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PREFACE

The increasing importance of electron tubes in fields of engi-
neering other than communication has necessitated the develop-
ment of courses offered primarily for students who do not intend
to specialize in communication. Experience has also shown the
value of an introductory course for those who do specialize in
this field. - The need for a text suitable for such courses has been
apparent for some time. ‘Principles of Electron Tubes,” which
is essentially an abridgement of ‘Theory and Applications of
Electron Tubes,”” is designed to meet this need. It should also
prove suitable for home study by students who have not had
an introductory course on electron tubes.

Asin “Theory and Applications of Electron Tubes,” the author
has attempted to present fundamental principles together with
discussions of representative practical circuits. He believes that
the material included in this book can be adequately covered in
a three-hour one-semester course, and that such a course will
enable the student to understand typical industrial and labora-
tory ‘applications of electron tubes and to design simple circuits
to meet specific needs.

The student who studies electron tubes for the first time is
likely to be confused and discouraged by the large number of
symbols necessitated by the fact that electron tubes are non-
linear circuit elements. In order to reduce the number of
symbols required, therefore, several simplifying assumptions
are made in Chaps. 3 and 4. The importance of these assump-
tions is, however, pointed out, and the interested student is
referred to rigorous treatments. The derivation and use of
equivalent circuits are emphasized. The problems on equivalent
circuits should tie in nicely with material presented in courses
on a-c cireuit theory.

Because of the present great interest in frequency modulation,
even on the part of the layman, a brief treatment of the subject
is included. The entire chapter on modulation and detection
may be omitted without loss of continuity if the instructor feels

v



vi PREFACE

that this material belongs only in courses designed for students
majoring in communication.

Since the symbols used in this book are included in those used
in the unabridged edition, the student who wishes to proceed to
an advanced course in electron tubes will experience no difficulty
in changing to the unabridged edition.

The author wishes to acknowledge the helpful suggestions
and criticisms of Prof. Hugh A. Brown and Dr. Gilbert H. Fett
of the Department of Electrical Engineering; and of Mr. A.
James Ebel, chief engineer of radio station WILL, University
of Illinois. The author is also indebted to the Allis-Chalmers
Manufacturing Company, the Clough-Brengle Company, the
General Electric Company, the General Radio Company, the
Ken-rad Tube and Lamp Corporation, the Radio Corporation
of America, and the Westinghouse Electric & Manufacturing
Co. for valuable information, photographs, and diagrams.

HEegrBERT J. REICH.

UrBaNA, ILn.,
August, 1941.
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PRINCIPLES
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
usefulness of such a device arises from its capacity to pass current,
the magnitude of which may be controlled by the voltages of the
electrodes. As suggested by the term electron tube, the operation
of all types of electron 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 10~2® g and a negative
charge of 16 X 102 coulomb. 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 govern-
ing 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
1
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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, 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 ionized and is one type of positive ton. 1t 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
usually is 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 deter-
mined by the relation W, — Wy = 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 » is the frequency of the radiated
energy in cycles per second. From the form of this relation
it is seen that the quantity h» is the energy of the emitted
photon. Each line of the emission 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.
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A number of attempts have been made to give a picture of
the structure of atoms that will account for the phenomena
of excitation, ionization, 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. Radia-
tion 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 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 asso-
ciated with the vibrational and rotational motion of the atoms
of which they are composed, 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 in ““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 customary to express in electron volts the energy
required to ionize or excite atoms or molecules.

1-3. Ionization and Excitation 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
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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 poten-
tial. The first ionization potential applies to the removal of an
electron from a normal atom or molecule; the second 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. The following table 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 1-1.—F1RsT IoN1ZATION POTENTIALS IN ELECTRON VOLTS

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
Oxygen........ 13.55 Potassium....... 4.32 Barium......... 5.19

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 ion 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 or more extra elec-
trons, and simple or complex groups of a number of atoms or
molecules bearing excess positive or negative charge are special
examples 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.
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. Collision of atoms or molecules with photons (photoelectric effect).
. Cosmic radiation.

. High temperatures in gases or vapors.

. Chemical action.

W N

S}

1-5. Ionization by Moving Electrons.—One of the most impor-
tant causes of ionization in electron tubes is the collision of
rapidly moving electrons with atoms or molecules. In orderthata
single moving electron may ionize an atom or molecule it is neces-
sary that its kinetic energy shall 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 volts, ionization of mercury vapor by moving
electrons begins when the colliding electrons have energy corre-
sponding to the lowest excitation potential, 4.68 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 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 bombard-
ing 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
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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 a
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 ionization coefficient. 'The ioniza-
tion coefficient 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 ioniza-
tion 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 mole-
cule 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. 10. The principles that govern ionization by collision
also apply to photoelectric ionization. The energy of a single
incident photon hv must be at least equal to the first ionization
potential of the atom. Impact of photons with atoms results
not, only in ionization but also in excitation. Ionization may
occur in successive steps by a rapid sequence of impacts of suc-
cessive photons. Excitation by photons is the inverse process to
radiation, just as collision of the second kind is the inverse phe-
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nomenon to excitation or ionization by collision. Absorption
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 outside 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 a 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 motion
of positive charges and opposite in direction to the motion of
negative charges.

1-11. Deionization.—The rapid disappearance of the prod-
ucts of ionization is necessary for the proper functioning of
certain types of electron tubes containing gas or vapor. The

' PagE, L., and Apams, N. 1., “Principles of Electricity,” pp. 18, 41,
D. Van Nostrand Company, Inc., New York, 1931.
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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.

There is good experimental evidence that the direct recom-
bination of electrons with positive ions is of relatively rare occur-
rence 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 con-
stant of proportionality being called the coeffictent of recombination.
The coefficient 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 which 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 new 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
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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 arc.

Diffusion of ions results from the fact that the ions, like the
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 element 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-discharge tubes which enable diffusion and
electric fields to be effective deionizing 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, in the course of its random motion, happens to
pass through the surface of the metal will, while it is still close to
the surface, induce on the surface of the metal a positive charge.
This induced charge results in a force that tends to return the
electron into the metal, the so-called image 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 impuri-
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ties 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 VoOLTS

Tungsten................... 4.52 Magnesium................. 2.7
Platinum................... 5.0 Nickel...................... 4.0
Tantalum................... 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

Oxide-coated nickel....0.5 to 1.5

1-13. Contact Difference of Potential.>—A potential differ-
ence, called contact difference of potential, exists between the
surfaces of two different metals that are in contact or are con-

b nected through an external circuit, as

7777 shown in Fig. 1-1. Contact difference of

a b@; .b 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

Frc. 1-1—Production of  t)e charge of an electron. To prove this
contact difference of poten- ’
tial by metals of unequal suppose that an electron starts from any
electron affinities. point a close to the surface of one of the
metals, passes into this surface, around the external 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

1 Scuorrky, 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
electrade voltages is given by R. M. Bowie, Proc. I.R.E., 24, 1501 (1936).

a
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affinity of that metal. If the small amount of energy that the
electron loses as the result of impacts with atoms and molecules
in the metals (I?R loss) is neglected and the Peltier poten-
tial difference is called Vs, the total amount of work done is
&Vp 4+ we — w1, where & is the charge of an electron. &V, may
be shown to be small in comparison with ws — w;, and so the
work done is approximately ws; — w;. Since the potential
difference between two points may be defined as the work done
in moving unit charge between the points, it follows that a
difference of potential approximately equal to (ws, — w1)/&
exists between any two points @ 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 additional
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:

. Thermionic emission.
Photoelectric emission.

. Secondary emission.

. Field emission.
Radioactive disintegration.

Qv N~

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

Secondary Emission.—When ions or excited atoms impinge
upon the surface of a solid, electrons may be ejected from the
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surface. These are called secondary electrons, and the phe-
nomenon is termed secondary emission. Some secondary emis-
sion as the result of electron bombardment 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 number 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 ¢lectrons
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 condi-
tion 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 bombardment, 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 second-
ary emission is an important one in all types of electron tubes.

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 temperatures are so great that the phenomenon is
difficult to produce by direct means.

The emission of alpha particles or gamma rays in the disintegra-
tion 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
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produce a small amount of residual ionization which makes
possible the initial flow of current.

1-16. 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 primarily upon Newton’s second law, which
may be stated symbolically by the equation

f = ma (1-1)

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 forces resulting from the collision of charged
particles with other charged or uncharged masses, the forces
acting upon charged particles are electrostatic and electro-
magnetic. An electric 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 (mechanical) per unit positive charge which would
act in vacuum on a charged particle placed at this point. The
magnetic tntensity (magnetic force) at a point may be defined as the
vector quantity which is measured in magnitude and direction by
the force (mechanical) which would be exerted on a unit magnetic
pole placed at the point, when the point under consideration is
in vacuum.
. 1-16. Motion of an Electron with Zero Initial Velocity in a
Uniform Electric Field.—In the simplest case commonly encoun-
tered in electron tubes, the electrostatic force acting upon an
ion results from the application 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 = j;dF ds  e.s.u. (statvolts) = 300 ~f;dFds 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,
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E=F | “ds = Fd  esu. (1-3)
and
E
F = 4 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= —Bj—;—; dynes (1-5)
where E is expressed in e.s.u. (statvolts), & in e.s.u. (statcou-
lombs), and d in centimeters. It follows from Egqs. (1-1) and
(1-5) that the acceleration of the electron is

ae=.1l£= Eg

2 -
e 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 .
ve = ﬁ a. dt ='—E§ﬁ dt = Bet cm/sec (1-7)

med m.d
The distance moved by the electron in the time ¢ is

' Eg (' Eg ,
S—ﬁvedt—m Otdt—mt
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

cm (1-8)

2m,
ta=d e sec (1-9)
The velocity with which it strikes the positive plate is
_ Eets _ [2Es
vy = md = p cm/sec (1-10)

The energy with which it strikes and which is converted into
heat in the positive electrode is
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K.E. = jmas? = E8 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 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 of v, parallel to the field, the
velocity at any instant thereafter is

ve = v, + adt 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 velomty The distance
moved in the time ¢ is

s = j;' (o + af)dt = vt + 2ad®  cm (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.

0= 3=V el mas (1-14)
foae = 22 sec (1-15)
max ae -
2 2 2
S = 2= 2o b oy (1-16)

_ vt _md ,
Smar = o = 2Eg v =d (1-17)
that is, if
imp,t = E§ (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 jm.v.? equals or exceeds the energy
it would lose in moving between the electrodes, %.e., ES.
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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, converted into I?R loss in conductors 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 integration of Egs. (1-7), (1-8), and (1-13) is less
simple. When space charge becomes appreciable, the motion of
individual electrons is also affected by the fields set up by other
clectrons. 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 they 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 elec-
trons 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 parallel to
the electric field. Under this
~—*% assumption there is no change
¥ in the direction of motion in
vacuum. In cathode-ray os-
cillograph and television tubes,
electron beams are deflected by
Fic. 1‘2-_I?)i,ﬂ:ﬁ:ci‘t)r‘;c°éef§°“°n beam  electric fields perpendicular 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, are deflected by the elec-

Deflecting
+ electrodes

~F

Screen -
DI L—----
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trodes, which have a length [, a separation d, and a potential dif-
ference E, and strike a fluorescent screen placed at a distance L
from the center of the deflecting plates.

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 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/sec®. The vertical displacement at
the point where the electron leaves the plates is given by Eq.
(1-8). Itis

Eg Egl?

= 2mdt2 = cm (1-19)

8 = Imdv

The vertical velocity when the electron leaves the deflecting
plates is given by Eq. (1-7)

_ Eet _ Eel
W= md T vomd

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

_v _ FE&
tanf = % = (1-21)
But by Eq. (1-19),
o _ _Ee tan 4 (1-22)

Ixamination of Fig. 1-3 shows, therefore, that after deflection
the electrons move as though they had passed through a point

Fia. 1-3.—Deflection of electron beam by electric field.

midway between and midway along the deflecting plates. The
deflection of the electron when it reaches the screen is

EElL

%Tmea cm (1-23)

y=Ltan 6 =
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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 perpen-
dicular to the field and to the direction of motion of the charge.
The magnitude of the force is given by the relation

fn = B&'v dynes (1-24)

in which B is the flux density in gauss, & is the charge of an
electron in electromagnetic units, and v is the velocity in cm/sec.
If the electronic charge is expressed in e.s.u., Eq. (1-24) may

also be written

Bev

fh = 3~—><—101-0 dynes (1—25)

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 always at right angles to the instantaneous
velocity. If an electron enters a uniform magnetic field with
an initial velocity v, normal to the field, it will be deflected at
right angles to the field by the force B&'v, dynes. Since the
acceleration is normal to the velocity, the speed remains constant.
If p is the instantaneous radius of curvature, the radial accelera-
tion is v,2/p. Therefore, by Eq. (1-1),

2
Bg'v, = m—:- (1-26)
and
p = vl‘_’;gf cm (1-27)

Since B is assumed to be constant, the electron moves with con-
stant speed along a path of constant radius of curvature, t.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, then 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
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acceleration normal to the field. This principle may be used
in preventing the spreading of and in focusing a beam of eiectrons.
Electron 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-ray
oscillograph and television tubes and in electron microscopes (see
Sec. 12-5 and page 27).

1-22. Crossed Electric and Magnetic Fields.—If an electron is

sent through electric and magnetic +

fields that are perpendicular to each B
other and to the initial velocity of the L—J’—é
electron, as shown in Fig. 1-4, the , — L | 4 |/ ___
electron is acted upon by a force &F Tk

dynes caused by the electric field and

a force B&v,/(3 X 10'°) dynes caused

by the magnetic field. These forces . -4.—Pa:h of an elec.
are both normal to the surfaces of the tron through balanced combined
deflecting plates. If they are equal electric and magnetic fields.

in magnitude and opposite in direction, the electron is undeflected.
This is true if '

Bé&v,
8= 3510w (1-28)
or
F
vo =3 X IO“’E cm/sec (1-29)

in which F is measured in e.s.u. and B is measured in gauss.
This phenomenon may 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 1071° e.5.u.

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

1-2. a. An electron at the surface of a plane electrqde 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.

1 See, for instance, I. G. Maloff, and D. W. Epstein, ‘Electron Optics in
Television,” McGraw-Hill Book Company, Inc., New York, 1939.
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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?
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CHAPTER 2

THERMIONIC EMISSION;
THE HIGH-VACUUM THERMIONIC DIODE

The operation of the majority of 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 construction of practical emitters, and
the flow of electron space current in high-vacuum tubes con-
taining 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. At any instant there will be, close to the surface
of the metal, some electrons that have a component of velocity
toward the surface of such magnitude that the corresponding
kinetic energy is equal to or exceeds the electron affinity. If
these electrons reach the surface without colliding with atoms,
they will pass through the surface. At room temperatures the
number of electrons meeting this requirement is extremely small,
and hence no thermionic emission is detectable.. As the temper-
ature of the emitter is increased, however, the average velocity
of the free electrons increases. The number having velocity
components toward the surface sufficient to allow them to
escape, therefore, increases with temperature. Reduction of
electron affinity reduces the velocity toward the surface neces-
sary to allow an electron to escape, and so increases the number

! 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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having the requisite velocity. Thermionic emission of electrons
therefore increases with increase of temperature and with reduc-
tion of electron affinity. Measurable emission is observed at
temperatures above 1000°K.

Electrons that escape will have resultant velocities made up of
the excess perpendicular to the surface, plus the original compo-
nents parallel to the surface, which are not altered by the surface
forces. If the emitted electrons are not drawn away by an exter-
nal field, they will form a 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 2-1 gives a rough picture of the
electron distribution under equilibrium conditions.

1Emitter

‘ } ,Emitter
. Heater' = Heafér
I =
=S+

Frc. 2-1.— F16. 2-2.—Flow of anode Fic. 2-3.—Use of anode
Distribution of current as the result of dif- voltage to increase anode
electrons near an  fusion of electrons from  current.
emitting surface. cathode to anode without

the application of anode
voltage (Edison effect).

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. 2-2, the meter will indicate the small current
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resulting from the 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 Edison, 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. 2-3, the current is increased. As the voltage isgradually
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 spoken of as woltage saturation.
Saturation current varies with the temperature and electron
affinity of the emitter. The negative emitter in Fig. 2-3 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. Sommer-
feld. The equation that is now believed to be correct is

I, = AT v/ (2-1)

in which I, is the saturation current per unit area of emitter,
T is the absolute temperature, w is the electron affinity of the
emitter, k¥ is Boltzmann’s universal gas constant, and A is a
constant, probably universal for pure metals. The value of k
is 8.63 X 1075 volt/deg and the theoretical value of A for pure
metals is 60.2. The form of the curve that represents Richard-
son’s equation, shown in Fig. 2-4, 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,

! RICHARDSON, loc. cit.
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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 tempera-
ture the current will begin to be limited by space charge in a
manner similar to that when there is no accelerating voltage.
Further increases 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
of saturation would be abrupt, as indi-
cated at point A. Actually, because
of variations of temperature and elec-

Fro. 24— Curves of anode tron affinity and of electrostatic field,
current vs. emitter temperature saturation does not take place over
S o alues of anode voltage.  the whole cathode surface at the same

e left-hand curve, I,, rep-
resents saturation emission temperature, and so experimentally
current. determined curves bend over gradu-
ally, as shown by the dotted curves. At higher anode voltage
E,, saturation occurs at a higher temperature. If the voltage
is increased with temperature, then the current will continue
to rise with temperature until the temperature becomes suffi-
ciently 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 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.

Richardson’s equation shows that the emission current which
can be obtained at any temperature varies inversely with the
electron affinity. Because of the exponential form of the equa-
tion, small changes in temperature or electron affinity result in
large changes of emission current. A 15 per cent reduction of
electron affinity produces an eight- or tenfold increase of emission

Anode Current

Emitter Temperature
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over 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 emzs-
ston efficiency. 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 tempera-
ture. (Cathodes of special design, which give very low thermal
losses, can be used in gaseous discharge tubes. These will be
discussed in Sec. 9-14.) The life of an emitter increases with
the difference between the normal operating temperature 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 which are used successfully in small tubes.

2-4. Thoriated Tungsten Emitters.—The presence of impuri-
ties 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 impurities 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 electronegative 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 there-
fore increases the electron affinity of tungsten. The presence,
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on the other hand, of a monatomic layer of thorium atoms or
ions on the surface of tungsten 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 tungsten
during the process of manufacture in order to improve its physical
properties. Subsequent high temperature converts a portion
of the thorium oxide into metallic thorium, which diffuses to the
surface. Investigations by Dushman, Becker, and others? indi-
cated that the lowest value of w and the highest value of the
constant A 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 emitter for a few moments at a temperature of
2500 to 2800°K. This high temperature 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
temperature 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 temperature
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.

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

2 DusHMAN, S., and Ewawp, J., Phys. Rev., 29, 857 (1927); BECKER, J. A,,
Trans. Am. Electrochem. Soc., 66, 153 (1929).
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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 action of 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 posi-
tive 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 2-5 gives a series
of photographs of the screen of such a tube, showing the activa-
tion of thoriated tungsten. (The bright vertical line is caused by
light from the filament, and the dark lines by the shadow of the
helix.)

The presence of even small amounts of gas has a very destruc-
tive effect upon a thoriated 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

1 Knorr, M., and Ruska, E., Ann. Physik, 12, 607 (1932). The electron
microscope 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 magnification 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).

% See, for instance, I. G. Maloff and D. W. Epstein, ‘‘Electron Optics in
Television,” McGraw-Hill Book Company, Inc., New York, 1938.

3 BuscH, H., Ann. Physik, 81, 974 (1926); MavLorF, 1. G., and EpsTEIN,
D. W., Proc. 1.R.E., 22, 1386 (1934); EpsTEIN, D. W., Proc. I.R.E., 24, .
1095 (1936); MavLorFF and EpsTEIN, loc. cit.

4 See, for instance, E. Briiche and H. Johannson, Ann. Physik, 16, 145
(1932); M. KnoLvy, Electronics, September, 1933, p. 243.

5 JounsoN, R. P., and SHockLEY, W., Phys. Rev., 49, 436 (1936). See also
Electronics, January, 1936, p. 10, March, 1937, p. 23.
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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

(@) ® () (@ ()

Fic. 2-5.—Typical activation behavior of thoriated tungsten. Image (a)
immediately after 10 seconds at 2800°K, (b) after additional 4 minutes at 1850°K,
(c) after 20 minutes at 1850°K, (d) after 30 minutes at 1850°K, (e¢) after 70
minutes at 1850°K. All pictures made at 1200°K. The decreasing exposure
time is evidenced by reduction of apparent brilliance of the filament. (Courtesy
of R. P. Johnson.)

tungsten carbide. Because of the reduction of the rate of
evaporation of the thorium, a carbonized emitter can be oper-
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F1G. 2-6.—a. Curves of emission current vs. heating power. b. Curves of emission
current vs. emitter temperature.

ated at a much higher temperature, with consequent increase of
emission current and efficiency. At this higher temperature
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the increase of diffusion makes possible the continuous replace-
ment of thorium removed from the surface by the action of gas
molecules or ions. Figure 2-6 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 receiv-
ing tubes. ‘

2-b. 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. The carbonates 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 applied preferably 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 is in the
range 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 bombardment of positive ions formed
in the gas between the anode and the emitter by electrons

! 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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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
distributed throughout the coating in a completed emitter, most
recent evidence appears to indicate that the emission takes place
at the outer surface.

Examination of Fig. 2-6 shows that the emission efficiency of an
oxide-coated emitter is even higher than that of thoriated
tungsten. The low temperature at which an oxide-coated
cathode can be operated is an advantage in some applications.

The emission from oxide-coated cathodesisreduced or destroyed
by the presence of gases, 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 temperature rise is greatest at points of the cathode at
which the emission is high, the emission increases still more at
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. This is one reason why oxide-coated
emitters are not used in high-voltage tubes.

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 electro-
lytic deposition of oxygen on the surface. The initial emission is
recovered if the emitter is heated without the flow of space cur-
rent. 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 evapora-
tion 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 gas from the emitter.



SEc. 2-7] THERMIONIC EMISSION 31

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 electrostatic 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 sufficient to coat the filament.

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, how-
ever, 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 characteristics of the tube are
influenced by tube temperature. Too high temperature vapor-
izes the cesium, causing temporary reduction in emission, or even
removal of the oxygen layer with permanent reduction of emis-
sion. Except at very low anode

voltages, ionization of the cesium
vapor occurs, resulting in fluc-
tuations of anode current. The
presence of positive ions is alsodetri-
mental to the action of amplifier :
tubes for other reasons, which will be _
discussed (Secs. 2-8, 6-5, 10-16).
2-7. Mechanical Construction of V™97 ST4 45

. N F16. 2-7.—Typical filamentary
Cathodes.—Cathodes used in hlgh- cathodes. (Courtesy of Radio

vacuum thermionic tubes are divided = Corporation of America.)

into two general classes, filamentary and indirectly heated. Fig-
ure 2-7 shows the form of typical filamentary cathodes. Early
vacuum tubesused only filamentary cathodes. When filamentary
cathodes are operated on alternating current, the stray alternating
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electrostatic field and the alternating voltage across the filament
cause an alternating component of plate current that may be objec-
tionable in amplifiers in which several tubes are used in succession.
This difficulty led to the development of the indirectly heated,
or heater-type, cathode. In addition to the unipotential emitting
surface and freedom from large stray fields, the heater-type
cathode has the advantage that a single source of power may be
used to heat a number of cathodes between which a difference of
potential must exist.

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. 2-8. The 5Z4 and 25A6 heater coils are
helically wound. That of the 6K7
type of cathode is wound in a re-
verse helix. After being wound
and formed, the coils are coated
with a refractory insulating mate-
rial and inserted into the sleeve.
The heater of the 25L6 type of cath-

. ode is covered with a refractory
5%:: 2—%?;56tfuctugK;)7f éi};g insulating coating of sufﬁ.cient ad-
heater-type cathodes. (Courtesy of herence to permit the wire to be
Radio Corporation of America.) bent into the desired shape after it
has been coated. Because of the small magnetic field produced
by the 6K7 type of heater, there is very little 60-cycle plate-
current variation, or ‘“hum,”’” when the heater is operated on
alternating current. The return type of helical heater exempli-
fied by the 25A6 heater and the folded type of heater used in the
25L6 cathode make possible the use of enough wire for 25-volt
operation. Theadvantage of the 25L6 construction is its low cost.
More complicated cathode structures used in arc-discharge tubes
will be discussed in Chap. 9.

2-8. Effects of Gas upon Emission and Space Currents.—The
deleterious effects of gas upon emitters of various types as the
result of chemical action, absorption of thin layers of gas upon
the surface, and positive-ion bombardment have already been
mentioned. If 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
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positive ions tends to neutralize the negative space charge sur-
rounding the filament, thus increasing the anode current. If the
voltage is high enough to give saturation current initially, then
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, result-
ing 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 nega-
tive 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 positive-ion current through the
resistance may cause an objectionable voltage drop and, under
certain circumstances, may even result in damage to the tube
(see Secs. 6-5, 9-17, and 10-16).

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 con-
nected 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 elec-
trical 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 sub-
sequent absorption of gases by getter that has condensed on
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the walls of the tube. The action of the getter during flash-
ing is increased by ionization of the gas by means of voltages
applied between the electrodes or by the radio-frequency field
of the induct on 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 car-
bonates 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
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 mentioned in connection with the theory of therm-
ionic emission. Before proceeding to a discussion of the quanti-
tative 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

! LEDERER, E. A, and WamsLEY, D. H., RCA Rev., 2, 117 (1937). This
article also discusses gettering methods used in glass tubes.
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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-poten-
tial, 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, increases
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 the time average field, however, that
is zero at any point on the cathode. The instantaneous 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 corresponding
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point of the cathode may be positive, causing one or more elec-
trons 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; t.e., the electrostatic field is 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:

4V

W = 41rp (2—2)
&V = img? (2-3)
va = ib (2-4)

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

1 CuiLp, C. D., Phys. Rev., 32, 498 (1911).
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distance x from the cathode; & and m. are the charge and mass,
respectively, of an electron; v is the velocity dz/dt of an
electron at a distance z from the cathode; 7, is the anode current;
and A 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 =z
from the cathode under the influence of the electric field appears
entirely in the form of kinetic energy. Equation (2-4) is a
symbolic formulation of the definition of the magnitude of an
electric current as the rate of flow of charge.

In the solution of the simultaneous differential Eqs. (2-2),
(2-3), and (2-4), the following boundary conditions must be
applied: At the cathode, the potential V, the average electric
field 8V /dz, and the velocity v are zero.
At the anode, where z is equal to the ///7
cathode-to-anode spacing d, the poten- F vy
tial is equal to e, the applied anode V/ /
voltage. Solution of theequations and v //
iyl

substitution of numerical values of &
and m. give the following equation

F,V,v,&p

for the anode current of a diode:? V
; P
5
G = 2.34 X 10~ A;,; amp  (2-5) 2 02d 04d 06d o.gd i
: Cathode Plate

.. . Fig. 2-9.—Variation of field
By combining EQ- (2-5) with Eqs. (2-2), strength F, potential V, elec-

(2-3), and (2-4), theoretical expressions tron velocity », and space-
may be derived for density of space ;h?:f;d;'f:;? P with distance
charge, electron velocity, electric field initial velocity. Arbitrary
strength, and potential as functions units.
of distance from the cathode. Curves derived from these are
shown in Fig. 2-9.

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

1 PaGE, L., and Apawms, N. I, “Principles of Electricity,” p. 83, D. Van
Nostrand Company, Inc., New York, 1931.
2 PaGE and Apawms, op. cit., p. 297.
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) 34
i = 14.68 X 10~* ”—%- amp (2-6)

in which 7 is the radius of the anode, h is the length of the elec-
trodes, 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 1 for a ratio 2, 3 for a ratio 3, and 0.9 for a ratio 8. If the
plate diameter is large as compared to that of the cathode,
Eq. (2-6) reduces to the approximate form

34
W= 147 X 10—6"% amp (2D

Equations (2-5), (2-6), and (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

ip

o
¢ T
{
- b
] Ty
-
5
O
[
B
o
c
<
Anode Voltage b
Fia. 2-10.—Curves of anode current vs. anode voltage at two values of emitter
temperature.

saturation voltage would be quite definite and the current-
voltage curve would be as shown by the dotted lines of Fig. 2-10.
Because of variations in temperature, electron affinity, and field
strength over the cathode surface, the anode voltage at which
voltage saturation takes place is not the same for all points
of the cathode. The curve of anode current »s. anode voltage
therefore bends over gradually, as shown by the full line of Fig.
2-10. Above saturation the current is not entirely constant but
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continues to rise somewhat with anode voltage. This is explained
by reduction 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 particularly 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 3-power law into a 3-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 #-e, curve steeper.
The exact effect upon the curve of failure to satisfy the assump-
tion of uniform field is complicated and impossible to predict
completely.

2-12. Effect of Initial Velocities of Emitted Electrons.—Modi-
fied 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 qualita-
tive explanation of the effect of initial velocities is sufficient. Let
it first be supposed that 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. The field and potential distributions in the inter-
electrode space are as shown in Fig. 2-9. Now let the emitted
electrons suddenly have initial velocities that, for the sake of
simplicity, are assumed to be the same for all electrons. Elec-
trons 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 the vicinity of the cathode. Equilibrium
results when the retarding field in the vicinity 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 field in

t Scuorrky, W., Physik. Z., 16, 526 (1914); Ann. Physik, 44, 1011 (1914).
LanaMuir, 1., Phys. Rev., 21, 419 (1923). DavissoN, C., Phys. Rev., 26,
808 (1925).
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this plane is zero, but instantaneous fluctuations allow just enough
electrons to pass to give the required anode current. The
behavior is similar to that which would obtain if the initial
velocity were zero and the cathode were moved toward the anode
by the distance s. Because of the random distribution of electron
velocities the phenomenon is actually more complicated than
this simplified picture indicates. The
simple theory shows, however, that
‘/ j] the effect of initial velocities is to in-
—F he anode current co di

’ /< crease the anode cu corresponding

to any anode voltage and is therefore

equivalent to that of a small increase
oa/hd 6d 8d d| ©of anode voltage. Because the elec-
g trons emerge with velocities of the
order of a volt or less, the effect is
'I appreciable only for low anode volt-
> Sk ages. The field and potential distri-
ﬁeleIGétreilzﬁ_;lgiax:izzntiz{ butions throughout the interelectrode
with distaxglce from cathode Space are plotted in Fig. 2-11. That
for plane parallel electrodes the potential must pass through a mini-
of separation d. Initial ve- .
locities of emitted electrons IMmum Wwhere the field is zero follows
considered. 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 7-e, curve of Fig. 2-10 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 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 pa or less, the anode current of diodes
with unipotential cathodes follows closely the empirical relation

ib — kle’”e" (2_8)

Potential, V
[

Field Strength, F

in which k, and k. are constants for a given tube. The current

! SCHOTTKY, loc. cit.; LANGMUIR, loc. cit.
2 DavissoN, loc. cit.
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departs materially from this exponential law as the negative
anode voltage is reduced in the vicinity of zero voltage, par-
ticularly 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. 7 and 11.

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 conditions of operation of two-element tubes. Richard-
son’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 tem-
perature 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 shot
effect. It is one of the factors that limit amplification by vacuum
tubes (see Sec. 6-15).

Heating of the Plate.—The kinetic energy acquired by elec-
trons 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 power 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.

2-156. Classification of Tubes.—Electron tubes may be classi-
fied 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 elec-

! GERMER, L. H., Phys. Rev., 26, 795 (1925).
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