the second electrode?

b. What will become of its initial energy?

1-4. The electrons that comprise a beam of cathode rays are given their velocity
v, by means of a potential difference of 500 volts impressed between the electron source
and an accelerating anode. Determine the difference of potential that must be
impressed between two deflecting electrodes 3 cm long and 1 ¢m apart in order to
deflect the beam through an angle of 20 degrees.

1-5. The electrons that comprise a beam of cathode rays are given their veloc1ty Vo
by means of a potential difference of 1500 volts impressed between the electron source
and an accelerating anode. Determine the flux density that must exist throughout
a distance of 2 em in order to deflect the beam through an angle of 10 degrees.
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CHAPTER 2

THERMIONIC EMISSION;
THE HIGH-VACUUM THERMIONIC DIODE

The operation of most electron tubes is dependent upon thermionic
emission. The theory of thermionic emission is, therefore, of great
importance in the study of electron tubes. It is the purpose of this
chapter to discuss the basic principles of thermionic emission, the con-
struction of practical emitters, and the flow of electron space current in
high-vacuum tubes containing two electrodes. '

2-1. Theory of Thermionic Emission.—Richardson’s theory of the
emission of electrons from hot bodies is in many respects analogous to
the kinetic theory of vaporization.! Heat possessed by a metal is
believed to be stored not only in the kinetic energy of random motion
of atoms and molecules, but also in the kinetic energy of free electrons.
As a result of collisions between electrons or between electrons and atoms
or molecules, the speed and direction of motion of a given electron are
constantly changing. The random motion of the electrons causes
some of them to strike the inner surface of the metal. Electrons that
arrive at the surface will escape from the metal if they have a component,
of velocity toward the surface equal to or greater than u,, corresponding
to a kinetic energy 3m.u.” equal to the electron affinity w. The number
of electrons that reach the surface in unit time with a normal component
of velocity equal to or greater than u, is proportional to the fraction of all
the free electrons throughout the metal that have such velocities. At
room temperatures this fraction is extremely small, and so no thermionic
emission is detectable. As the temperature of the emitter is increased,
however, the average velocity of the free electrons increases, and so the
number having velocities equal to or greater than u, is increased. This
can be seen from the velocity-distribution curves of Fig. 2-1. These are
theoretical curves so constructed that the area under a given curve
between any two velocities w and u + Au is proportional to the fraction
of the free electrons having velocities lying within this range at the tem-
perature for which the curve is constructed. The area lying to the right
of a given positive value of u, such as u,, is proportional to the fraction
of the electrons having velocities in excess of this value. Figure 2-1

! Ricuarpson, O. W., Proc. Cambridge Phil. Soc., 11, 286 (1901); “ Emission of

Electricity from Hot Bodies;” rev. ed., Longmans, Green & Company, New York,
1921, ‘
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shows that the fraction of the electrons having velocities toward the
surface equal to or greater than wu, increases with temperature. Hence
the rate at which electrons escape from the metal, .., the emission
current, increases with temperature. Observable emission currents are
obtained at temperatures in excess of 1000°K. Emission current is also
increased by reduction of electron affinity, since reduction of electron
affinity lowers the velocity u., and therefore increases the number of
electrons whose velocity toward the surface exceeds u,. This is clearly
shown by Fig. 2-1, since reduction of work function w means that u,
is moved to the left and the area under the curve to the right of u, is
increased.

Electrons that escape will have resultant velocities made up of the
excess perpendicular to the surface, plus the original components parallel
to the surface, which are not altered by the surface forces. If the emitted
electrons are not drawn away by an external field, they will form a

Velocity away 0 YUw Velocity toward

from surface - surface

Fi1G. 2-1.—Maxwellian distribution curves of velocities normal to emitter surface at three
temperatures.

space charge, the individual particles of which are moving about with
random velocities. Because the initial average normal velocity of the
electrons after emission is away from the surface and because of the
mutual repulsion of like charges, electrons drift away from the surface.
Collisions between electrons cause some of them to acquire velocity com-
ponents toward the emitter, where they may reenter the surface with a
gain of kinetic energy equal to the electron affinity. Another factor
responsible for the return of electrons to the emitter is the electrostatic
field set up by the negative space charge and, if the emitter is insulated,
by the positive charge that it acquires as the result of loss of electrons.
This field increases with the density of space charge, and equilibrium is
established when only enough electrons can move away from the surface
to supply the loss by diffusion of the space charge. If diffusion can
then be prevented, just as many electrons return to the metal in unit
time as leave it. Figure 2-2 gives a rough picture of the electron dis-
tribution under equilibrium conditions.

If a second, cold electrode is placed near the emitting surface in
vacuum and connected to the emitter through a galvanometer, as shown
in Fig. 2-3, the meter will indicate the small current resulting from the
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drift of electrons from the emitter to the second electrode. These
electrons return to the emitter through the galvanometer and prevent
the emitter from becoming positively charged. This phenomenon, first
observed by KEdison, is called the Edison effect. When the second
electrode is made positive with respect to the emitter by the addition
of a battery, as shown in Fig. 2-4, the current is increased. As the voltage
is gradually raised, it is found that at any emitter temperature there is a
more or less definite voltage beyond which the current is nearly constant,
all emitted electrons being drawn to the collector. This current is
called the saturation current, and the corresponding voltage, the saturation
voltage. The lack of increase of current beyond saturation voltage is

. Emitter Emitter

. Hem‘er'l I— Heafé/r
L= -YiiH+

Fic. 2-2.—Dis- Fia. 2-3.—Flow of anode Fic. 2-4.—Use of anode
tribution of elec- current as the result of diffusion  voltage to increase anode cur-
trons near an emit- of electrons from cathode to rent.
ting surface. anode without the application

of anode voltage (Edison effect).

spoken of as wvoltage saturation. Saturation current varies with the
temperature and electron affinity of the emitter. The negative emitter
in Fig. 2-4 is called the cathode; and the positive collector, the anode or
plate. An electron tube containing only a cathode and an anode is
called a diode. Although the electrons move from cathode to anode, the
current, according to convention, is said to flow from anode to cathode
within the tube.

2-2. Richardson’s Equation. —By means of classical kinetic theory
and by thermodynamic theory, Richardson derived two slightly different
equations for saturation current as a function of temperature.! It is not
possible experimentally to determine which of Richardson’s equations is
correct, but this was later done theoretically by M. v. Laue, S. Dushman,
and A. Sommerfeld. The equation that is now believed to be correct is

I, = AT?evnT (2-1)

in which I, is the saturation current per unit area of emitter, 7 is the
absolute temperature, w is the electron affinity of the emitter, k is Boltz-
mann’s universal gas constant, and A is a constant, probably universal for
pure metals. The value of k is 8.63 X 10~% electron volt/degree and the

L RicHARDSON, loc. cit.
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theoretical value of A for pure metals is 60.2. The form of the curve
that represents Richardson’s equation, shown in Fig. 2-ba, is determined
practically entirely by the exponential factor.

It is important to note that Richardson’s equation holds only for the
saturation current and that the anode voltage must, therefore, be high
enough at all times so that all emitted electrons are drawn to the anode.
If the anode voltage is fixed at some value E;, while the temperature is
raised, then at some temperature the current will begin to be limited
by space charge in a manner similar to that when there is no accelerating
voltage. Further increase of temperature will then have no effect upon
the current. This temperature is called the saturation temperature,
and the failure of the current to increase at higher temperature is spoken
of as temperature saturation. If the emitter were homogeneous and the
electrostatic field constant over the surface of the emitter, the advent

—
(%]
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Anode Current
>
m

Anode Current
m

Saturation Current

Emitter Temperature Emitter Temperature Emitter Temperature
(a) - (b) ()

Fi1Gc. 2-5.—Curves of anode current »s. emitter temperature: (a) saturation emission
current; (b) theoretical curves at two values of anode voltage; (c) experimental curves at
two values of anode voltage.

of saturation would be abrupt, as indicated at point A of Fig. 2-5b.
Actually, because of variations of temperature and electron affinity
and of electrostatic field, saturation does not take place over the whole
cathode surface at the same temperature, and so experimentally deter-
mined curves bend over gradually, as shown by the curves of Fig. 2-5¢.
At higher anode voltage E,, saturation occurs at a higher temperature.
If the voltage is increased with temperature, the current will continue to
rise with temperature, as in Fig. 2-5a, until the temperature becomes
sufficiently high to vaporize the emitter.

Since only those electrons which have relatively high energies can
escape from the metal, thermionic emission necessarily results in the
reduction of the average energy of the remaining electrons and molecules,
and hence of the temperature of the emitter. Heat must be supplied
continuously to the emitter in order to prevent its temperature from
falling as the result of emission. The cooling effect of emission current
is plainly visible in filaments in which the emission current is comparable
with the heating current, as in the type 30 tube.
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Richardson’s equation shows that the emission current which can be
obtained at any temperature varies inversely with the electron affinity.
The exponential form of the equation shows that small changes in tem-
perature or electron affinity may result in large changes of emission
current. A 15 per cent reduction of electron affinity produces an eight-
or tenfold increase of emission in the working range of temperature. The
ratio of the emission current in milliamperes per square centimeter to the
heating power in watts per square centimeter is called the emission
eficiency. Emission efficiency increases with decrease of electron
affinity. )

A satisfactory practical source of thermionic emission must satisfy
two requirements: it must have a high emission efficiency and it must
have a long life. Thermal losses can be reduced by proper design of the
emitter and by reduction of emitter temperature. (Cathodes of special
design, which give very low thermal losses, can be used in gaseous dis-
charge tubes. These will be discussed in Sec. 12-16.) The life of an -
emitter increases with the difference between the normal operating tem-
perature and the vaporization or melting temperatures of the metal or
metals of which it is constructed. Since low operating temperature is
made possible by low electron affinity, it is evident that the choice of
emitters of low electron affinity is favorable to long life, as well as to high
efficiency. ,

2-3. Pure Metallic Emitters.—Pure metals having low electron
affinities, such as the alkali metals or calcium, cannot be used as emitters
in electron tubes because they vaporize excessively at temperatures at
which appreciable emission is obtained. Only two pure metals, tantalum
and tungsten, are suitable for use as practical emitters. Although the
electron affinity of tantalum is lower than that of tungsten, tantalum is
more sensitive to the action of residual gases and has lower vaporization
temperature. Tantalum is therefore seldom used. Pure metallic
emitters are now used only in large high-voltage (above 3500 volts)
power tubes, in which they are found to have longer life than the special -
emitters that are used successfully in small tubes.

2-4. Thoriated Tungsten Emitters.—The presence of impurities in a
metal may produce a marked change in the value of its electron affinity:.
This is usually attributed to the formation of thin layers of these impuri-
ties at the surface. Such a layer may produce very high fields at the
surface by virtue of the fact that it may be electropositive or electro-
negative relative to the main metal. Thus the presence of an absorbed
layer of oxygen, which is electronegative with respect to tungsten, results
in a field that opposes the emission of electrons and therefore increases
the electron affinity of tungsten. The presence, on the other hand, of a
monatomic layer of thorium atoms or ions on the surface of tungsten
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reduces its electron affinity remarkably. It is of interest to note that
the electron affinity of thoriated tungsten may be even lower than that
of pure thorium (see Table 1-II).

The reduction of the electron affinity of tungsten as the result of
introduction of small amounts of thorium was first observed by Langmuir
in 1914 in the course of a study of the properties of tungsten filaments.!
Thorium oxide is introduced into the tungsten in the course of its manu-
facture. Subsequent high temperature converts a portion of the thorium
oxide into metallic thorium, which diffuses to the surface. Investiga-
tions by Dushman, Becker, and others? indicated that the lowest value of
w and the highest value of the constant 4 in Richardson’s equation are
obtained when the tungsten is completely, or perhaps very nearly, covered
with a single layer of thorium atoms.

Thoriated tungsten shows no increase of emission over that of pure
tungsten until it is activated. The activation process is performed after
evacuation of the tube. It consists first in ‘“flashing”’ the émitter for a
few moments at a temperature of 2500 to 2800°K. This high tempera-
ture reduces some of the thorium oxide to thorium. The temperature
is then kept for some minutes at about 2200°K, which allows the metallic
thorium to diffuse to the surface. The best value of diffusing tempera-
ture is determined by the rates of diffusion of thorium to the surface, and
of evaporation from the surface. If the temperature is too high, the
evaporation exceeds the diffusion, resulting in deactivation. The emitter
is normally operated at temperatures that do not exceed 2000°K, which
is sufficiently low so that evaporation of thorium from the surface is
negligible. If the emitter is accidentally operated at such a high tem-
perature that the whole supply of thorium. diffuses to the surface and
evaporates, it can be reactivated by repeating the original activation
process. This may be done several times before all the thorium oxide
is used up. '

A useful tool in the study of the phenomenon of activation is the
. “electron microscope.”® This consists of the emitter and means for
accelerating the electrons and for focusing them upon a screen* which
fluoresces under the impact of electrons. It has been shown that the

1 LANGMUIR, 1., Phys. Rev., 4, 544 (1914).

2 DusHMAN, S., and Ewavp, J., Phys. Rev., 29, 857 (1927); BECKER, J. A., Trans.
Am. Electrochem. Soc., 56, 153 (1929).

3 KnoLL, M., and Ruska, E., Ann. Physik, 12, 607 (1932). The electron micro-
scope has many applications besides that mentioned here. Recent instruments may
be used in place of ordinary microscopes in the study of matter and give higher magni-
fication than can be attained with light. For a survey and a bibliography of this
subject, see R. P. Johnson, J. Applied Physics, 9, 508 (1938).

4 See, for instance, I. G. MaLoFF and D. W. EpstEIN, “Electron Optics in Tele-
-vision,” McGraw-Hill Book Company, Inc., New York, 1938.
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action of nonuniform electromagnetic and electrostatic fields upon
electron beams is similar to the action of lenses upon light.! Thus it is
possible to obtain on the screen a sharp enlarged image which shows
clearly the individual points of emission of the cathode.? Similar results
are achieved by use of a straight filament at the axis of a cylindrical glass
tube, the inner surface of which is covered with a fluorescent material.?
The coated surface, which acts as the anode, is maintained at a positive

(a) ®) (© (@) (e)

FiG. 2-6.—Typical activation behavior of thoriated tungsten. Image (a) immediately
after 10 sec. at 2800°K, (b) after additional 4 min, at 1850°K, (c¢) after 20 min. at 1850°K,
(d) after 30 min. at 1850°K, (e) after 70 min. at 1850°K. All pictures were made at 1200°K.
The decreasing exposure time is evidenced by reduction of apparent brilliance of the fila-
ment. (Courtesy of R. P. Johnson.)

potential of several thousand volts by means of a wire helix coiled inside
the tube in contact with the coating. Electrons emitted by the filament
are attracted radially toward the anode coating, where they produce a
magnified image of the electron emission at the surface of the filament. -
Figure 2-6 gives a series of photographs of the screen of such a tube,
showing the activation of thoriated tungsten. (The bright vertical line
_ is caused by light from the filament, and the dark lines by the shadow
of the helix.)

! Busch, H., Ann. Physik, 81, 974 (1926); MaLorF, 1. G., and EpsteN, D. W,
Proc. I.R.E., 22, 1386 (1934); EpstEIN, D. W., Proc. I.R.E., 24, 1095 (1936); MaLOFF
and EpstEIN, ‘‘Electron Optics in Television,” op. cit.

2 See, for instance, E. BRicHE and H. JonANNsON, Ann. Physik, 16, 145 (1932);
M. KnoLy, Electronics, September, 1933, p. 243.

3 Jounson, R. P, and SuockiLEy, W., Phys. Rev., 49, 436 (1936). See also
Electronics, January, 1936, p. 10, March, 1937, p. 23.
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The presence of even small amounts of gas has a very destructive
effect upon a thorated tungsten emitter. This may result either from -
direct chemical action, such as oxidation, or from the removal of thorium
from the surface by the bombardment of positive ions. The sensitiveness
of thoriated emitters to the action of gases and the rate of evaporation of
thorium may be greatly reduced by heating the emitter in an atmosphere
of hydrocarbon vapor, which causes the formation of a shell of tungsten
carbide. Because of the reduction of the rate of evaporation of the
thorium, a carbonized emitter can be operated at a much higher tempera-
ture, with consequent increase of emission current and efficiency. At
this higher temperature the increase of diffusion makes possible the con-
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F1G. 2-7.—(a) Typical curves of emission current vs. heating power; (b) typical curves of
' emission current »s. emitter temperature.

tinuous replacement of thorium removed from the surface by the action
of gas molecules or ions. Figure 2-7 shows that the emission efficiency
of thoriated tungsten is much higher than that of pure tungsten and that
a given emission may be obtained at a much lower temperature. Because
of the lower electron affinity, higher emission efficiency, and longer life
of oxide-coated emitters, thoriated tungsten emitters are now used very
little in receiving tubes.

2-5. Oxide-coated Emitters.—By far the most widely used emitters
in small high-vacuum tubes are oxide-coated emitters, first used by
Wehnelt.! Although the process of manufacture of oxide-coated cathodes
varies considerably, it consists, in general, in coating a core metal, usually
nickel or alloys of nickel and other metals, with one or more layers of a
mixture of barium and strontium carbonates (approximately 60 per cent
barium carbonate and 40 per cent strontium carbonate). The carbonates

1 WEHNELT, A., Ann. Physik, 14, 425 (1904). For an excellent review of the

subject of oxide-coated emitters see J. P. Blewett, J. Applied Physics, 10, 668 and
831 (1939).
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may be suspended in water, although a binder such as collodion or a
" mixture of one part of Zapon varnish in 20 parts of amyl acetate is usually
used. The mixture may be applied to the core by spraying or by dipping
or dragging the core through the mixture. When a thick coating is
desired, the mixture is preferably applied in the form of several thin
coatings heated sufficiently between applications to burn out the binder.
After application of the carbonate coating, the emitter is mounted
in the tube, which is then evacuated, and the emitter is heated electrically
to a temperature of about 1400°K. The high temperature reduces the
carbonates to oxides, the liberated carbon dioxide being removed by the
pumps. The temperature is then lowered somewhat and voltage is
applied to the anode for some time, during which the emission builds up
to its proper value. The normal operating temperature ranges from
1000 to 1300°K.

Many experiments have been performed to determine what takes
place during the activation process and from which part of the emitter
electrons are emitted. Reduction of the oxides to pure metal may result
from chemical reaction, from electrolysis of the oxides, or from the bom-
bardment of positive ions formed in the gas between the anode and the
emitter by electrons accelerated by the applied field. Perhaps all three
of these processes occur. Free metal formed throughout the oxide
diffuses toward the surface. Although particles of free metal are dis-
tributed throughout the coating in 4 completed emitter, most recent
evidence appears to indicate that the emission takes place at the outer
surface.

The electron affinity, saturation emission current, and emission
efficiency of oxide-coated emitters are greatly dependent upon the manu-
facturing processes. The electron affinity ranges from 0.5 to 1.5 electron
volts. Typical curves of saturation current vs. temperature and emission
efficiency vs. heating power are shown in Fig. 2-7.  Examination of these
curves shows that the saturation current and emission efficiency are
considerably higher than those of thoriated tungsten. The relatively
low temperature at which oxide-coated cathodes can be operated is a
distinct advantage in most applications.

The emission from oxide-coated cathodes is reduced or destroyed
by the presence of oxygen, due to oxidation of the active metal or to
removal of the active metal or even the complete coating by positive-ion
bombardment. Another cause of damage to oxide-coated cathodes is
the development of hot spots. Because of nonuniform activation of the
emitter, emission is not uniform over the surface. The flow of emission
current through the oxide coating, which has high resistance, raises its
temperature. Since the femperature rise is greatest at points of the
cathode at which the emission is high, the emission increases still more at
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these points. If the current is not limited by space charge, the action
may become cumulative and the current and temperature increase to
such an extent that the coating is removed. In filamentary cathodes
the local rise in temperature may be so great as to melt the filament:
Hot spots are most likely to occur at high anode voltages. The tendency
toward the formation of hot spots is also increased by deactivation caused
by the flow of excessive space current.

When full emission current is drawn from an oxide-coated emitter,
the current first falls rapidly and then slowly approaches a steady value.
This decay of current is thought to be caused by electrolytic removal of
barium from the surface or by electrolytic deposition of oxygen on the
surface. The initial emission is recovered if the emitter is heated without
the flow of space current. The useful life of oxide-coated emitters, which
is several thousand hours, is terminated by a rather sudden decay in
emission to a very low value. This may be caused by evaporation of
free barium and of the supply of barium oxide that furnishes free barium
during the active life of the emitter. The useful life of a vacuum tube
containing an oxide-coated cathode may also be terminated by the
liberation of gasfrom the emitter. Schade has pointed out that the peak
current that can be obtained from an oxide-coated cathodes greatly
exceeds the steady current.! Transient peak currents of 25 amp/cm?
have been observed from well-activated cathodes. The stable peak
emission over an extended period is usually less than one-third of this
value.

Formation of hot spots and the likelihood of ionization of gas emitted
during the life of oxide-coated emitters make them unsuitable for use in
high-voltage transmitting tubes.

2-6. Cesiated Tungsten Emitters.—A fourth type of emitter, not
used commercially in thermionic tubes, is produced by depositing a
monatomic layer of cesium on tungsten. Because the ionizing potential
of cesium vapor is less than the electron affinity of tungsten, the tungsten
removes an electron from a cesium atom which strikes it, leaving a
positive ion which is held to the tungsten surface by the resulting electro-
static field. The force of adhesion is even greater if the tungsten is first
covered with a monatomic layer of oxygen, which is electronegative with
regard to tungsten. The strong electrostatic field between the cesium
ions and the tungsten or oxygen reduces the electron affinity to the
comparatively low value of 0.7 electron volt or less. Because cesium
melts at a temperature only slightly above room temperature, the
cesium vapor is obtained by merely introducing a small amount of cesium
into the evacuated tube, the subsequent vaporization being suﬁiment to
coat the filament.

1 ScHADE, O. H., Proc. I.R.E., 81, 341 (1943).
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The low electron affinity of the tungsten-oxygen-cesium emitter
makes possible high emission currents at a temperature of only 1000°K.
This type of emitter has several disadvantages, however, which make it
impractical for use in commercial tubes. As the result of the high vapor
pressure of cesium at operating temperatures of the tube, the character-
istics of the tube are influenced by tube temperature. Too high tempera-
ture vaporizes the cesium, causing temporary reduction in emission, or
even removal of the oxygen layer with permanent reduction of emission.
Except at very low anode voltages, ionization of the cesium vapor occurs,
resulting in fluctuations of anode current. The presence of positive
ions is also detrimental to the action of amplifier tubes for other reasons,
which will be discussed (Secs. 2-8, 6-7, 13-16).

2-7. Mechanical Construction of Cathodes.—Cathodes used in high-
vacuum thermionic tubes are divided into two general classes: fila-

V-99  5T4 45 524 25A6.  6K7 25L6
Fia. 2-8.—Typical filamentary cathodes. Fi1a. 2-9.—Structure of typical heater-
(Courtesy of Radio Corporation of America.) type cathodes. (Courtesy of Radio Cor-

poration of America.)

mentary and indirectly heated. Figure 2-8 shows the form of typical
filamentary cathodes. Early vacuum tubes used only filamentary
cathodes. When filamentary cathodes are operated on alternating
current, the stray élternating electrostatic field and the alternating
voltage across the filament cause an alternating component of plate
current that may be objectionable. This difficulty led to the develop-
ment of the indirectly heated, or heater-type, cathode.

Indirectly heated cathodes used in receiving tubes consist of an
oxide-coated cylindrical sleeve, usually of nickel, within which is some
form of heater. The most common types of heaters are illustrated in
Fig. 2-9. The 5Z4 and 25A6 heater coils are helically wound. That
of the 6K7 type of cathode is wound in a reverse helix. - After being
wound and formed, the coils are coated with a refractory insulating
material and inserted into the sleeve. The heater of the 25L6 type of
cathode is covered with a refractory insulating coating of sufficient
adherence to permit the wire to be bent into the desired shape after it
has been coated. Because of the small magnetic field produced by the
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6K7 type of heater, there is very little 60-cycle plate-current variation, or
“hum,” when the heater is operated on alternating current. The
loop type of helical heater exemplified by the 25A6 heater and the
folded type of heater used in the 251.6 cathode make possible the use of
enough wire for 25-volt operation. The advantage of the 2516 construc-
tion is its low cost. More complicated cathode structures used in arc-
discharge tubes will be discussed in Chap. 12.

The advantages of heater-type cathodes over filamentary cathodes
are the much lower alternating component of plate current resulting
from a-c operation of the hedters, and the possibility of using a single
source of power to heat a number of cathodes between which a difference
of potential exists. The small effect of the alternating heating current
upon the plate current results in part from the fact that the indirectly
heated cathode is a unipotential surface, and in part from the small mag-
nitude of the stray alternating fields caused by the flow of heater current.
A disadvantage of indirectly heated cathodes is their much longer heating
time. Because oxide-coated emitters do not stand up in high-voltage
tubes and because indirect heating cannot be used with pure tungsten or
thoriated tungsten emitters, heater-type cathodes are not used in tubes
that require high plate voltage. -

2-8. Effects of Gas upon Emission and Space Currents.—The delete-
rious effects of gas upon emitters of various types as the result of chemical
action, adsorption of thin layers of gas upon the surface, and positive-ion
bombardment have already been mentioned. When the anode
voltage is sufficiently high to produce ionization of the gas, other effects
become apparent. If anode current is at first limited by space charge,
the appearance of positive ions tends to neutralize the negative space
charge surrounding the filament, thus increasing the anode current. If
the anode voltage is high enough to give saturation current initially,
increase of current occurs because the electrons and ions produced by
bombardment of neutral gas molecules by the emitted electrons add
to the current. Unfortunately this increase of current is likely to be
accompanied by a number of undesirable effects. Currents through
ionized gases usually fluctuate, resulting in ‘“noise’’ in tubes used for
amplification. The relatively low velocity of positive and negative
ions produces a lag in the response of current to changes of voltage.
Variations of gas pressure resulting from changes of temperature or from
the absorption or emission of gas from the walls and electrodes may
cause the characteristics of the tube to vary. Finally, in a gassy tube,
positive-ion current flows to an electrode to which a negative voltage is
applied. When the anode current is controlled by means of a negative
voltage applied to an electrode through a high resistance, the flow of
current through the resistance may cause an objectionable voltage drop
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and, under certain circumstances, may even result in damage to the tube
(see Secs. 6-7, 12-20, and 13-16).

In the manufacture of high-vacuum tubes, many precautions are
taken to ensure the removal of gas from walls and electrodes. The
electrodes are thoroughly cleaned and are then heated for several minutes
in an atmosphere of hydrogen, which removes oxygen and water vapor.
After the tube is assembled and connected to the pumps, the electrodes
are heated to about 800 or 1000°C by high-frequency induction in order
to remove other occluded gases. Residual gas is removed by the use of
getters, which are active chemical substances such as barium, magnesium,
aluminum, and tantalum, having the property of combining with gases
when they are vaporized. In glass tubes a small amount of the getter is
mounted in such a position that it will be heated and vaporized or
“flashed” during the inductive heating of the elements. By proper
location of the getter, the vapor can be prevented from condensing in
places where it might cause electrical leakage or undesirable primary
or secondary emission. The effectiveness of the getter results not only
from its chemical combination with gases during flashing, but also from
subsequent absorption of gases by getter that has condensed on the walls
of the tube. The action of the getter during flashing is increased by
ionization of the gas by means of voltages applied between the electrodes
or by the radio-frequency field of the induction heater. To ensure the
removal of gas from the walls, tubes are baked during the process of
manufacture. On machines that exhaust and seal the tubes separately,
the bulbs are heated in ovens during exhaustion. On ‘Sealex’’ machines,
the tubes are sealed and exhausted on the same machine, the heat from
sealing being used to drive gases from the bulbs during exhaustion.

In tubes with metal envelopes, the shielding action of the shell
makes it impossible to heat the electrodes and the getter by induction.
The electrodes may be heated by radiation from the shell, which is heated
by gas flames. Although the getter may be fastened to the inside of the
shell and vaporized by heating the shell locally, another method has been
developed that requires less critical control.! A short length of tantalum
ribbon, which connects the shell to its terminal -pin in the base, is coated
with a mixture of barium and strontium carbonates. While the tube is
on the pumps, the temperature of the tantalum wire is raised electrically
to about 1100°C. This converts the carbonates into oxides. After
the tube has been sealed off, the tantalum wire is heated to a temperature
in excess of 1200°C. This causes the tantalum to reduce the oxides to
pure metallic barium and strontium, which vaporize. Since the vapor
moves in straight lines, it can be directed as desired by means of shields

! Lepereg, E. A., and Wawmsiey, D. H., RCA Rev., 2, 117 (1937). This article
also discusses gettering methods used in glass tubes.
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and by proper location of the tantalum wire. This type of getter is
called batalum [see (11) in Fig. 3-11b].

*2-9. Limitation of Anode Current by Space Charge.—The effect of
space charge in limiting space current and the increase of anode current
resulting from an accelerating anode potential have already been men-
tioned in connection with the theory of thermionic emission. Before
proceeding to a discussion of the quantitative relation between anode
current and anode potential in a two-element tube, it is of interest to
discuss further the physical picture underlying the phenomenon. The
behavior of the emitted thermionic electrons is complicated by their
initial velocities. For this reason it is best first to formulate a theory
on the assumption that the initial velocities are zero and then, when
they are taken into consideration, to see in what manner the results
should be altered. For the present, therefore, initial velocities will be
assumed to be zero. It will be further assumed that both cathode and
anode are homogeneous, constant-potential, parallel planes of large area,
and hence that the electric field over the surface of the cathode may be
assumed to be uniform.

Electrons that leave the cathode constitute a space charge that
exerts a retarding field at the cathode. The net field at the surface
of the cathode is the difference between this retarding field and the
accelerating field produced by the positive voltage of the anode. The-
number of electrons in the space, and hence the retarding component of
field at the cathode, increase with the anode current. When the positive
anode voltage is applied, the anode current builds up with great rapidity
to such a value that the average retarding field at the cathode caused
by the space charge is equal to the accelerating field caused by the anode
voltage, making the average field zero at the cathode. Increase of
emission then does not raise the anode current, as the additional emitted
electrons merely reenter the cathode. If it were possible in some manner
to increase the density of space charge by increasing the current beyond
this equilibrium value, or if the anode voltage were reduced slightly,
then the net field at the cathode would be a retarding one. For an
instant, all emitted electrons would be prevented from moving away
from the cathode, and the current and space-charge density would be
automatically reduced to a value that would again make the average
field at the cathode zero. An increase of anode voltage causes the
accelerating field to exceed the retarding field. The number of electrons
moving to the anode then increases until the retarding field again equals
the accelerating field.

At first thought it may not seem plausible that there can be a steady
flow of electrons to the anode when both the velocities of emitted electrons
and the average electrostatic field are zero at the cathode. It is only



Sec. 2-10] THERMIONIC EMISSION 33

the time average field, however, that is zero at any point on the cathode.
The <nstantaneous field at any point may vary in a random manner
between positive and negative values. Immediately after one or more
electrons have entered some point of the anode, the net field at a cor-
responding point of the cathode may be positive, causing one or more
electrons to move away from the cathode. These electrons produce
a retarding field behind them, which prevents the departure of more
electrons from that point until the entrance of other electrons into the
anode again results in an accelerating field. Many electrons are entering
and leaving the space at any instant, so that the field fluctuations are
rapid and haphazard.

2-10. Child’s Law.—The foregoing descriptive explanation shows
that, if an ample supply of electrons is available at the cathode, the anode
current in a diode varies with the voltage applied between the anode and
cathode. A mathematical analysis of this phenomenon was first made
by Child.! The equation relating the anode current and voltage is called
Child’s law. The general derivation for electrodes of any size and shape
is too difficult to yield a useful equation, and so only the relatively simple
cases such as those applying to plane parallel electrodes of large area and
to long concentric cylinders are ordinarily considered. In deriving
Child’s law for plane parallel electrodes the following assumptions are
made:

1. The cathode temperature is high enough at all points so that more electrons
are emitted than are drawn to the anode; i.e., the current is limited by space
charge. . '

2. The cathode and anode are parallel plates whose area is large as compared
to their spacing; 7.e., the electrostatic field is normal to the electrode surface and
uniform over the surface of any plane parallel to the electrodes.

3. The surfaces of the anode and cathode are equipotential surfaces.

4. The space between the cathode and the anode is sufficiently free of gas so
that electrons do not lose energy by collision with gas molecules in moving from
the cathode to the anode.

5. Emitted electrons have zero initial velocity after emission.

Under these assumptions the following three equations may be
written:

azv

W = '—41I'p (2-2)

8V = Fma? (2-3)
i = —pvA (2-4)

in which V is the potential, relative to the cathode, at a distance z from
the cathode; p is the (negative) density of electron space charge at a

1 Cuiwp, C. D., Phys. Rev., 82, 498 (1911).
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distance z from the cathode; & and m. are the charge and the mass,

respectively, of an electron: » is the veloeity dz/dt of an electron at a
distance z from the cathode; 4; is the anode current; and A4 is the area of
the electrodes.

Equation (2-2) combines in symbolic form the definitions of potential
difference and electric field. It is a special form of Poisson’s equation,
one of the most important fundamental laws of electrostatics, and may
be derived directly from Gauss’s law! (see Sec. 1-10). Equation (2-3)
states that the energy gained by an electron in moving from the cathode
to a distance r from the cathode under the influence of the electric field

appears entirely in the form of kinetic energy.

ﬂ Equation (2-4) i1s a symbolic formulation of

e VI the definition of the magnitude of an electric
/ current as the rate of flow of charge.

/ Vv // In the solution of the simultaneous differ-
a4 ential Eqs. (2-2), (2-3), and (2-4), the follow-
/ / ing boundary conditions must be applied: At

/p the cathode, the potential V, the average
0 029 04d 06d aed d electric field aV/dx, and the velocity v are
x zero. At the anode, where z is equal to the

Ca;‘l';gfi e2-10.—VariationPk§e cathode-to-anode spacing d, the potential is
field strength F, potential V, oqya] to e;, the applied anode voltage. Solu-
electron velocity », and space- . . 5 .
charge density p with distance tion of the equations and substitution of
z from plane cathode. Zero pnyumerical values of & and m, give the following

initial velocity. Arbitrary . R
units. equation for the anode current of a diode:?

A eb%
a2

By combining Eq. (2-5) with Egs. (2-2), (2-3), and (2-4), theoretical
expressions may be derived for density of space charge, electron velocity,
electric field strength, and potential as functions of distance from the
cathode. Curves derived from these are shown in Fig. 2-10.

Child’s law for concentric cylinders whose length is large as compared
to their spacing is

F,V,v,&p

7 = 2.34 X 108

amp (2-5)

heb%

br

in which r is the radius of the anode, h is the length of the electrodes, and
b is a factor whose value depends upon the ratio of the radius of the anode
to that of the cathode. b has the approximate value £ for a ratio 2, } for
aratio 3, and 0.9 for a ratio 8. If the plate diameter is large as compared

1 PaGE, L., and Apawms, N. 1., “Principles of Electricity,” p. 83, D. Van Nostrand
Company, Inc., New York, 1931.
2 PaGE and Apawms, op. cit., p. 297.

2 = 14.68 X 10—¢ amp (2-6)
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to that of the cathode, Eq. (2-6) reduces to the approximate form
heb:}ﬁ

7 = 14.7 X 107¢ amp 2-7)

Equations (2-5) to (2-7) show the importance of close spacing between
cathode and anode if large currents are desired at small anode voltages.

2-11. Deviations from Child’s Law Observed in Practical Diodes.—
Deviations from Child’s law result from the failure of practical diodes to
satisfy the assumptions made in its derivation. Since the temperature
of the cathode is fixed by considerations of emission efficiency and life,
there is always a saturation voltage above which the current is not limited
by space charge but by filament emission. If other assumptions were
satisfied, the saturation voltage would be quite definite and the cur-
rent-voltage curve would be as shown by the dotted lines of Fig. 2-11.
Because of variations in temperature,
electron affinity, and field strength over
the cathode surface, the anode voltage 4
at which voltage saturation takes place Ty
is not the same for all points of the
cathode. The curve of anode current
vs. anode voltage therefore bends over
gradually, as shown by the full line of
Fig. 2-11. Above saturation the cur- %
rent is not entirely constant but con- F1c. 2-11 —Curves of anode current
tinues to rise somewhat with anode 1 vs. anode voltage e; at two values of
voltage. This is explained by reduc- ©™itter temperature.
tion of electron affinity with increase of external field (see Sec. 1-12), and
lack of homogeneity of the surface of the emitter. The effect is particu-
larly noticeable with oxide-coated cathodes.

The assumptions of uniform field and equipotential cathode are
satisfied fairly closely in heater-type diodes with cylindrical plates. The
voltage drop in filamentary cathodes may be shown to change Child’s
$-power law into a §-power law at anode voltages relative to the negative
end of the filament that are less than the voltage of the positive end of
the filament. This tends to make the lower part of the #-¢; curve steeper.
The exact effect upon the curve of failure to satisfy the assumption of
uniform field is complicated and impossible to predict completely.

2-12. Effect of Imitial Velocities of Emitted Electrons.—Modified
forms of Child’s law which take into consideration the initial velocities
of emitted electrons have been derived by Schottky, Langmuir, and
others.! For the purpose of this book, a qualitative explanation of the
effect of initial velocities is sufficient. Let it first be supposed that

1 Scuorrry, W., Physik. Z., 16, 526 (1914); Ann. Phys:k, 44, 1011 (1914); Lana-
MUIR, 1., Phys. Rev., 21, 419 (1923); Davisson, C., Phys. Rev., 26, 808 (1925).
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the electrons emerge with zero velocity. Under equilibrium conditions the
space current and the space-charge density assume such values that the
average field at the cathode is zero (see Sec. 2-9). The field and potential
distributions in the interelectrode space are as shown in Fig. 2-10. Now
let the emitted electrons suddenly have initial velocities which, for the
sake of simplicity, are assumed to be the same for all electrons. Electrons
that, without initial velocity, would have reentered the cathode now
move toward the anode in spite of the fact that the average field is zero.
As a result, the current and the space-charge density increase. The
retarding field of the space charge now exceeds the accelerating field of
the anode, giving a net retarding field at the

// cathode surface which slows up the electrons in
/’ 4 the vicinity of the cathode. Equilibrium
F / results when the retarding field in the vicinity
’7 A of the cathode is sufficiently high so that the
electrons are brought to rest in a plane a short
distance s from the cathode. The average
2d/4d 6d 8d d| field in this plane is zero, but instantaneous
fluctuations allow just enough electrons to pass
to give the required anode current. The
N Slk— behavior is similar to that which would obtain
L if the initial velocity were zero and the cathode

Fig. 2-12.—Variation of .

‘field strength and potential were moved toward the anode by the distance
with distance from cathode for 5~ Because of the random distribution of
plane parallel electrodes of . X
separation d. Initial .veloci- e€lectrop velocities the phenomenon is actually
ties of emitted electrons con- more complicated than this simplified picture
sidered. . qe .

indicates. The simple theory shows, however,
that the effect of initial velocities is to increase the anode current cor-
responding to any anode voltage and is, therefore, equivalent to that of a
small increase of anode voltage. Because the electrons emerge with veloc-
ities corresponding to kinetic energy of the order of a volt or less, the
effect is appreciable only for low anode voltages. The field and potential
distributions throughout the interelectrode space are plotted in Fig. 2-12.
That the potential must pass through a minimum where the field is zero
follows from the fact that the field at any point may be expressed as the
space derivative of the potential at that point.

The lower part of the 4-¢; curve of Fig. 2-11 is raised slightly as the
result of initial velocities of emitted electrons, and a small negative
voltage must be applied in order to reduce the anode current to zero.
Theoretical equations relating anode current and voltage at negative
anode voltages have been derived by Schottky! and Davisson.? Because

Potential, V

o

Field Strength, F

1 SCHOTTKY, loc. cit.; LANGMUIR, loc. cit.
2 DavissoN, loc. cit.
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of their complicated form and because of failure to satisfy in practice
the assumptions made in their derivation, these are seldom of great
practical value. At negative anode voltages that are high enough to
reduce the anode current to the order of 50 ua or less, the anode current
of diodes with unipotential cathodes follows closely the empirical relation

7 = ki (2-8)

in which k; and k. are constants for a given tube. The current departs
materially from this exponential law as the negative anode voltage is
reduced in magnitude in the vicinity of zero voltage, particularly at high
cathode temperatures. Experimental curves corresponding to Eq. (2-8)
were first obtained by Germer.!

Unless the plate of a highly evacuated diode becomes hot enough to
emit electrons, increase of negative anode voltage beyond the value that
reduces the current to zero has no further effect upon the anode current..
The fact that anode current flows in one direction only is employed in
the application of diodes to detection and to power rectification, which
will be discussed in Chaps. 9 and 14.

2-13. Relation of Richardson’s and Child’s Laws.—It should be noted
that Richardson’s equation and Child’s law apply to two different con-
ditions of operation of two-element tubes. Richardson’s equation holds
only under voltage saturation, whereas Child’s law applies only under
temperature saturation. In most applications, vacuum tubes are used
in such a manner that temperature saturation prevails.

2-14. Shot Effect.—The random motion of electrons causes rapid
variations of the number of electrons that pass from the cathode to the
anode in unit time, and thus produces fluctuations of anode current.
This phenomenon, which may be readily detected by the use of sufficient
amplification, is called the shof effect. It is one of the factors that limit
amplification by vacuum tubes (see Sec. 6-28).

Heating of the Plate.—The kinetic energy acquired by electrons in
moving from the cathode to the plate is converted into heat when the
electrons strike the plate. The average current that a vacuum tube can
pass is limited by the temperature of the plate at which absorbed gas is
driven out of the plate or electron emission takes place from the plate.
The energy that is converted into heat at the plate is equal to the time
integral of the product of the plate current and plate voltage. Radiation
of heat from the plate is increased by blackening its outer surface.

2-16. Classification of Tubes.—Electron tubes may be classified in
a number of ways. These classifications include those based upon the
process involved in the emission of electrons from the cathode, the degree
~of evacuation, the number of electrodes, and the type of application.

! GERMER, L. H., Phys. Rev., 26, 795 (1