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PREFACE

Electronic television, although a relatively new field, has already
acquired an extensive literature in the various scientific and engineering
journals. As yet, however, little of this material has been presented in
book form. The student or engineer desiring a knowledge of the field as a
whole is therefore faced with the arduous and somewhat discouraging
task of critically examining the many published articles relating to tele-
vision. It was felt that a detailed survey of this newest of practical means
of communication had become almost a necessity. To fill this need, the
authors have attempted to select and integrate relevant portions of the
available material into a single volume.

The first part of the text is devoted to a consideration of the funda-
mental physical phenomena involved in television, that is, emission of
electrons, fluorescence, electron optics, etc. Part II deals broadly with
the field of television as a whole, taking up the relationship between the
physical system and the quality of the picture, the principles of ultra-
high-frequency transmission and reception of television signals, and the
more important methods of pickup and reproduction of images. There
follows in Part III an analysis of the components of the electronic tele-
vision system based upon the storage principle, treating in turn the
Iconoscope, Kinescope, clectron gun and associated circuits, together
with a description of the television transmitter and receiver. The con-
cluding part of the book is devoted to a description of a working tele-
vision system, as exemplified by the equipment used in the RCA-NBC
television project.

For the benefit of students and others having access to laboratories,
the description of the preparation of Iconoscopes, Kinescopes, electron
guns, etc., has been made sufficiently complete to permit the construction
of working models of these devices in an elementary form. Such experi-
ence in the experimental techniques involved should be of no little value
to those preparing to enter the fields of electronic or television research.

No single volume can hope to cover completely a field as broad as the
one in question. The authors in compiling the subject matter were faced
with the necessity of leaving out a great deal which is both interesting
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and important, and of emphasizing certain phases at the expense of
others. Because of this, the story of the growth of television has been
omitted, reference being made to earlier developments only when they
help to clarify present problems. Furthermore, greater stress has been
laid upon the electronic television systems employing the storage prin-
ciple than upon non-storage systems.

Only through the generous cooperation of the engineering staff of the
RCA organization has it been possible to assemble the material found in
these pages. In acknowledging this indebtedness, the authors wish to
point out that the information obtained from this source was necessarily
interpreted in the light of their own experience. Material drawn from
various published work has also been used freely throughout the book.
While bibliographies are included, they are necessarily incomplete, and,
for the convenience of the reader, summaries and reviews have in some
instances been cited, rather than the primary source of the information.
Finally, the authors gratefully acknowledge their obligation to Dr. E. G.
Ramberg, not only for his many contributions to the mathematical
treatment of various phases of the subject, but also for his assistance in
editing the manuscript and in preparing the material for the printer.

V. K. ZWORYKIN
G. A. MorTON

CampeN, N. J.
December, 1939
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CHAPTER 1
EMISSION OF ELECTRONS FROM SOLIDS

Historically, the first recorded observations on electricity in the form
of static charges date back to antiquity. In this respect electricity is in
no sense a modern discovery. ITowever, it was not until the eighteenth
century that electrical conduction and electric current, which form the
basis of most of its present usefulness, became known and recognized.
During the nineteenth century rapid strides were made by such men
as Maxwell, Faraday, Hertz, and many others towards unraveling the
laws of electromagnetic phenomena. The last two decades of that
century were particularly fruitful, culminating in the discovery of the
electron by J. J. Thomson in 1897.

Before the discovery of the electron itself, many observations had been
made on phenomena connected with electron emission.

The discovery of the photoelectric effect, that is, the emission of elec-
trons under the action of light, dates back to observations made by Hertz
in 1887 on the fact that electrical discharges were facilitated if the nega-
tive electrode of the spark gap was irradiated with ultra-violet light. The
following year Hallwachs undertook a systemnatic study of the effect ob-
served by Hertz and came to the conclusion that negative electricity
leaves a body which is illuminated by ultra-violet light. Elster and Geitel
carried the work still further and gathered data on the rate at which
charge left different metals, and upon the relationship between the wave-
length of the incident radiation and the rate of transfer of charge. With
the discovery of the clectron the nature of the phenomenon was dis-
closed. Again, in 1905 the theory of photoemission made another great
step forward. This occurred when Einstein applied the then new quantum
theory, put forward by Planck, to the problem of the photoelectric long-
wavelength threshold. Since then the theory has been extended steadily,
keeping pace with an increasing knowledge of the quantum mechanics
of the solid state. At the same time experimental technique and em-
pirical knowledge have advanced constantly and continue to progress.

Although the effect of temperature on the rate of discharge of electri-
fied bodies had been known to science for a long time, thermionic emis-
sion cannot be said to have been discovered until 1883. In this year
Edison discovered that a negative current could be made to flow from
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4 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

an incandescent filament in an evacuated bulb. By the beginning of the
twentieth century considerable data had been collected pertaining to this
phenomenon. In 1905 O. W. Richardson derived, with the aid of classi-
cal thermodynamics, an equation which described the observations fairly
accurately. Later the equation derived by Richardson was revised and
reinterpreted by Dushman, Langmuir, and others, but the original ex-
ponential form was retained. With the development of quantum me-
chanics the understanding of the effect again took a great stride forward.
Nordheim and others, with the aid of the Sommerfeld model of metals,
were able to show that thermionic emission is closely related to the phe-
nomena of conduction, photoelectric emission, thermoclectricity, etc.
This, together with technical advances in making thermionic cathodes,
has brought the subject to its present status.

Secondary emission, that is, the emission of clectrons from a surface
which is bombarded by high-velocity clectrons, did not enter the field
until somewhat later. The phenomenon became known about 1900, as
a result of experimental work by Starke, Lenard, Hull, O. von Baeyer,
and others. Until about 1920 very little was done toward investigating
this phenomenon. During the past two decades, however, its practical
importance has become more widely recognized, and this has given an
impetus to the investigation of this type of emission. At present there is
available quite a good deal of reliable empirical data relating to the effect,
but as yet no fully satisfactory theoretical interpretation has been forth-
coming. However, since the need for this analysis has become very real,
there is every reason to believe that the work may be done in the near
future. Alrcady a start has been made by H. Frohlich, who, on the basis
of quantum physics, has trcated the case of a clean metal surface for
limited ranges of bombarding velocities.

In the succeeding sections these phenomena will be discussed without
reference to the historical order of their development. For a complete
trecatment of the history of electron emission, the reader is referred to
any textbook on the history of electricity.

1.1. Structure of Metals. Reading across the periodic table of ele-
ments from right to left, the clements are found to become increasingly
electropositive. That is, the elements in the columns on the left have an
electron configuration such that they can easily lose one or more of
these electrons and become positive ions. In the solid state these elec-
tropositive elements form the group of substances called metals. This
group is characterized by the fact that its members are excellent con-
ductors of both heat and electricity. Furthermore the metals are in
general both malleable and ductile, although there are some exceptions.
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Sec. 1.1] STRUCTURE OF METALS 5

It should be noted that these exceptions occur in the center columns of
the table, and are all elements which are only slightly electropositive;
in other words, these exceptions might be termed “poor metals.”

X-ray analysis of the metals shows them to be crystalline. The crystal
structure of these substances (at least for all the good metals) is ex-
tremely simple. All the clements of the first column of the periodic
table, together with W, Fe, Mo, and many others as well, have a body-
centered cubic structure. The very malleable and ductile metals such as
Au, Ag, Cu, Al, etc., are face-centered cubic, while others such as Zn,
Mg, and Be are hexagonal close-packed.

The atoms making up the metal lattice no longer retain the loosely
bound electrons associated with them in their free state. The electrons
released when a metal crystal is formed do not have definite positions in
the lattice, but exist rather as an electron gas which is free to move
through the structure.

This theory, which assumes that the valence clectrons form an elec-
tron gas, was proposed as early as 1905 by H. A. Lorentz. He assumed
that the clectrons which form this gas are in thermal equilibrium with
the atoms of the lattice, and that they have a Maxwellian energy dis-
tribution. On the basis of this hypothesis, in order that the electrons stay
within the metal, it is necessary to postulate a potential barrier at the
boundaries of the metal. At a large distance from the metal this poten-
tial is assumed to be due to the image force of the electron, but since
the ideal image force rises to infinity at the surface of the metal, it is
necessary to assume a departure from this law near the boundary.

The Lorentz hypothesis explained fairly satisfactorily electrical con-
duction, thermionic emission, and a number of other observed phenom-
ena, but required that the specific heat of a metal be nearly twice the
observed value.

It was not until the advent of quantum mechanics and the exclusion
principle that the reason for this discrepancy became evident. With the
aid of the new mechanics Sommerfeld, Pauli, and others were able to
modify the Lorentz theory in such a way that it gave a very accurate
quantitative account of the behavior of metals.

The difference between the old Lorentz theory and the Sommerfeld
theory lies in the type of energy distribution assumed for the electron.
In either case the energy E of an clectron is:

2

E=Ve+ 1, (1.1)
2m

. where V, is its potential energy and p its momentum. Lorentz placed no
restrictions upon the values which p could assume. The newer theory,
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6 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

on the other hand, assumes, in accordance with quantum laws, that the
three momentum components are restricted and, for a block of metal
with the dimensions L., L,, and L,, can only have values satisfying the
relation:

nzh nh nh
Pr = 21rL,’ Py = zva, Py = ) (1.2)

where h is Planck’s constant and n., n,, and 7, are integers. The allowed
energies are therefore not continuous but consist of a vast number of
discrete levels. A further restriction is imposed by the exclusion principle.
This rule states that only two electrons can exist in any one energy level,
two electrons being allowed because of the two possible spin directions.

The effect of these two restrictions becomes clearly apparent upon a
consideration of what happens when the crystal is cooled to absolute
zero. In the older theory, all the electrons come to rest, since they are in
thermal equilibrium with the atoms making up the crystal lattice. How-
ever, this cannot happen according to the newer theory because there
can be only two electrons in a state of zero energy. The remaining elec-
trons must retain enough energy to be able to occupy other energy levels.
As a result all the lower levels are filled up, so that energies corre-
sponding to several electron volts exist in a crystal even at zero absolute.

If, instead of being at zero absolute, the crystal is at room temperature,
the mean energy of its atoms is still far below the energy held by the elec-
trons in the highest filled level. Consequently the probability of an elec-
tron receiving cnough energy from the thermal motion of the atoms
making up the crystal to raise it to an unfilled energy level is extremely
small. The electrons, therefore, because they can be given almost no
thermal energy by the lattice, contribute very little to the heat capacity
of a metal. The greatest difficulty encountered by the older theory is
thus overcome.

At very high temperature the mean energy of the atoms making up
the lattice may become greater than the energy of the highest filled level.
Under these circumstances the electrons receive thermal energy and
come into equilibrium with the lattice, their energy distribution approxi-
mating the Maxwellian distribution postulated by the earlier theory. An
abnormally high specific heat would exist at such temperatures. A calcu-
lation of the temperature required to increase the specific heat appreci-
ably shows it to be beyond the vaporizing temperature of any known
metal.

A more quantitative consideration, starting with the potential barrier,
is necessary if these ideas are to be of practical value. The potential
energy, which keeps the electrons within the material, increases with the
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Sec. 1.1] STRUCTURE OF METALS 7

distance from the surface, asymptotically approaching some arbitrarily
chosen zero at infinity. As has been mentioned, at distances from the
crystal greater than the lattice spacing this potential is the result of the
simple image force. This force, as is well known, is given by the relation
F = — €2/42?, where z is the distance from the surface. As the charge
nears the surface, the forces rise and would approach infinity as = ap-
proaches zero if the law were applicable at all distances. However, from
the very nature of its derivation, which assumes a plane surface, it is
obvious that this law will not hold for distances of less than a few atom
diameters. The law which most nearly satisfies the observed facts as-
sumes that the attractive force is zero at the metal surface, rises rapidly
to a maxmium, then decreases inversely with the square of the distance

! ]
\‘ ) §
Metal 2
=
F |
i L
! E
- Lattice atoms 1 -
x (distance from surface) Distance
Fia. 1.1—Modified Image Force. Fig. 1.2.—Idealized Potential Field.

from the metal surface. The force law close to the surface is extremely
complicated, but for the present purpose a knowledge of its exact form
is unnecessary. Fig. 1.1 shows the approximate shape of the force curve.

The potential at any point outside of the metal is calculated by inte-
grating the force curve. The form of the potential curve is illustrated in
Fig. 1.2. Inside the metal the potential is not uniform but consists of a
three-dimensional array of potential minima, the minima corresponding
to the crystal atoms. These minima are shown to the left of the metal
surface in Fig. 1.2. For purposes of this discussion the non-uniformity of
the potential within the metal can be ignored and the variable potential
be replaced by a uniform averaged potential as shown in Fig. 1.3. The
value of the potential rise at the surface of a metal is extremely important
in determining its emission properties. This potential is known as the
“inner potential’” and is shown as W, on the diagram. It can be measured
experizentally by the change in wavelength of electron waves passing
through the metal surface observed in electron diffraction experiments.
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8 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

The values obtained by this method are in the neighborhood of 10 to
15 volts.

With these values for the inner potential, it is possible to calculate the
approximate minimum distance at which the square law image force on
an electron applies. This distance turns out to be of the same order of
magnitude as the distance between atoms in the metal lattice.

For convenience of illustration, the kinetic energies of the electrons
can be included in an energy diagram, together with the potential energy.
The kinetic energy is plotted along the ordinate just as is the potential
energy of the lattice. Such a diagram is shown in Fig. 1.3. The energy
distribution in the electron gas, based upon the exclusion principle, was

s

A
l

)
/ L3
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=
1]
Energy

Distance

DY
Fic. 1.3.—Electron Energies in an Ideal Metal.

derived by both Fermi and Dirac, independently, in 1926. According to
their distribution function the number of electrons N (u,v,w)dudydw
having velocity components u, v, w, in the range du, dv, dw is:

3

2% Gudvdo
N(u,v,w)dudvdw =T Wy ’ (1.3)

e kT 41

where

h? 3n)2/ 8
=—|— 1.4
K= om (81r R 14

k is the Boltzmann constant, and
n is the number of electrons per unit volume.

A plot of this function is shown in Fig. 1.4. Curves are given for T = 0
and T = 1600°. At T = 0 this function becomes:

m3
N(upw) =2 X} for W.<yp,
N(upw) =0 for W,>p.
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Sec. 1.1} STRUCTURE OF METALS 9

Thus there are no electrons in energy levels above W, = u, which is in
accordance with the qualitative picture given in the preceding para-

graphs.
The numerical value for W, ,..x. can be found from the equation:
h? 3n)2/3
emax., &— =~ \ T 1.5
L4 T 2m (81r 4,

However, to evaluate the expression it is necessary to assign a value to n.
This requires a knowledge of the number of atoms per unit volume and
the number of electrons each atom contributes to the electron gas. If the
former is calculated from the density, composition, and Avogadro’s
number, and a reasonable assumption is made for the latter, W, may. is
found to lie between 5 and 10 volts.

3
m
2.——
'
= h"o' K
1600° K
Energy We

Fig. 1.4.—Distribution of Electron Energies by Fermi-Dirac Statistics.

At temperatures other than zero the velocity distribution does not end
sharply at the value W, max. but decreases asymptotically to zero. As the
temperature is increased the high-velocity electrons become more and
more numerous. Finally, at very high temperatures the Fermi-Dirac dis-
tribution approaches a Maxwellian distribution. However, this is found,
as has been mentioned, to be a higher temperature than can be reached
using any known metal.

When a potential difference is established between two points in a
metal, electrical conduction takes place because the field thus produced
causes a drift to be superimposed upon the random motion of the elec-
trons in the upper levels. This drift is in a direction opposite to that of
the field because of the negative charge of the electron. In other words,
the drift motion is opposite to the conventional direction of current flow.
Although the electrons behave largely as though they were free, there is
some interaction between them and the crystal lattice. This interaction
results in a loss of energy by the electrons to the lattice, which appears
as the heat generated due to electrical resistance. In order to account
quantitatively for electrical resistance of a metal it is necessary to deal
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10 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

with the wave functions of the clectrons and to consider resistance as a
scattering and diffraction problem. Looked at in this way, both resistance
and change of resistance with temperature can be accounted for very
nicely.

1.2. Electron Emission. The new theory also applies to the emission
of electrons. On the basis of the quantum-theory picture of metals nearly
every phase of electron emission from pure metals can be explained not
only qualitatively but also quantitatively. The theory, however, has not
been extended to cover with the same completeness the case of metal sur-
faces on which there is a thin, overlying, contaminating film. Since

(b) lowering potential barrier

(¢) combination of (a) & (b)
F1g. 1.5.—Emission of Electrons.

this type of surface is very important from the standpoint of emission of
electrons and cannot be left out of consideration, there must necessarily
be gaps and indefiniteness in the account that follows.

Turning again to Fig. 1.3 which shows the kinetic energies of the elec-
trons superimposed upon the potential energy diagram for the metal, it
is evident that one or both of two conditions must be fulfilled before
electrons can escape through the surface barrier and be emitted. Either
some of the electrons must be given additional energy so that their kinetic
energy is at least as great as the potential barrier, or the height of the
barrier must be reduced to such an extent that the electrons can pene-
trate through it. Diagrammatically, these might be represented as shown
in Fig. 1.5. The first diagram illustrates electrons which have been given
sufficient additional kinetic energy to escape over the normal potential
barrier. This energy may be supplied in the form of thermal energy taken
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Sec. 1.3] SHOT EFFECT 11

from the lattice of a heated metal crystal, in which case the emission is
known as thermionic emission. On the other hand, if the additional
energy is obtained from radiant energy incident upon the metal, photo-
clectric emission takes place. Where the metal is bombarded with high-
velocity electrons there may be an interaction between the electrons in
the metal and the incident electrons, resulting in the former acquiring
sufficient energy to escape, this phenomenon being known as secondary
emission.

Diagram (b) shows the potential barrier depressed to such an extent
that electrons can escape from the surface. This may occur when there
are extremely high fields at the metal surface, the effect being known as
cold emission. It should be pointed out that, while, according to classical
theory, it is necessary to lower the potential barrier until it is less than
the kinetic energy of the electrons, this is not so in quantum mechanics
where there is a finite probability of an electron traversing a potential
energy barrier which is higher than its kinetic energy. The probability
of transmission here depends upon the thickness and the height of the
barrier.

Very frequently there is both an addition of energy and a depression
of the barrier, as shown in diagram (c). The depression of the barrier,
may, for example, be caused by certain contaminations on the surface
of the metal. When this occurs much less energy has to be added to the
electrons to cause them to escape, thus making the substance a much
better thermionic, photoelectric, or secondary emitting surface. This
effect will be the subject of much of the discussion relating to practical
emitters.

1.3. Shot Effect. As has been stated, energy is supplied to some of
the vast numbers of free electrons in order to produce thermionic emis-
sion, photoelectric emission, etc. The fraction of electrons which receive
enough energy to permit them to escape is extremely small, and only
part of these move in such a direction that they are emitted. The whole
process is, on this basis, an entirely random phenomenon, each electron
being emitted entirely independently of any other.

Since it is a random process, the number of electrons emitted during
any given interval differs by a small amount from the average number
of electrons emitted in an interval of this duration. The electron current
from an emitter is therefore not constant, but is subject to statistical
fluctuation. As this fluctuation limits the performance of many types of
electronic devices, it is important to determine its magnitude and nature.

An emitter which releases N electrons in a time 7', where N is a large
number, has an average rate of emission of ng = N/T electrons per unit
time. However, since the emission phenomenon is a random one, the
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12 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

actual number 7 emitted during any given unit of time will differ from
ng. According to the laws of probability, while the average difference:

(n = no)

must equal zero, the mean square difference over the period T is not
zero but rather is given by:

(n — no)® = An? = n,. (1.6)

Since the emission of cach electron corresponds to the transfer of a charge
—e, Eq. 1.6 can be expressed in terms of charge, giving

(Ane)t = €’n,,
Ag® = Qe. (L.7)

In other words, the mean square fluctuation of charge is proportional to
the charge emitted.

In the form given above in Eq. 1.7 the relation is not very directly ap-
plicable to actual electrical circuits. In general, the circuits encountered
respond to frequencies which lie in a band between definite limiting fre-
quencies. The useful signal is in the form of current variations over the
frequency band in question. The shot effect, or statistical fluctuations,
introduces current variations over this same frequency band which tend
to mask the useful signal. Therefore Egs. 1.6 or 1.7 must be reformulated
to express the magnitude of this unwanted random “noise’” in terms of
a fluctuating current in the circuit containing the emitting element.

Such a relation was first worked out by Schottky in 1912. The deriva-
tion given below,* though not identical with that originally given by
Schottky, yields the same information. As a starting point, the current
pulse resulting from the motion of an individual electron is expressed as
a Fourier integral which gives its frequency spectrum. The mean square
of a large number of these current pulses is then found by summing and
averaging.

The current arising from a single emitted electron can be expressed as
follows:

0

@) = dwcosw (1 —T)), (1.8)

B IRSY

0

where T'; is the time at which the electron is actually emitted. This equa-
tion assumes that the emitted electron produces a single current pulse
whose duration is extremely small compared with any interval of time
for which Eq. 1.8 is to be used.

* From the unpublished work of E. G. Ramberg.
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The mean square current due to N electrons emitted in the time 7T is

therefore:
1 T N e Q) 2
g==1 d| Y | decosw(t—T,)]. (1.9)
T 0 »=1T 0

Carrying out the indicated squaring of the sum over the N electrons,
this equation becomes:

21 T © © N N
Zd==_f dt] dof do' )Y} Y] cosw (t—T,) cosw’ (t— Ty).
1r2 T 0 0 0 v=17=1
This integral expression must be integrated over «’ and ¢{. When per-
formed, this integration leads to the equation:
- a1 [° N &

£ = = i dw z.:“;l 2r cos w (T, — T,), (1.10)

which expresses the mean square current over an infinite frequency band.

Since the response of any real circuit is zero except over one or more
finite bands of frequency, an expression for the current fluctuation in a
limited band covering the frequencies between f; and f, is of value. For
this the limits of integration over  instead of being 0 to « are taken as
2xf, and 2xf,. Eq. 1.10 consequently becomes:

2xfs N N

v dw 2 T,-T
=71 Zjl 'Zjl T o8 w ( )

2NN'7I’2-:—»'—'7I’1-:"»'
=2 (o4 SY, R AT T - i 2T = T)

v=ly =1 Tp— T”l
vy

- €1

2=

The second term of this expression vanishes because of the assumed
randomness of the emission. That is, since the time interval T, — T,
between the emission of any two electrons is purely random, the summa-
tions represent the superposition of a vast number of sines of random
angles which are as likely to have a positive as a negative value, and
therefore average zero. Thus the mean square fluctuation current over
the frequency band f; — fi, for an average emission current i, (7o = N e/T),
reduces to:

2 = 2eis(f2 — f1). (L.11)

As is evident from the general nature of the derivation, Eq. 1.11 ap-
plies to nearly all types of electron emission. Actually the relation accu-
rately gives the fluctuations in all forms of photoelectric and thermionic
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14 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

emission and in cold emission if the voltage is well below the rupture
point. Secondary emission is an exception, because each incident electron
causes the emission of several electrons, giving a form of coherence be-
tween the emitted electrons which does not fulfill the condition of random
emission upon which the derivation is based.

The statistical current fluctuation given by Eq. 1.11 represents the
minimum that can be expected from any emitting surface in the absence
of space charge. Other effects not directly related to the basic phe-
nomenon of electron emission may operate to increase the total fluctua-
tion of the current emitted.

The following problem of a phototube emitting electrons in response
to a modulated light signal serves to illustrate a typical noise calculation.
Let it be assumed that the photoelectric current is amplified by an ampli-
fier which responds to a frequency band F, 10,000 cycles wide. If the
photocurrent is 7o = I (1 + k sin 2xft), where k is a modulation factor
which has a value 0.1, what is the minimum value of I which will give
a signal-to-noise ratio of 10?

In this case the mean square signal is: 7,2 = 34212 and the mean square
noise is 7,2 = 2 eFI.

The signal-to-noise ratio is therefore:

1
= —=kI
Re /B _ V2
a2 B V' 2eF]
I ]f?2eF;
— k2

or, in the example in question:

100 X 32 X 10 X 10*

I

1
Z % 102
2 X

= 0.64 X 10~'° ampere.

In the foregoing it is assumed that the entire noise was the shot noise
of the emitted electrons in the phototube. Actually noise is generated in
the resistor used to couple the phototube to the grid of the first tube of
the amplifier, and noise is also introduced by the first tube itself. The
effects of these elements will be discussed in Chapters 10 and 14, in which
problems of amplification are considered.
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Sec. 1.4] THERMIONIC EMISSION 15

1.4. Thermionic Emission. The general properties of the emission of
electrons from metals having been considered, it is now expedient to
treat the different types of emission individually. As has already been
stated, it is possible to cause electrons to be emitted by heating the
metal, this effect being known as thermionic emission. The emission cur-
rent obtained thus will depend upon the height of the potential barrier
above the top of the Fermi distribution of free electrons, upon the shape
of the barricr, and upon the energy distribution of the clectrons.

The energy distribution can be treated quite generally using the Fermi-
Dirac distribution function, which is applicable to all metals. The height
and shape of the potential barrier, however, depend not only upon the
particular metal, but also upon the state of the surface of the emitter.
Three classes of emitters having different types of potential barriers will
be considered. These are: emitters having a pure metal surface, those
having an absorbed electropositive layer, and finally the more compli-
cated oxide-coated cathodes.

To calculate the electron emission it is necessary in the first place to
determine the number of electrons arriving in unit time at the surface of
the emitter with sufficient kinetic cnergy directed towards the surface to
pass through the potential barrier. This can be done with the aid of Eq.
1.3, as was shown by Nordheim, who derived the thermionic emission
equations on a quantum mechanical basis. The Fermi function is inte-
grated over the velocity components » and w taken from zero to infinity.
This expression when rewritten to express the number of electrons
N(W)dW which have a kinetic energy in the range W to W + dW asso-
ciated with the component of velocity « which is assumed to be directed
normal to the metal surface gives the following distribution function:

o 8m? ) W
NW)dW = 7 Tlen 14 e *T JdIV. (1.12)

Then, since only those clectrons having an energy W greater than W,
can escape through the boundary, the total number of electrons leaving
a unit area per unit of time will be:

no = / ﬂN(W)dW. (1.12a)
3 m

For convenience in performing the indicated integration, the distribution
function N(W) can be expressed as:

2 ' Vs
1/%3 N(W)dW = 4"2” AW, (1.12b)
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16 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

since over the range of integration e - (W —#/*T js small. Eq. 1.12a therefore

becomes:
° Ww-
Ng = / 41r7}:;kT6- kT“dW

4 k2 _Wa—
i (1.13)

Experimentally and theoretically it can be shown that some of the elec-
trons in the energy range above W, are reflected back. If r is taken as the
reflection coefficient, the fraction of electrons escaping is (1 — 7).

Including this transmission coefficient, combining the factor 4wmk?/h*
into a single constant Ao, and expressing the rate of emission of electrons
in terms of current, Eq. 1.13 can be written as:

_W__"_“
to= (1 —1r)A % *T . (1.14)

It should be noticed that this equation has practically the same form
as the thermionic emission equations derived by Richardson, Dushman,
and others on the basis of classical thermodynamics.

In the exponent of this equation there appears the term (W, — u).
This represents the cnergy difference between the height of the potential
barrier and the maximum Kinetic energy of the electrons in the Fermi
distribution at zero absolute, and is given the name work function. It is
common practice to express this work function in terms of electron volts,
so that the exponent in emission equations takes the form —¢oe/kT, or to
simplify it still further by the substitution by = ¢ee/k. Also, for conven-
ience, the coefficient A, and the reflection factor are often combined into
a single constant A. When thus written, Eq. 1.14 becomes:

—be

i=AT?%T. (1.14a)

A few representative values for the constants A and b, and the work
function ¢, are given in Table 1.1.

The thermionic emission from the metals listed is very small when the
metal is heated to any reasonable temperature. For example, tungsten
heated to 2200°K will emit only 13 milliamperes per square centimeter.
This is because for pure metal surfaces the work function is high. Calcium
or caesium, whose work functions are low, have such low melting points
that they cannot be used as thermionic cathodes.

The most completely studied composite surface thermionic emitter is
that consisting of thorium on tungsten. From Table 1.1 the work function
of tungsten alone is 4.52 volts while that of thorium is 3.35 volts. How-
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Sec. 1.4] THERMIONIC EMISSION 17

TABLE 1.1*
. | |
Llement ! ¢ | box 1073 A
|
{
Caleium............... ' 2.24 26 60.2
Caesium............... ‘ 1.81 21 162
Columbium............ 3.96 46 57
Molybdenum. . ........ | 4.44 51.5 60.2
Nickel................]| 2.77 32.1 26.8
Platinum.............. 6.27 72.5 1.7 X 10~4
Tantalum. ............ | 4.07 47.2 60.2
Thorium..............| 3.35 38.9 60.2
Tungsten.............. | 4.52 52.4 60.2
Zirconium. ............ | 4.13 47.9 330

* From L. R. Koller, reference 7.

ever, a surface consisting of tungsten having over it a monatomic layer
of thorium covering about 70 per cent of its surface has an effective work
function of only 2.6 volts.

If a contaminating layer of caesium is used instead of thorium the
work function is still further depressed, being only 1.6 volts. Unfortu-
nately this surface is unstable and the caesium evaporates from the base
metal before temperatures can be reached which will give a high electron
yield. Unlike the caesium surface, the thoriated surface is stable up to
temperatures of 2000 to 2200°K or above, which property makes this
emitter very valuable in practical electronics. The emission from a thori-
ated tungsten cathode at 2000° is more than 1000 times that from pure
tungsten.

The explanation of the increased emission of these complex surfaces
lies in the nature of the work function. The work function may be divided
into two parts, the first being due to the attraction of the lattice ions as
a whole for the electrons, and the second to the dipole moment of the
surface. The first remains unchanged when a contaminating layer is
added to the surface; the second factor may be greatly altered in either
direction. When a caesium atom approaches a tungsten surface it enters
a region of fairly high positive potential which tends to remove its valence
electron, and since the work function of tungsten is greater than the
ionization potential of the caesium, the atom will be actually ionized.
The caesium thus adheres to the surface in the form of a positive ion.
As more caesium atoms arrive, these tend to ionize also. However, the
addition of each ion tends to lower the work function of the surface, so
that after a certain number have adhered the work function is no longer
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18 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

sufficient to produce ionization. Even under these conditions partial
ionization or polarization takes place. A tungsten surface, therefore,
which is more or less completely covered with caesium may be thought
of as being coated with a layer of caesium “‘partial ions” which cause a
lowering of the effective work function ¢,.

In the case of thorium, the work function of the tungsten is less than
the ionization potential. This does not preclude the existence of ions on
the surface, since both image force and work function act to produce
ionization. However, unlike elements which are ionized by the work
function alone, thorium evaporated from the surface does not leave in
the form of ions. Beyond a certain coverage “partial ions” only are
formed. Both thorium ions and partial ions contribute to a lowering of
the work function.

If, instead of an electropositive contaminating atom, an electro-
negative element is allowed to form a surface layer on the tungsten, the
opposite effect occurs and the work function is raised. For example, a
monatomic layer of oxygen on tungsten raises the work funection to 9.5
volts.

A more complex layer can be formed if oxidized tungsten is exposed to
caesium vapor, thus allowing the formation of a final positive layer. In
this case the work function is lower than for caesium on pure tungsten
and a more stable surface is formed. Such a surface will yield 350 milli-
amperes per square centimeter at 1000°K.

In view of the practical importance of the thoriated tungsten emitter,
it will not be out of place to discuss in greater detail the actual form of
these cathodes.

The base is metallic tungsten to which has been added 0.5 to 2.0 per
cent by weight of thorium oxide. The material is shaped to the form re-
quired for the cathode, assembled in the electron tube in which it is to
be used, and the tube exhausted. To activate the emitter it is first flashed
for a few seconds at 2800°K, then aged at 2100°K for a matter of several
minutes. The cathode is then ready for operation.

At the flash temperature some of the thoria reduces to metallic
thorium. This metallic thorium diffuses through the base material to the
surface. Electron microscope examination shows that this diffusion is
partly in the form of minute eruptions through the crystal grains, and
partly along grain boundaries. At temperatures as high as 2800°K it is
evaporated from the surface immediately upon its arrival. In other
words, the rate of evaporation greatly exceeds the rate of diffusion.

As the temperature is decreased, both the rate of diffusion and the
rate of evaporation decrease. However, the evaporation rate falls the
faster with temperature. Below 2400°K a layer of thorium begins to
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form on the surface. At the aging temperature of 2100°K an optimum
coverage is obtained. At still lower temperatures the evaporation rate
reaches an extremely low value; under this condition the cathode is
stable and its operating life adequate. If the emitter loses its activation
it can usually be restored by again flashing it both to clean possible
poisonous contaminations from the surface and to reduce more thoria,
and then aging it at 2100°.*

For circuits handling low power and for both television pickup and
viewing tubes, the oxide-coated cathode is by far the most important.
Theoretically, it is the least understood of the thermionic emitters.

This cathode consists of a thick layer of a mixture of barium and
strontium on a nickel base. The best results have been obtained when
the base metal contains a small amount of reducing agent such as Si, Tj,
Al, etc. However, fairly high emission can be obtained from the oxide
mixture on almost any base metal.

The material is prepared by coprecipitation of strontium carbonate
and barium carbonate to form a mixture containing about equal parts
by weight of the two components. The mixture, suspended in a suitable
organic binder, is painted or sprayed on a nickel base, either before or
after the base has been assembled in the final structure. After the tube
has been pumped but before it is sealed off the vacuum system, the
cathode is heated to approximately 1300°K for one minute. This drives
off the binder and reduces the carbonates to the oxide. The temperature
is then reduced to about 1100°K, and a voltage is applied between the
cathode and the nearest element. The temperature being left constant,
the voltage is gradually increased. It will be found that the current
drawn to the electrode increases and then reaches saturation. With con-
stant voltage and temperature the tube is aged for a period of 10-20
minutes. The cathode is then ready for use. The operating temperature
of this type of cathode is from 1000 to 1050°K. An oxygen-bearing film
may be formed on any electrode near the cathode which is exposed to
the evaporation products of the cathode. If the electrode is subjected to
electron bombardment, the film will decompose, releasing oxygen. This
leads to de-activation of the cathode and falling emission. The formation
of the film is prevented by maintaining the electrode at a temperature
of 1250°K, or above.

This is only one of the many activation schedules used in practice, the

* In practical vacuum-tube work involving high voltages and high power, thoriated
tungsten is not used because of the severe electrical conditions under which the
cathode operates. Under these conditions pure tungsten has been used almost ex-
clusively as the material for the emitter. Recent measurements on the rate of evapora-
tion indicate that tantalum may be a suitable electron source.
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20 EMISSION OF ELECTRONS FROM SOLIDS {Chap. 1

particular activation found most satisfactory depending upon the
specific device in which the cathode is to be used. These variations do
not, in general, increase the specific emission from the cathode material
but often decrease the percentage of failures.

As has been stated, the exact mechanism of the emission from this type
of cathode is not clearly understood. During the activation some of the
barium oxide is reduced to metallic barium either by reaction with the
base metal, thermal decomposition, or electrolysis. Part of this barium
forms a surface layer on the cathode, this being apparently a necessary
condition for electron emission. The percentage of barium oxide mixed
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Fig. 1.6.—Variation of Saturated Emission from an Oxide Cathode with Percentage
of Barium Oxide.

with the strontium oxide is not very critical. Fig. 1.6 shows the relation
between the barium oxide strontium oxide ratio and the emission.

A properly activated oxide-coated cathode has an effective work func-
tion of about 1 volt and a working emission of 300 to 400 milliamperes
per square centimeter at 1000°K. This type of emitter lends itself well
to the indirectly heated unipotential type of cathode. Two modifications
are shown in Fig. 1.7. In this diagram (e) shows an indirectly heated cath-
ode typical of those used in the ordinary receiving tube, and (b) shows
the type of emitter used in the television pickup and viewing tube.
Cathodes of this type are eminently suited for use where alternating
current is supplied to the heater; they have a long life and will stand a
great deal of abuse without losing their activation.

Before leaving the subject of thermionic emission, mention must be
made of the variation of current with applied voltage in a normal two-
electrode vacuum tube. The current-voltage relation for a diode consist-
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ing of a thermionic emitter and a collecting plate can be represented by
the curve shown in Fig. 1.8. When the plate is slightly negative a few
electrons reach it owing to the fact that some of the electrons have a
fairly high initial velocity, the number having any given velocity being
determined by the Maxwellian velocity distribution of emitted electrons.

mitting
material
. Nickel
iing cpinder
material Heater
(
Nickel ;
cyl'i?ndeer Double spiral of
ceramic insulated tungsten
heater wire
(a)

F1q. 1.7.—Indirectly Heated Cathodes.

As the voltage between the cathode and plate is reduced to zero, more
electrons reach the plate. However, the number arriving will be less than
the maximum emission, owing to the retarding effect of the cloud of elec-
trons lying between the two elements. This is known as the space-charge
effect. The action of space charge can be most readily seen by considering

Current to anode

- +
Voltage

Fic. 1.8.—Idealized Current Characteristics of a Diode,

the potential distribution between the cathode and plate. This potential
is determined not only by the voltage applied to the electrodes, but also
by the charge between them, and to determine the potential distribution
it is necessary to integrate the Poisson equation A¢ = 4urp, where p is the
density of charge in the intervening space. Fig. 1.9 shows a typical
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22 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

family of potential-distribution curves for various voltages between
emitter and plate. Clearly, to obtain the total emission current, it is
necessary to apply a positive potential such that a potential minimum
does not exist between the two electrodes. The
initial rise in current with increasing positive
potential on the plate, shown in Fig. 1.8, is the
result of overcoming the effect of space charge;
over this portion of the curve the current is pro-
portional to ¢¢*2. The rise continues until the po-
(©) tential minimum between plate and cathode no
longer exists. When this condition is reached the
current is practically independent of voltage. This
Fic. 1.9.—Effectof  value of current is called the saturation current.

?&iﬁilclg?srg;lﬁftiﬁ: Actually, the current continues to increase as

" the voltage is further raised. This effect is due to
the lowering of the potential barrier by the external field. The relation
between the applied voltage and the collected current is:

Cathode
e
Anode

4.308 g}

i=de T, (1.15)

where 7, is the saturation current and E the field strength at the emitter
in volts per centimeter. This formula was calculated by Schottky for
pure metal surfaces. Because of this contribution the phenomenon has
become known as the “Schottky effect.”

This relation does not apply to composite surface emitters or to oxide-
coated cathodes. Such emitters do not show a true saturation effect, but
instead merely a change in the rate of rise of current at the point where
space charge no longer limits the current flow. Beyond this point the
current increases much more rapidly with increasing field than is indi-
cated by the Schottky equation.

1.5. Photoelectric Emission. Photoemission, i.e., the emission of elec-
trons from matter by radiant cnergy, is of fundamental importance in
television. In order to account for the experimental facts observed in
connection with this phenomenon it is necessary to make use of the -
quantum theory of radiation, as well as the quantum mechanical picture
of metals. On the basis of this theory, radiation must be considered
corpuscular in nature, when dealing with any problems involving energy
interchange. Accordingly, radiation of frequency » behaves as though it
were composed of a vast number of particles or photons, each with
energy hv. The energy in each individual photon is independent of the
intensity of the radiation of which it is a part, and depends only upon
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its frequency. When a photon interacts with an electron, giving up its
energy, it can increasc the kinetic energy of the electron by an amount
equal to or less than hv.

When radiation falls upon a clean metal surface which is assumed to
be at such a temperature that very few of its electrons have an energy
greater than that corresponding to the top of the filled Fermi band, some
of the photons will give up their energy to free electrons. Since the maxi-
mum energy any of these electrons can have before collision with a
photon is W, masx., the maximum that
they can have as the result of a collision 5
is W, max. + hv. If this energy is greater
than the height of the barrier W ,, those
electrons which happen to be moving
toward the surface can escape. Thus,
to obtain photoelectric emission, it is N \\\\
necessary that the frequency of the .. 10 _FElectron Energies Asso-
incident radiation be greater than the ciated with Photoelectric Emission.
work function e¢o divided by Planck’s
constant k. When the frequency is in excess of this value, the photo-
electrons will be emitted with an initial velocity corresponding to the
difference in energy. The maximum initial velocity V, in electron volts
will therefore be given by the relation:

: \
NN

/o

/‘:/z

;
V.= % — 0. (1.16)

This relation has been tested, by retardation methods, for a great many
pure metal surfaces, and is found to be fulfilled within the accuracy of
the assumptions made in deriving the expression. Chief among the as-
sumptions are those that no electrons have energies greater than W, max.
and that there are no multiple collisions between electrons and photons.
Actually, electrons are emitted with velocities greater than is indicated
by Eq. 1.16 owing to the existence in the metal of electrons with energies
in excess of W, max.. More exact values for the photoelectric work func-
tion are obtained by making use of the relation derived by Fowler giving
the photoelectric yield in terms of the retarding potential and tem-
perature.

The wavelength of the radiation for which hv = e¢, is known as the
photoelectric threshold