i !

[~
e
et

VISION

V. K. ZWORYKIN
G. A. MORTON



TELEVISION

THE ELECTRONICS OF
IMAGE TRANSMISSION

BY
V. K. ZWORYKIN, E.E., Ph.D.

Director of Electronic Research, Research Laboratories
Radio Corporation of America

AND
G. A. MORTON, Ph.D.

Electronics Research Laboratory, RCA
Manufacturing Company, Camden, N. J.

FIFTH PRINTING

NEW YORK
JOHN WILEY & SONS, I~c.
Lonpon: CHAPMAN & HALL, LiMIitED

WorldRadioHistory



Copyrigur, 1940
BY
Yeapimir K. ZworykiN
AND
GEORGE A. MoRTON

All Rights Reserved
This book or any part thereof must not
be reproduced in any form without
the written permission of the publisher.

FIFTH PRINTING, JUNE, 1948

Printed in the U, S. A,

WorldRadioHistory



TELEVISION

WorldRadioHistory



BOOKS BY V. K. ZWORYKIN
AND COLLABORATORS

Television: The Electronics of Image Transmission
By V. K. ZworvkiN, Associate Director, Research Labor-
atories, Radio Corporation of America, and GrEorGr
A. MorTtoN, Research Engineer, RCA Manufacturing
Company. 646 pages, 5% by 7%. 509 figures, Cloth,
Photocells and Their Applications
By V. K. ZworykiN and E. D, WiLson, Research Engi-
neer, Westinghouse Electric and Manufacturing Company.
Second Edition. 348 pages, 544 by 814. 180 figures. Cloth.

PUBLISHED BY
JOHN WILEY & SONS, Inc.

WorldRadioHistory




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, or long-wavelength limit, and is characteristic
of the surface. Table 1.2 gives the long-wavelength limit for a number
of surfaces, the work function as determined by this threshold, and the
thermionic work function.
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TABLE 1.2*

Photoelectric Thermionic
S | Long-Wavelength Limit ' Work Function | Work Function

l .
Agoooo | 26108 ’ 4.73 4.08
Al ... | 3500 (approx.) 2.5t03.6 —
Au.............. 2650 4.82 4.42
Ca..oo.oovvil (4500) 2.7) 2.24
Cs....ooovni 6600 1.9 1.81
Koo I 5500 1.76 to 2.25 —
Mg............. >3650 <3.4 —
Pt I 1962 6.3 6.27
W [ 2650 4.58 4.52
In.............. l 3720 3.32 —

| !

* Data from Hughes und DuBridge, reference 6.

Like thermionic emission, the photoelectric emission is greatly in-
creased and the long-wavelength limit raised when a metal surface is
subjected to certain contaminations. This is particularly true when the
superimposed layer is an alkali metal. Surfaces having the greatest photo-
electric response are obtained when complex thick surface layers, having
as a final coating an alkali metal, are used. These will be described in

detail later.

Li Na KRb Cs The alkali metals, together with a
few others, and nearly all composite
surface emitters, exhibit a property
known as sclective photoemission.
This effect can be subdivided into

. ' | polarization selectivity and spectral

3000 4000 5000 6000 A° selectivity. The two types of selec-

Wave length r3r1 g

Fia. l.ll.——-SpectraIﬂSelective Effect WL s 08B0 TR occyrrmg to-

of the Alkli Metals (after Hughesand ~8ether wherever observations have

DuBridge). been made, but the investigation has

not been carried far enough to prove

with certainty that they have a common origin. Photoemission, when

plotted as a function of frequency, gives a curve falling smoothly to

zero at the long-wave threshold in the case of most clean metal surfaces.

However, when spectral selectivity is present, the emission curve is not

smooth but has one or more maxima which rise to many times the

height that would be expected without selective emission. Fig. 1.11
illustrates the spectral selectivity of the alkali metals.

Response
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When polarized light is used for this measurement, it is found that the
response to light polarized so as to have its electric vector parallel to the
emitting surface is much smaller than for light polarized in the other
plane. The ratio of the response for the two directions of polarization
is illustrated in Fig. 1.12, for several angles of incidence. It is seen to in-
crease rapidly with the size of the angle.

The surface of the ordinary practical photosensitive emitter is so
rough that no differentiation can be made between the two planes of
polarization, and measurements yield an averaged spectral selectivity.

The problem of obtaining a high photoclectric yield is twofold. First,
the work function of the surface must be made low, to increase the prob-
ability that a given electron-photon collision
will give the electron at least sufficient 80°
encrgy to cross the potential barrier. Sec-
ondly, the quantum efficiency must be high,
that is, the probability of an energy inter-
change between a photon and an electron
should be as great as possible.

As a consequence of the first condition,
all efficient photoemitters are complex sur-
faces similar to those discussed under ther-
mionic emitters. Owing to the difference in A
quantum efficiencies, however, there is not . .

3000 4000 5000 A°
an exact correspondence between the effi- Wave length
ciency of a surface as a thermionic emitter Fic. 1.12.—Dependence of
and as a photoelectric emitter. There exist Selective Photoelectric Emis-
at }?resent c'onsiderable cmpirical data §Z?Ig$3:§1§ a&ig’g:ldg?;eaﬁ’é
bearing on this phase, but only a meager DuBridge).
theoretical understanding. Hence it must
suffice to describe a number of surfaces suitable for various spectral
ranges without attempting to account for their behavior.

The photosensitive surface most widely used today is the so-called
caesiated silver surface. This type of emitter is extremely sensitive in
the red end of the visible spectrum, and its sensitivity extends well down
into the infra-red, the long-wave threshold for an ordinary surface being
in the neighborhood of 12,000 or 13,0001&, while special emitters of this
type have been made which extend as far as 17,0001&. The emission is
selective, having a maximum just at the red end of the visible spectrum,
a minimum in the green, and then an increase in the ultra-violet region.
Fig. 1.13 shows a typical spectral response curve for this type of surface.

The spectral response is sensitive to the exact schedule of activation

Responsa
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uséd in preparing the emitter, and response curves which differ greatly
from that given in Fig. 1.13 can be obtained.

The preparation of this type of surface is, briefly, as follows: A silver,
or silver-coated, sheet of metal is shaped to the form required for the
cathode in question, and mounted. Often the silver is etched to give a
matte surface. It is next thoroughly cleaned, both with solvents to re-
move all traces of organic materials, and by heating in vacuum. After
the cleaning process has been completed, the silver is oxidized. This is
done by admitting oxygen at a pressure of a few millimeters of mercury
into the tube containing the cathode and passing a glow discharge be-
tween the cathode and any other convenient clectrode. As the surface
oxidizes it will be found to go through a series of colors in the following
order: yellow, red, blue, yellow, red, blue-green (or second blue), green.

In general the oxidation should be stopped with the second blue or

first green. Caesium is then edmitted

10 to the tube, and the tube is baked for
8 a few minutes at around 200°C. If the
25 correct amount of caesium has been
&

\\/\ added the color of the finished surface

will be a brownish yellow. Too much

2000 6000 8000 100004° caesium is indicated by an almost white

o _g;‘:c':r';"' Response of tPPeATANCe of the surface, while an

Cs-CsO-Ag (Zworykin and Wilson). insufficient amount of caesium willleave
the surface a dark gray-green.

The completed surface is thought to consist of a layer of caesium oxide
interspersed with reduced silver particles and having a film (possibly in
the form of discrete atoms) of caesium covering it.

The sensitivity of this type of emitter can be still further increased if
a very thin layer of silver is evaporated over the surface of a cathode
prepared as described above, and the emitter again baked at 200°C. This
treatment increases the long-wavelength limit and also increases its
sensitivity to white light.

A similar surface can be prepared with rubidium instead of caesium.
This type of cathode has a selective spectral response which closely
matches that of the eye, and for that reason is suitable for color work,
such as, for example, the transmission of colored television pictures.
Emitting surfaces can also be prepared from the other alkali metals—
these having the peak of their response in the blue-violet or ultra-violet
portions of the spectrum.

Caesium, in conjunction with such metals as antimony, bismuth,
arsenic, alloys of antimony and silver, and many others, forms interesting
and important photosensitive emitters. These arc frequently of value

0
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when a particular spectral response is wanted, as each combination has
a more or less characteristic selectivity. For the ultra-violet portions of
the spectrum, phototubes activated with potassium which has been sub-
jected to a hydrogen discharge are frequently employed. Untreated
uranium surfaces are also found to be very effective in the ultra-violet
region. The advantage of these cathodes over caesiated silver photo-
emitters is that the dark current, owing to thermionic emission, ions, and
similar causes, is much lower. For that reason these tubes are frequently
advantageous where minute intensities of ultra-violet radiation are to
be measured.

Fig. 1.14.—Typical Hard Phototubes.

Caesiated silver surfaces of the type described above are found in
nearly all commercial phototubes. Tig. 1.14 is a photograph of two ordi-
nary commercial hard phototubes. Such a tube will yield a photoelectric
current of 20 to 50 microamperes per lumen (an incandescent tungsten
filament heated to 2800°K serving as the light source). Phototubes of
this type are evacuated to as low a pressure as possible.

Another commercial phototube employs a similar caesiated silver sur-
face, but instead of being exhausted to a very low pressure the tube con-
tains about 100 microns of an inert gas. When it is operated with about
90 volts between the anode and the cathode, the gas pressure is insuffi-
cient to allow a glow discharge. However, when electrons are released
from the cathode they ionize some of the gas molecules in the course of
their passage between cathode and anode. The ions thus generated pro-
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duce electrons which enhance the current reaching the anode. In this
way it is possible to multiply the original photocurrent by as much as
5 or 10 times. Such a gas phototube may have a photoelectric response
which is as much as 100 to 200 microamperes per lumen. The disadvan-
tages of this type of tube are twofold. First, the dark current is. quite
large, compared to that of a hard tube; and second, the gas amplification
is a function of the frequency when the excitation is intermittent light,
falling to a very low value at frequencies above 5000 cycles per second.

Before the question of photoemission is left, mention should be made
of the semi-transparent cathode. This type of emitter is made in such a
way that, when illuminated from the rear, photoelectrons are emitted
from its face. Where it is desired to obtain an electron image of an ex-
tended optical image, such surfaces are important, as will be explained
later. '

The semi-transparent cathode is quite similar in nature to the caesiated
silver surface described above, although the procedure of forming it is
somewhat different. A thin film of silver is evaporated onto the trans-
parent surface which is to support the cathode. This film should be of
such a thickness that it transmits about 30 per cent of white light inci-
dent on it. It is then subjected to an oxygen discharge until it becomes
almost completely transparent. Caesium is next introduced and the tube
is baked. Like the ordinary caesiated silver cathode this surface is im-
proved by evaporating a thin layer of silver over the activated film. A
film prepared in this way will have a photosensitivit%r of 10 to 20 micro-
amperes per lumen and a threshold at about 12,000A.

1.6. Secondary Emission. A third way in which electrons can be
given the energy necessary for their escape through the potential bar-
rier is through the interaction between them and high-velocity electrons
bombarding the surface of the emitter. The name secondary emission
has been given to this phenomenon.

Secondary emission, like photoemission, is produced by an external
excitation. It differs, however, in that each incident electron, unlike the
incident photons which produce photoemission, may cause the release
of more than one electron, the average number released by each primary
electron being known as the secondary-emission ratio. This ratio may
range from less than one electron per primary to more than ten or
fifteen, depending upon the surface bombarded and the conditions of
bombardment.

As was mentioned earlier in this chapter, the theoretical aspect of this
phenomenon is far from clear, particularly in the case of the bombard-
ment of complex surfaces. However, the observed data on secondary
emission are sufficient to permit drawing a qualitative picture of the
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mechanism of the release of electrons. A brief summary of the salient
points of these data is given in the next few paragraphs.

The secondary-emission ratio of most clean metal surfaces is quite
low, that is, in the neighborhood of one or two. A few exceptions may
exist for which the ratio is as high as four or five, but such values have
been observed only for metals which are extremely difficult to free from
contamination, even with the best technique known. Calcium, beryllium,
barium and the alkali metals arc examples of the apparent exceptions.
Recently some observations have been reported* on caesium purified by
careful multiple distillation, which indicate a very low ratio, whereas
heretofore it had been considered one of the best pure metal emitters.
This lends validity to the generalization that pure metal surfaces have
a low secondary-emission ratio.

On the other hand, a very small amount of surface contamination may
raise the emission to a high value. For example, a layer of oxygen alone
is sufficient to double or triple the emission from such metals as mag-
nesium, aluminum, or beryllium. Complex surfaces, similar to those used
as photoemitters, consisting of caesiumn oxide and caesium, or rubidium
oxide and rubidium, are among those cxhibiting the highest ratio, being
capable of emitting more than ten secondary electrons per primary elec-
tron. Very thin layers of alkali halides on certain metals also have very
high ratios, even higher than the complex caesium surface mentioned
above, although they are much less stable than the latter.

The velocity of the bombarding electrons is important in determining
the secondary-emission ratio of a given surface. In general the ratio is
small at low voltages, increasing with an increase in voltage to a maxi-
muin at 300 to 600 volts for the primary beam, after which it decreases
slowly with a further increase in boinbarding voltage. Figs. 1.15 and 1.16
show the variation of ratio with bombarding voltage. Fig. 1.15 illustrates
the cffect for a few pure metal surfacest, typical complex surfaces being
shown in Fig. 1.16.

Apart from the velocity of the bombarding electrons and the nature
of the surface, the secondary-emission ratio depends upon the angle of
incidence of the primary beam. At normal incidence the ratio is a mini-
mum and increases as the angle tends towards grazing incidence. The
rate of increase of yield with angle of incidence is greater for high-
voltage primary electrons than for low. The form of the dependence
upon bombarding angle can be seen from the measurements of H. O.
Miiller], shown in Fig. 1.17.

* See Bruining, references 16 and 19.
t See Kollath, reference 11.
1 See Miiller, reference 18.
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Observations on the velocity of emission of secondary electrons reveal
that the electrons may be conveniently classified in three groups. First
there is a group of electrons which leave the surface with essentially the
same velocity as that of the primary electrons. These electrons are often
spoken of as reflected electrons. In general, this group constitutes but a
small fraction of the total emission. Second, there is a group of low-
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Fic. 1.15.—Secondary Emission Ratio for Various Metals (after Kollath).

velocity electrons. Iinally, there is a background of elcctrons with veloci-
ties distributed more or less uniformly between the two. The low-velocity
group is the primary concern of the present discussion because it makes
up the bulk of the emission. An idealized velocity-distribution curve is
given in Fig. 1.18, illustrating the three types of emission.

1 1
500 1000 voits
Primary beam voltage

Fr¢. 1.16.—Secondary Emission Ratio of Complex Alkali Surfaces.

For the pure metals, where the secondary emission is relatively in-
efficient, the distribution rises sharply to a maximum at a relatively low
velocity (usually under 5 volts) and then decreases slowly until it merges
with the background at 25 to 50 volts. The velocity distribution of the
low-velocity group for molybdenum is shown in Fig. 1.19. The velocity
distribution of the more efficient emitters is much narrower than that
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of the pure metals. The electron-optical properties, equilibrium poten-
tial determinations, and retardation measurements indicate that more
than 85 per cent of the emitted electrons from a good caesiated-silver
emitter (ratio 8 to 10) have velocities under 3 volts. Special emitter
surfaces containing magnesium and
magnesium oxide having a ratio of 6
or 7 have a distribution width about
twice that of caesiated silver. The
shape of the distribution curves re-
sembles somewhat that of a Maxwel-
lian energy curve but differs from it
in detail. )
Accurate measurements of the 7o /eu
velocity distribution are very difficult. N
Scattering effects, contact potentials, \y
uncertainty as to the exact state and
composition of the surface under ex- '
amination, all contribute towards 905 60° 30° 0 _3'o° 50° 90°
making the results .inconclu§ive. For . LN'{"_‘{::;::{:’:‘:{ Secondary
these reasons there is a paucity of re-  Emission Ratio with Angle (after
liable information on this phase of the Miiller).
secondary-emission phenomena. The
information available on secondary emission is not sufficient to per-
mit an unambiguous explanation of the phenomenon. Until further data
on this form of emission are forthcoming, it is possible to formulate only
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F16. 1.18.—Idealized Velocity Distribution of F16. 1.19.—Velocity Distribu-
Secondary Electrons. tion of Secondary Emission from

Molybdenum.

tentative mechanisms which account for at least some of the features
observed experimentally.
Like the previously described forms of emission, secondary emission
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requires that electrons in the metal be given a velocity which has a nor-
mally directed component of sufficient magnitude to permit their escape
through the potential barrier. This energy is obtained through a collision
or interaction between the incoming electron and electrons in the metal.
Obviously, since secondary emission ratios of ten or more can be ob-
tained, an incident electron must give its energy directly or indirectly
to many internal clectrons. Probably only a small fraction of the elec-
trons which receive this energy actually find their way through the
surface.

The assumption of a collision between an incident electron and a free
electron in the metal cannot account for the latter acquiring velocity in
a direction which would permit its escape. This is so, of course, because
in an elastic collision between two electrons momentum must be con-
served, just as it is for any other type of particle. The momentum vector
of the electron struck must therefore make an angle of less than 90°
with that representing the momentum of the incident electron before the
collision. The experimentally observed initial velocities of the emitted
electrons have components of motion opposite to that of the bombarding
electrons and necessitate the assumption that a third element is involved
in the collision. A number of mechanisms will suffice to account for
motion in this direction—for example, multiple collisions, an interaction
between the lattice and the incident or emitted electron, or a collision
between the incident electrons and internal electrons which are bound
to the lattice. H. Frohlich in his interpretation of secondary emission in
terms of quantum mechanics shows that there is a possible interaction
between the atoms of the metal lattice and the conduction electrons
which is sufficient to account for a yield in the neighborhood of unity.
This theory explains much that is observed in the case of pure metal
surfaces, but is scarcely applicable to compound surfaces.

The increased secondary-emission ratio observed when a metal sur-
face is contaminated with foreign atoms may be due to an increased
probability of interaction. This increase in interaction is possibly the
result of a partial binding of electrons by the surface layer. Such a sur-
face layer ‘may also reduce the work function of the surface, although
this is of less importance. There are many instances wherein the second-
ary-emission ratio is very greatly increased by a surface layer which
definitely increases the work function. For example, a pure tungsten
surface whose work function is 4.52 volts has a maximum ratio of about
1.5 or less. When it is contaminated with a layer of oxygen which raises
the work function to 9.25 volts, the ratio is increased. Oxygen on alumi-
num, beryllium, or magnesium, ete., acts in the same way. The con-
tamination of the surface with a material which definitely lowers the
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work function also greatly increases the ratio. The effect in this case is
probably twofold, being due both to an increased interaction between
the electrons and to a reduction in work function.

Surfaces consisting of oxidized silver treated with caesium give a very
high yield. The final step in the activation of such a surface is exposure
to caesium. Therefore a layer of uncombined alkali is present, giving the
characteristic low work function. If, after activation, the surface is ex-
posed to oxygen, thus eliminating the free caesium and increasing the
work function, the emission ratio drops by nearly 50 per cent. The low-
ering of the ratio in this instance is probably primarily due to the in-
crease in work function rather than to any major change in the proba-
bility of interaction.

The relation between the probability of excitation and the velocity of
the incident electron is rather complicated and not completely under-
stood. Each excited electron removes some energy from the incident
electron, so that if the latter has a given amount of energy it can excite
only a limited number of metal electrons. Therefore the total number
excited by a bombarding electron increases with bombarding voltage.
However, the probability of excitation per unit length of path of the
incident electron decreases as the voltage increases. At low. voltages the
incoming electron loses its energy very near the surface, and excited
electrons which have velocities of the required magnitude and direction
do not have to travel far in the material before escaping. In this velocity
range, therefore, the yield increases with voltage. At high voltages the
incident beam penetrates further into the emitter, and, although the
total number of excited electrons produced is greater, most of them origi-
nate at depths too great to permit their escapes; hence above a certain
optimum bombarding voltage the cmission ratio decreases. If the high-
velocity electrons enter the surface at a small angle the depth of origin
of the excited electrons is less than for normal incidence, and conse-
quently the secondary-emission ratio is greater.

De Boer, Bruining, and others have proposed a somewhat different
mechanism, based on their-extensive experimental work in the field of
secondary emission. Some of the salient features of the explanation sug-
gested by this school of thought are:* '

1. When primary electrons fall on a metal surface they excite prin-
cipally electrons which are bound to the lattice atoms rather than con-
duction electrons.

2. Although large numbers may be excited, relatively few escape, be-
cause of the high absorption in metals. This absorption is due to the

* See De Boer and Bruining, references 3, 16, 17, and 19.
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existence of the partially filled permitted energy band which character-
izes a metal.

3. Good emitting surfaces are thin insulating films, which, having no
unfilled permitted energy band, offer little absorption to the excited
electrons, so that a large number can leave the material.

4. To be a stable secondary electron source, the insulating layer must
have means for replacing the electrons which have been emitted.

5. The work function plays a relatively unimportant role in this form
of emission because of the high initial velocities.

Secondary emission can be utilized in electronic devices to intensify
an electron current. Its value for this purpose depends to a large extent
upon its noise properties. Thercfore this phase of the phenomenon war-
rants some consideration in the present discussion. Like the shot noise
from a thermionic or photoelectric emitter, the noise from secondary
emission is a statistical effect. If certain assumptions are made concern-
ing the way in which the electrons are emitted, the magnitude of the
fluctuation current can be calculated.

In striking the secondary emissive surface, each primary electron
causes the release, on the average, of R electrons, where R is the second-
ary-emission ratio. However, this does not mean that each individual
incident electron causes the emission of exactly R secondary electrons,
although this possibility cannot be excluded a priori from consideration.
In general there will be a certain probability p(z) that a given primary
electron will produce z secondary electrons. On this basis the probability
that n-incident electrons produce N secondaries will be:

t=n
P(Nmn) = Z 11 p(zy). (1.17)

ZzimNiml
The primary clectrons, whatever their source, will be subject to some
kind of fluctuation, and therefore the number, n, arriving in a unit of
time must be put on a probability basis. Let P(n) be the probability that
exactly n electrons arrive during a given unit of time, and let 7 be the
average number per unit time. The probability that N electrons will

leave the surface then becomes:

PN) = A’P(n) P(Nn) dn. (1.18)

Finally the mean square deviation from the expected number of second-
ary electrons Rn will be:

ANt = f] P(N) (N — Rn). (1.19)
N=0
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This mean square deviation in the number of electrons emitted per
unit time can, of course, be related to a mean square fluctuation current
over any desired frequency band by

1,?2= 282W (f2_fl);

as was shown in an earlier section.

Before this expression representing the noise effective over a given
frequency band can be evaluated, the various probabilities involved in
its derivation must be determined. The probability P(n) for the incident
beam depends upon the clectron source. If it is a photoelectric cathode
or an emitter of similar nature, the electron arrival will be purely ran-
dom; in other words, the probability P(n) can be expressed by the
normal law:

P(n) = 1__:e 2, (1.20)

Assigning values to the probabilities p(z) involves assumptions which
imply various mechanisms of secondary emission.
One assumption, and perhaps the simplest, is that:

p(Z) = 11 z= R,
p(2) = 0, z2# R;

or, in other words, that every primary releases just R secondaries. From
this it follows that:

P(Nn) =1, N = Rn,
P(Npn) =0, N = Rn.
Eq. 1.18 can now be written:
| ety
P\N) = 2R, (1.21)

— ¢
V 2mnii?
The mean square deviation, according to the ordinary principles of prob-

ability, is:

AN? = R'n, (1.22)
or, in terms of current fluctuation,
‘i—,,2 = 26R21:o (f2 = fl), (1.23)

where ¢, is the primary current.

This result can be obtained without resorting to the above calculation
by merely considering that the expected noise is that due to the random
emission of particles of charge eR, producing a current ¢ = 4,R. The cur-
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rent fluctuations predicted by Eq. 1.23, however, do not fit the data de-
rived from noise measurements, indicating that the assumptions used
in its derivation are not valid.

A more reasonable assumption is that secondary emission itself is a
random phenomenon. If the primary beam entering the target material
excites a large number of electrons, only a few of which have velocities
such that they are able to escape, it is not unreasonable to postulate the
following two conditions:

1. The probability P of emission of any one of the m electrons excited
by the beam is small compared with unity.

2. The emission of a secondary electron does not appreciably alter the
probability of emission of the remaining excited electrons.

Assuming that these two conditions are fulfilled, the binomial theorem
of statistics expresses the probability p(z) that z electrons will be pro-
duced by a given incident electron. Therefore:

m!
- p#1 - m-: 1.
PE) = w70~ P (1.24)
where the expectation mp is, of course, equal to R.

The probability of obtaining N secondary electrons from n primary
electrons, which can be found with the aid of Eqs. 1.24 and 1.17, is:

(nm)

P(Nm) = (m — NN

- p¥(1 = p)rm. (1.25)

Since both mn and N are large and p is small compared with unity,
Eq. 1.25 can, by means of Stirling’s formula, be reduced to:

_ (N —nR)?
P2y (125(1)

1
P(Nn) = ———=
WNin) = ok
Again by making use of a perfectly random primary electron beam (i.e.,

Eq. 1.20 and Eq. 1.25¢ in Eq. 1.18), Ehe probability of obtaining N
secondary electrons from an average of n incident clectrons will be:

PV S ML
2N —— 2nR n
) = \/ 2,m \/51:%1\3e
_(N-nR)

— = T 2n(R+RY, 1.26
BRY% 21rn(R + R (1.26)

Therefore the mean square deviation is:

AN? =n (R*+ R), (1.27)

WorldRadioHistory



Sec. 1.6] SECONDARY EMISSION 37

and, by the same reasoning as before, the mean square current fluctua-
tion over a frequency band (f2 — f1) when the primary current % strikes
the target is expressed by:

T.2 = 2¢(R*+ R) ©o(f2 — f1)- (1.28)

This relation is in close agreement with results obtained from efficient
emitting surfaces operated at voltages below that required to give maxi-
mum yield.

Comparing Eqgs. 1.11 and 1.28, it will be seen that 1.28 consists of two
parts, one giving the multiplied noise in the primary current, the other,
which has the form

;,7 = 2eRio(f2 — f1), (1.29)

expressing the noise generated by secondary emission itself.

For poor emitters, or good emitters operated at high voltages, this
latter portion of the noise is increased, so that in the general case it
should be written as:

att = 2ekRio(f2 — f), (1.29q)

where k has a value close to unity for good emitters operated under con-
ditions corresponding to those found in practice where secondary emis-
sion is used for current intensification.*

The explanationt brought forward to account for the departure of k
from unity is that under conditions of poor emission an appreciable
number of primaries strike the target and produce no true secondary
electrons, because they are either absorbed by the emitter, or they are
reflected from it. Owing to this, the effective primary beam is decreased,
and the ratio for those electrons which do cause emission is greater than
the observed secondary-emission ratio R. If this is the correct explana-~
tion, the factor k is not independent of R. Taking Py as the probability
of an electron being lost, k£ has the form:

PLR

k= 1.
1—pr.t

For engineering noise calculations in cases of practical secondary-emis-
sion intensification, ¥ may be taken as unity.

Secondary-emission multipliers in general consist of cascaded stages,
each intensifying the current from a preceding stage. Diagrammatically
a multiplier phototube can be represented as shown in Fig. 1.20. Elec-
trons originate as photoelectrons from the cathode of the tube. These are

* The factor k corresponds to p used in Zworykin, Morton, and Malter, reference

14, and to bm in Shockley and Pierce, reference 22.
t See Kurrelmeyer and Hayner, reference 21.
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38 EMISSION OF ELECTRONS FROM SOLIDS [Chap. 1

directed, by a suitable electron-optical system, onto the first target,
where they produce secondary electrons. This secondary emission is
directed to the second target, and in turn generates more secondaries.

The multiplier just described, if the initial photocurrent is 7, will have
a current output of:

I,= R"4,

where R is the secondary-emission ratio of each stage and » the number
of stages. The noise contributed to the output can be calculated for each

1st target 3rd target

Col.

Cathode
2nd target 4th target
Fig. 1.20.—Secondary Emission Multiplier (Schematic).

successive stage, as shown in the following table, and the total noise
found by summation.

Noise from photocathode f.* = R*" 2¢Fi, = R" 2¢FI
Noise from first target Tn? = RE*—V2eFRiy = Rn—12eFI
Noise from second target 7,.,° = R**~22eFR%,= R"»—%2¢FI

Noise from nth target Tont=2eF R" 1y = 2eFI

The total noise is therefore:

'i,,2=(R"+R"—l+R"—2' . +1) 2eFI

Rn+l_1 n+1
AW ) PV
R_1 =5

2eF1.

In order to compare the noise given by this equation with the actual
noisc measured from several multipliers, the following measurements
were made:

No. of Stages Overall Gain Observed Calculated
(n) Rn ix2/2eF I ix2/2eFI
3 60 77 80
3 28 40 41
3 6.8 12.1 13.3
2 29.5 26.2 36.0
1 6.0 7.2 7.0

WorldRadioHistory



See. 1.6] SECONDARY EMISSION 39

The measurement is sufficiently good to indicate that for practical
noise calculations, such as are required in television or radio technique,
these equations are adequate. These data are not sufficiently accurate,
however, for an exact determination of k. On the basis of the measure-
ments given, k is found to vary over a range of values which lie within
4 20 per cent of unity.

Since secondary emission is rapidly increasing in importance as a
means for intensifying small electron currents, a discussion of the method
of activation for caesiated silver emitting surfaces is not out of place.
The preparation follows closely that used in producing a caesiated silver
photoemitter. The target to be processed may be made of silver, or of
any other metal plated with a heavy layer of silver. The silver should be
relatively free from metallic contamination, such as alloyed copper.
Before the activation is started the surface of the target must be thor-
oughly cleaned, both before and during the exhaust of the tube contain-
ing the target. The surface is then oxidized by the same procedure
employed for the corresponding photoelectric emitter. After the tube has
been pumped free from oxygen, caesium is admitted. The amount of
caesium needed to obtain maximum yield is somewhat less than that
required to produce an optimum photoemitter, the quantity required
being dependent upon the degree of oxidation. The tube is next baked
at 200°C to permit a reaction between the silver oxide of the target and
the caesium. The activated surface thus formed should have a brown
color.

The response, unlike that for a caesiated silver photoemitter, is not
increased by silver sensitization, that is, by evaporating a thin layer of
silver on the finished surface. Such a procedure reduces the secondary
emission ratio to less than half its optimum value.

The similarity between the photoelectric and secondary-emission acti-
vation of silver is of considerable advantage in the processing of the
photoelectric secondary-emission multiplier. Because of it, it is possible,
by oxidizing the silver of the targets slightly more than that of the photo-
cathode, to activate the two types of surfaces simultaneously.

Other secondary-emission surfaces, giving a high yield, are also of im-
portance. Caesium-activated beryllium-beryllium oxide, and rubidium-
activated silver-silver oxide, are both excellent emitters. Various alloys
can be formed which, when activated, will give relatively high emission
ratios, even at temperatures above 500°C. These alloys are of particular
value for multipliers designed to handle large amounts of power.

Insulators and materials of very low conductivity also emit secondary
electrons. The range of secondary-emission ratio is about the same as
that for conducting materials, extending from 10 or 11 for caesium-
treated mica down to less than unity for certain of the fluffy oxides. The

WorldRadioHistory
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ratio varies with the velocity of the incident electrons in much the same
way as it does for conducting emitters. When an insulator is bombarded
with electrons its surface must assume a potential such that the net
current to or from it is zero, since electrons will not flow through the
material to compensate for any change in the number at the surface.
Two potential equilibria fulfill this condition: the first is for the surface
to become so negative that the primary electrons cannot reach it; the
other is for it to assume a potential which is slightly positive with respect
to the element collecting the emitted electrons so that the secondary-
emission current is not saturated, and the current which leaves the
surface is just equal to the primary current. The latter is possible only

when the saturated secondary-emission

" —~Secondary emitting layer ratio is greater than unity.
Because current does not flow through
Insulator . . 0
_ - a target made of insulating material,
\\\ N NN measurements of the secondary-emission
ratio must be made by ballistic methods.
In making these measurements advantage
Fi6. 1.21.—Thin Film Field can be taken of the capacitance between
Emitter. the surface of the target and a conducting
surface backing it up.

Directly or indirectly, the secondary-emission properties of dielectrics
are of considerable practical interest. The secondary emission from the
glass walls of electronic devices often plays a role in their operation. The
phosphors used in cathode-ray oscilloscopes and television receiving
tubes to transform the energy of primary electrons into light are non-
conductors. Their secondary-emission properties are therefore important
in determining their performance, as will be discussed in Chapter 2.

A phenomenon closely related to secondary emission is thin film field
emission.* The type of surface exhibiting this effect can be represented
diagrammatically as in Fig. 1.21. Two distinct layers make up the com-
plex surface of this emitter. The outermost layer, which has a very high
transverse resistance, is activated so as to have a secondary-emission
ratio greater than unity. Under it is a thin insulating film. When the
outer surface is bombarded it tends to assume a potential approximately
equal to that of the collector, as was explained in the discussion of the
secondary emission from insulators. When the collector is at a positive
potential with respect to the target, a very high gradient will exist be-
tween the metal surface and the outer layer. By using an extremely thin
insulating film, the field developed can be made sufficiently intense to
draw electrons from the metal and cause them to pass through the di-

* See Malter, reference 23.
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electric into the space beyond. The ratio of emitted current to primary
current for this type of surface may be several thousand. However, the
emitted current responds very slowly to changes in primary current
owing to the storage of charge on the surface. This limits the utility of
the phenomenon.

A very similar phenomenon was observed somewhat earlier by Giin-
therschulze* in gas discharges when the cathode was coated with an
insulating powder.
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CHAPTER 2
FLUORESCENT MATERIALS

Strictly speaking, there is no doubt that the title of this chapter
is a misnomer. More exactly, the phenomenon to be discussed is that of
cathodoluminescence, and the materials which manifest this effect are
known by the general name of phosphors. However, the use of the term
“fluorescent materials,” instead of the more exact name, is so wide-
spread that the latter seems almost an affectation.

2.1. Luminescence. The conversion of energy invisible to the unaided
eye into visible light is a very common phenomenon. When this conver-
sion takes place at a temperature less than that required for incandes-
cence, the emission of light is known as luminescence. Luminescence is
commonly subdivided into groups classified according to the mecans of
excitation. Table 2.1 lists the more important groups, together with the

TABLE 2.1

CLass Excrration

Photoluminescence Radiant energy; visible part of spectrum; x-rays; ultra-violet.
Cathodoluminescence Electron bombardment.

Radioluminescence Radiation from radioactive sources.
Triboluminescence Disruption of crystals, as by grinding, abrasion, etc.
Bioluminescence Biochemical reactions.

Chemiluminescence ~ Chemical reactions.
Thermoluminescence Temperature-excited light in excess of black-body radiation.

means of excitation. Furthermore, luminescence—irrespective of the
means of excitation—is divided into fluorescence and phosphorescence.
Expressed inexactly, fluorescence is luminescence which ceases almost
immediately upon removal of the excitation, whereas in phosphorescence
the luminescence persists. It is difficult to give a more rigorous definition
of these terms since, as yet, there is no generally accepted criterion to
distinguish between them. The most commonly used time limit for the
duration of fluorescence after cessation of excitation is 10~% second (i.e.,
the average time required for an excited atom to return to its normal
state).

Cathodoluminescence, as can be seen from Table 2.1, is excited by bom-
barding the material with electrons. There are a vast number of sub-
stances which have the property of luminescing when thus bombarded.

43
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In fact, nearly all inorganic compounds which are non-metallic crystals
exhibit this effect to some extent, together with a great many organic
compounds, non-metallic elements, and glasses.* However, for most ma-
terials the efficiency of the production of light is extremely low, and,
therefore, they are of no interest in the present consideration, which
will be restricted to the relatively few materials, natural or synthetic,
which are efficient phosphors.

F1e, 2.1:—A Modern Research Laboratory for the Investigation of Luminescent
Materials (RCA Manufacturing Company).

2.2. Requirements of a Phosphor. In television work a phosphor is
used in the form of a screen which serves to convert the encrgy in a
scanning electron beam into the light which makes up the reproduced
picture.

One of the prime requisites of the screen material is that it be an
efficient converter of energy. In addition to this requirement it must
have the following properties:

The ability to produce high, instantaneous, intrinsic brightness.
Stability and long life under electron bombardment.
Suitable electrical properties.
* Weak cathodoluminescence has been reported for certain metals by R. Toma-~
schek. '
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A low vapor pressure.
A color pleasing and restful to the eye.
A duration of phosphorescence not longer than a picture period.

The above seven items are essential, but certain other properties are
highly desirable. For example, the luminous output should be approxi-
mately linear with current over a wide range, the material should be
easy to apply, and its preparation should be commercially practical.

Until quite recently very little was known about the synthesis of
phosphors. Early investigators in the field of cathode-ray television were
forced to rely largely on naturally occurring materials suck as willemite
and zinc blende. However, it is now possible to synthesize phosphors
which are far superior to the best naturally occurring material in every
respect. Therefore synthetic substances will be the subject of most of
what is to follow.

2.3. The Nature of Inorganic Phosphors. A few solids exhibit strong
luminescence in their pure state. This statcment must, of course, be
qualified because there is no measure of absolute purity; however, the
luninescence continues unchanged in these solids even when they are
purified to such an extent that the spectrograph fails to reveal the pres-
ence of foreign material. Bariuin platinocyanide and zinc sulphide, for
exainple, are such substances.

Most phosphors depend for their luminescence upon the presence of
an “impurity,” or activator. The activator influences not only the effi-
ciency of the phosphor but also the color of its luminescence and the
duration of phosphorescence. Therefore, by controlling the quantity and
nature of the activator during the synthesis of the material, the desired
properties can be obtained. The flexibility of this second class of phos-
phors has resulted in its wide usc for practical television purposes.

In general, the second type of phosphor is made with three coinpo-
nents. These are the base material, a flux, and finally the activator.

The base should be a colorless, clectronic semi-conductor and must be
crystalline in nature. Examples of such materials are Zn0, CdO, MgO,
AlLQOs, TiO,, CaO, Si0,, CdS, and ZnS, all of which are good phosphor
bases. These materials all exhibit semi-conductivity due to the motion
of electrons through the crystal. Substances which have a sharply defined
cation-to-anion ratio, such as the alkali halides, are very poor cathodo-
luminescent bases. Likewise, semi-conductors which do not depend upon
the motion of electrons for their conduction, such as Cu,0, FeO, NiQ,
and CuCl, do not form efficient bases.

Summarizing the qualifications of good base materials, they must be
nearly colorless compounds which have their cations combined in their
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highest (and, preferably, only) valence states, and which tend to have
an excess of cations. In addition, the material must be sufficiently stable
not to disintegrate under the electron beam.

The second component, the flux, is not necessary in the preparation of
all types of phosphors. This material, usually an alkali or alkaline-earth
halide, plays a role only during the crystallizing process. The flux aids
in the crystallization of the substance and is removed subsequent to the
final heating after it has completed its pseudocatalytic action.

A small quantity of certain metals, say 1 atom to every 100,000 atoms
of the base, added to a suitable base will tremendously increase the lumi-
nous efficiency of the base material. Such a metal is known as an activator.
The theory of the activator is understood qualitatively only, but there
is available a great deal of empirical data about the action of various
elements as activators. The best activators are metallic elements having
a multiplicity of valences. For example, Cu, Ag, Bi, Cr, and Mn are all
exceilent activators, although they do not, of course, behave uniformly
toward all bases. The presence of more than one activator in a base usu-
ally results in a less efficient phosphor than if the best activator is used
alone, but sometimes desirable color changes can be produced by the
addition of a second element. When one activator is used the quantity
present is not critical, and the curve of efficiency as a function of the
amount of activator usually exhibits a very broad maximum.

It is interesting to note that certain elements, known as “killers,” or
poisons, when present even in an amount small compared with that of
the activator, result in a very great reduction in the luminous efficiency
of the phosphor. Fe, Co, Ni, and Pb all behave in this way. Their action
is to suppress the processes of phosphorescence and thereby reduce the
total emitted energy. Minute quantities of these elements are often used
in the preparation of fluorescent screens where a short time lag is de-
sired.

The exact method of synthesizing a phosphor depends upon the par-
ticular material; however, there is a basic procedure common to most
phosphors.

The base material, together with the flux, when used, are ground to-
gether in a clean, inert crucible. To this is added the activator required
to produce the desired color—generally in the form of an aqueous solu-
tion of the salt of the metal used as activator. After drying and regrinding,
the mass is heated and allowed to crystallize. The phosphor may then be
put through a final grinding process to comminute the crystal particles
to the size required for application to the screen of the viewing tube.

2.4. General Properties of Inorganic Phosphors. Nearly every step
in the preparation and subsequent handling of a phosphor has a marked
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influence on its properties. This includes not only the kind and quantity
of activator but also the crystallization procedure, the grinding, the
composition of the base, etc. Some of these effects are illustrated in the
following examples.

The spectral output of zinc orthosilicate under different conditions of
preparation is shown in Fig. 2.2. Curve (1) is the luminescence of the
pure base. The addition of a small amount of manganese results in curve
(2a) if the material is cooled slowly. More of the manganese activator
increases the luminous output without change in spectral characteristics.
Eventually an optimum is reached represented by curve (2¢), and further
addition of manganese results in a gradual decrease in efficiency. If the

100} 1 |a Willemite
. 2a | o Willemite + Y59 Mn
275 2bla o +'/5Mn
&
2 2¢|laa 4+ 1Mn
<50
3 2djaa *  42Mn
3a " +1Mn
2 B
358 ¢ +43Mn

2a Eye max.
4000 4500 5000 5500 6000 6500 7000 A°

F1c. 2.2.—The Effect of Preparation and Activator on the Spectral Characteristics of
Zinc Orthosilicate.

material, instead of being cooled slowly, is quenched rapidly from 4 melt,
quite different results are obtained. An amount of manganese activator
equal to that which previously resulted in the material giving curve (2¢)
now leads to a yellow phosphor shown in curve (3a). As the amount of ac-
tivator is increased the color of the luminescence shifts to longer wave-
lengths. Curve (3b) is that of a material having three times the amount
of manganese used to obtain curve (3a).

Another interesting series is that of a zinc cadmium sulphide base
with a silver activator, the ratio of zinc to cadmium being varied. Fig. 2.3
shows a family of curves illustrating the behavior of this series. Pure
zinc sulphide has the blue luminescence shown by curve (ag). The addi-
tion of silver activator increases the energy efficiency and shifts the
spectral output further into the blue [curve (a)]. As cadmium replaces
zinc in the base the color response shifts toward the red. With increasing
cadmium the output goes through a maximum and decreases until, for
silver-activated cadmium sulphide alone, a rather weak, deep red lumi-
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nescence is obtained. This is illustrated by the sequence of curves ),
(0), (d).

As in the two examples cited, a similar series of complicated phe-
nomena is observed for nearly every phosphor group.

In addition to the crystal structure, the state of strain is an important
factor in determining the luminous efficiency. TFor example, a freshly
prepared phosphor which has high efficiency can be completely ruined if
it is violently ground. Even a quite gentle grinding will reduce the effi-
ciency to some extent because it will leave a strained surface layer over
each grain.
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F16. 2.3 —The Variation of Spectral Characteristics of Zine Cadmium Sulphide with
Zn : Cd Ratio.

The surface brightness of most phosplors is proportional to the current
density of the bombarding electrons for low values of current density.
As the density is increased the material saturates and the brightness rises
less rapidly. The form of the saturation curve and the current value at
which saturation begins depend upon the kind of material used and upon
its treatment.

The relation between light output and beam voltage is rather difficult
to determine for reasons that will be made clear in a later section. Avail-
able measurements indicate that over the working range of the material
the light output from a phosphor is proportional to some power of the
voltage, the cxponent lying between 1 and 2.

In actual television practice, the beam which serves as excitation is on
a given arca for a length of time equal to about 0.1 or 0.2 microsecond.
The light emitted from the arca continues for several hundredths of a
second, as can be seen from the persistence curves shown in Figs. 2.10
and 2.14. The greater part of the light energy, therefore, is released after
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the beam is no longer exciting the area in question. In other words, the
phosphorescence of the material provides most of the light. The total
light energy released, i.e., the light intensity integrated over the time it
persists, is approximately proportional to the energy supplied to the
phosphor, rather than to the instantaneous power in the cathode-ray
beam. Thus, if a beam of 10 zA and 6000 volts excites a given area for
10-® second, the light averaged over 2/100 second will be approximately
the same as that produced by an excitation at 100 A for 10~7 second.
The accumulative effect should not be considered as a rigorous law, and it
exists only over periods of time which are short compared to the decay
time and for currents well below the saturation of the phosphor. As will
be explained in a later chapter, the effect has been applied to the type
of picture transmission involving velocity modulation.

A final consideration in this general survey is that of the effect of
temperature on luminescence. The thermal state of the phosphor has a
much greater effect on phosphorescence than on fluorescence. At very
low temperatures, fluorescence decreases and, in some cases, may alter
its color radically; this occurs only at temperatures around that of liquid
air. Between — 80°C and 300°C there is very little change in such
phosphors as zinc orthosilicate and zinc sulphide, but if the temperature
is carried much above 300°C the fluorescence decreases rather rapidly.
The effect of a decrease in temperature on phosphorescence is to in-
crease its duration and lower its intensity. Calcite is an excellent illus-
tration of this. At room temperature, this substance has a brilliant orange
phosphorescence which continues several minutes. If a calcite crystal is
excited by cathode-ray bombardment and then cooled, the brilliancy
decreases until it finally disappears. If it is again warmed up to room
temperature the phosphorescence reappears without further excitation.
If it is raised to a high temperature, the brightness increases and the
duration decreases. An excited calcite crystal may be kept for days at
liquid-air temperature, and then made to phosphoresce merely by bring-
ing it up to room temperature. This behavior indicates that a certain
quantity of energy available for phosphorescence is stored in the crystal,
and that its rate of release in the form of light is a function of tempera~
ture. Thus, at a high temperature it is emitted very rapidly, giving
brilliant luminescence and rapid decay, while at a low temperature this
energy is released slowly over a long period of time.

In the next section, which briefly discusses the mechanism advanced
by quantum physics to explain the phenomenon of luminescence, it will
become evident why this behavior of phosphorescence is to be expected.

2.5. The Theory of Luminescence. To account for the phenomenon
of luminescence it is necessary to make use of the quantum-mechanical
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aspect of crystalline semi-conductors. This aspect of metals was dis-
cussed in the preceding chapter, and it was there concluded that elec
trons were distributed in an encrgy band whose characteristics are given
by Fermi-Dirac statistics. Ior the present purpose it is necessary to
consider not only the energy distribution of the electrons themselves,
but also the energies it is possible for an electron to have.

The atoms in any crystal are so arranged that they produce a poten-
tial field having a three-dimensional periodicity corresponding to the
lattice structure. Electrons moving in this field have kinetic and poten-
tial energies which are determined by their quantum state and their
position. If the possible energies that these electrons can have are calcu-
lated on the basis of quantum mechanics, taking into account the ex-
clusion principle, it is found that they can occupy only certain energy
bands, there being other bands in which it is impossible for electrons to

Permitted
bands

Energy

d
Fic. 2.4.—Energy Bands in a Crystal (Schematic).

exist. This is clarificd by Fig. 2.4, which shows a single row of atoms,
energy being indicated by the ordinate and position by the abscissa. The
shaded areas in this figure are those in which electrons can exist; the
unshaded regions are the so-called forbidden energy bands. The three-
dimensional case of a real crystal, although much more complicated,
is the same in principle.

In a metal the clectrons only partially fill a permitted band, and
therefore are capable of receiving very small increments of energy. This
permits them to assume a drift motion under the influence of a field,
which accounts for the observed conductivity. The system of permitted
and forbidden bands in no way alters the picture of the electron be-
havior in metals given in Chapter 1.

When, however, the electrons just suffice to fill completely the per-
mitted band they occupy, they are not capable of accepting an incre-
ment of energy which is less than that required to raise them to the
next permitted band. The crystal will then be either an insulator or a
semi-conductor, the distinction being one of degree rather than kind.
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An insulator is a material having the next permitted band widely
separated from the filled band; a semi-conductor, one in which the bands
are close together.

Luminescent materials are, in general, semi-conductors and therefore
have no partially filled permitted energy bands. Any incident electron
cannot impart to the internal electrons an amount of energy less than
that required to raise them to the next permitted band. This is illus-
trated in Fig. 2.5, which shows a simplified energy diagram with one
filled band and one unoccupied per-
mitted band, separated by an energy //
E. An arrow indicates the excita-
tion of an electron, i.e., its transition E"?'Fa"”i
from the lower to the upper level,
c%lused by interaction ,With an in- pg g5 Energy Transxt.lons Giving
cident electron. The excited electron Rise to Luminescence.
moves through the crystal until it
approaches a vacancy in the lower band. By giving up an amount of
energy E, the electron occupies this vacancy. The energy released is in
the form of electromagnetic radiation, whose frequency » is given by the
quantum relation E = h», where k is Planck’s constant. When this en-
ergy lies between 13 and 3 electron volts, the radiation falls into the
visible portion of the spectrum.

y/ /~/1 ///////////l’, 7/ ///
4&/@ 4 f i }Rangeof AE

']/

"/, / Unfilled band

/////

E-—hV iEmlssnon Forbidden band

///, Filled band

F16. 2.6.—Energies Involved in the Emission of a Spectral Band of Luminescence.

In an actual crystal the energy change of the clectrons in transition
does not correspond exactly to the width of the forbidden band. This is
because an electron may fall from a level somewhat higher than the
bottom of the permitted band corresponding to the excited state and
may terminate in a position below the top of the ground level. A transi-
tion of this type is illustrated in Fig. 2.6. The bombarding beam raises
an electron well up into the unfilled level. As this electron moves through
the crystal it loses energy to the lattice and drops down toward the
bottom of the band. When it makes its transition corresponding to emis-
sion, its energy still differs from the lowest energy of the allowed level
by a small increment AE. Accordingly, the radiation frequency is
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v = (E + AE)/h, .where AE may have a range of values. The emission
spectrum will therefore be in the form of a band.

The probability of the cycle considered so far is, in general, rather
small. Even when the width of the transition region is such as to give
rise to visible radiation, pure crystals are rarely good phosphors.

Foreign atoms in the crystal, either in lattice or interstitial positions,
will have many permitted levels of their own, some of which may fall
between the allowed levels of the base material. This is illustrated
schematically in Fig. 2.7. The presence of the additional level, if un-
filled, permits both excitation and emission to take place in two steps.
If, on the other hand, the level due to the foreign or activator atom is
occupied by an electron, this electron may be excited. The probability
of the latter process is relatively high.

When an electron is excited and moves into a higher energy level it
may be free to move through the crystal quite detached from the vacancy
in the lower level created by its transition. Emission can in this case be

the result of its returning to the ground

////'/// (/,/ W f.-’,‘j,‘;/j level by occupying any vacancy which it
e happens to encounter. On the other hand,

”EZ’ hvy ) the excited electron may be constrained

LR Activator level 4, remain in the vicinity of the vacancy

it has created. Under these circumstances
/ //, the emission of radiation is caused by the
Fia. 2.7.—Electronic Transitions  return of the electron to its original posi-
in the Presence of Impurities.  tion. The first process is analogous to a
bimolecular reaction; the second, to a

monomolecular reaction. Both are observed in actual phosphors, being
distinguishable by the form of the build-up and decay characteristics.
Phosphorescence and its dependence upon temperature require an in-
teraction between the thermal motion of the lattice and the excited
electrons. This interaction must be such that, as the thermal agitation
becomes more violent, the probability of the electron losing energy and
dropping to its original level becomes greater. It has been suggested that,
where temperature-dependent phosphorescence exists, the transition can-
not take place unless the active center has a certain position relative to
the lattice, and that it is moved into or through this position as a result
of thermal vibration. An actual deformation of the lattice as a result of
the original excitation of the center may be involved in this mechanism.
It will be recognized that this discussion is highly speculative and
contains many doubtful points; however, it is quite possible that the
true explanation will be found to resemble the one given in its major
aspects. The foregoing at least indicates the type of phenomenon in-
volved. All attempts to give a quantitative picture of luminescence on

J TE"=hV,
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the basis of quantum mechanics have so far met with little success. As
can be appreciated from the foregoing, the phenomenon is very complex,
and any rigorous analysis must consider a three-dimensional potential
distribution, the random location of the activator centers, the mosaic
irregularities of a real crystal, and the effects of thermal motion.

2.6. The Theory of Luminescence (continued). Leaving the micro-
physical aspect of the problem, there are certain quantitative relations
which can be deduced on a classical, statistical, basis,* which are helpful
in a general survey of the subject.

Empirically, it has been found that for a number of the phosphors
used in television tubes the following relation gives an accurate value for
the light output over a wide range of voltages and currents:

L=A"-f)-Vn @1

where p is the current density and V the voltage. The exponent 7 has a
value in the neighborhood of 2, though it differs somewhat for different
materials, and even with the treatment of the material. The function
f(p) is found to be independent of voltage, at least over the range of bom-
barding voltages for which the power law is valid (that is, over the range
from 500 to 10,000 volts). The form of this function is essentially linear
for the lower values of p, but departs from linearity in the direction of
decreasing efficiencies at high current densities.

Consider first the voltage relation. Under the assumption that the
probability of excitation of a center by an electron with a velocity of V
volts is S(V), the light output from a unit area of thickness dz will be:

dL = Bf(p)S(V)dz. (2.2)

It is known that (1) the electron density through any surface remains
constant as the beam penetrates until the electrons are practically
stopped, and (2) that the variation in velocity expressed in volts is
dV /dx = —K/V. Therefore:

dL = Bf(p)S(V) (:—:—) dav
-B .
If the bombarding voltage is V', Eq. 2.3 leads to the following integral:

-B 0
L="256) / S(V) Vdv. 2.4)
i %

* 8ee S. T. Martin and L. B. Headrick, reference 10; and E. G. Ramberg and G A.
Morton, reference 11.
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54 FLUORESCENT MATERIALS [Chap. 2

Making the rather naive assumption that S(V) is a constant, the
light output becomes:

L= Af()Ve. ' (2.5)

The assumptions made are far simpler than is justified, but the deduc-
tion is at least suggestive.

Experimental measurements seem to indicate that a relation exists be-
tween the light output as a function of current density and phosphor-
escent decay. Theoretically, there is reason to believe that such a relation
may exist. Luminescence is the result of the return to the ground state
of certain centers which have been excited by the bombarding electrons.
On this basis, there is a certain probability that any given center which
has been excited will not have returned to its ground state before the
arrival of the next bombarding electron and thus will be incapable of
further excitation. This probability increases with current density and
with length of phosphorescent decay.

Phosphors for which the excited electron and the vacant position in
the ground state remain associated exhibit a logarithmic phosphorescent
decay. This form of decay curve is to be expected if it is assumed that the
probability of emission from an active center during a small interval of
time At is independent of time and the state of excitation of the remaining
centers. The rate of recombination, under these circumstances, is:

dN

= — .6
dt aN, (2 )

where N is the number of excited centers and « a constant. If this ex-
pression is integrated, the number of active centers at any time ¢ is found

to be:
N = Nget. 2.7

Since the intensity of the emitted light L is proportional to the rate at
which centers recombine, the phosphorescence, as a function of time, is
given by:

L = Ce=t. (2.8)

Under bombardment by an electron beam of current density p, an equi-
librium is established between the rate of formation of excited centers
and the rate of recombination. The number of excitations during the
interval of time dt is proportional to the number of unexcited centers
available and the current density of the incident beam. If, therefore, the
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total number of available centers is M and the number of excited centers
N, the condition of equilibrium can be expressed as:

no(M — No)dt = aNdt; (2.9
therefore
oM
= . 2.10
’ o+ «a ( )

From this the light output as a function of current density is:

p .
1+ Bp

When the mechanism of luminescence involves independent excited
electrons and vacant energy states, the rate at which emission can occur
is proportional to the product of the number of excited electrons and the
number of vacancies. Since the number of excited electrons and vacancies
is equal, the rate of recombination is given by:

dN

= =~V (2.12)

L=D

(2.11)

and the number of excited centers at time ¢, which is obtained by inte-
grating Eq. 2.12, is:
N,

N - .
1 4 Nt ek

Eqs. 2.12 and 2.13 being combined, the phosphorescent decay character-
istic is found to be:
1

L= Em (2.14)

The equilibrium between the transitions of excitation and emission being
determined, the following relation between L and p can be obtained:

L=Fp{l+4 pd— 028+ 2p6}. (2.15)

Both these types of decay and current characteristics are found among
the phosphors. Zinc sulphide unmistakably belongs to the second type.
Sodium chloride activated with thallium is a member of the first group.

2.7. Phosphors for Television. A list of some of the principal catho-
duluminescent phosphors, together with their properties, is given in
Table 2.2. Of these, a number are suitable for viewing-tube screens,
meeting to an adequate degree the conditions outlined in section 2.2.

The color requirement is, in general, easily satisfied. Psychologically,
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TABLE 2.2

PrinciPAL PHOsPHORS UsEDp FOR CATHODOLUMINESCENCE

Approxi-
No Phosphor Chemical Composition Color SzEe ° CI::ﬁe-
: Maximum (A) |
power
| per Watt*

1 | Zincoxide.............. N0 . e Violet Ultra-violet <0.1

2 | Zinc sulphide. .......... ZnS:Ag. .. Blue-violet 4700-4500 5t

3 | Calcium tungstate....... CaWO,. ... e Blue 4300 <1

4 | Zinc silicate. ............ Z0O 4+ Si02. ..t | Blue 4200 <1

5 | Zinc sulphide. .......... | £156500 505050005683 0aaa 05 5055080022085 54 | Light blue 4700 1-5¢

6 | Zinc aluminate,......... | ZnO+ALO):Mn. ... | Green-blue 5130 ~1

7 | Zinc silicate (willemite). .| (ZnO +S8iO0z):Mn. ... ... ...l Blue-green 5230 3r

8 | Zinc sulphide. .......... ZnS:Cu. .o Green 4700-5250 >4r

9 | Zinc germanate. .. ...... | (ZnO 4+ GeOg):Mn. .. | Yellow-green 5370 1.5
10 | Beta zinc silicate. ....... (ZnO 4+ Si0):Mn. ..o | Green-yellow 5600-5700 3r
11 | Zinc beryllium silicate....| (ZnO +BeO 4+ SiO):Mn....................... | Green to orange 5230-6500 127
12 | Zinc cadmium sulphide...| (ZnS + CdS):Ag......... ...l Blue to red 4700- > 7000 5t
13 | Calcium silicate......... Ca0 +8i0):Mn. ..o Green to orange 5500-6500 <1
14 | Cadmium silicate........ (CAO + SiO2):Mn. ...t Orange yellow 5850 ~1

15 | Magnesium silicate. . . ... ; MgO4+8i0):Mn..oooo i | Orange-red 6400-6700 <1

16 | Zinc aluminate.......... (ZnO 4+ ALOR)Cr. . ..o | Red > 7000 <1

17 | Zinc beryllium zirconium [ ‘

silicate............... | [Zn0O + BeO + (Ti — Zr — Th — Oy) + SiOs:Mn . .| White 1 4200 + 5500-6000 ~lr

18 | Magnesium tungstate....| MgO+ WOs......... .ol | Very light blue 4800 <1

19 | Zinc borate............. (ZnO 4+ BOg):Mn.... ... Yellow-orange 5400-6000 ~lr
20 | Cadmium borate. . ...... (CAO + ByOs):Mn . ev oo | Green-orange 5300-6300 <1
21 | Cadmium tungstate...... ' CdO 4+ WOs. ..ottt e e ; Light blue 4900 <lr

| | |

* T =used in television.
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Sec. 2.8) SULPHIDE PHOSPHORS 57

the color which produces the least fatigue is a yellow-green. However,
perhaps because of long familiarity with photographs and other black-
and-white reproductions, most observers are found to prefer a white
screen to all others. As yet no efficient single phosphor is known which
produces a white luminescence. However, by mixing two or more phos-
phors a white material can be produced. Thus, a green-blue zinc sulphide
mixed in proper proportions with a yellow zinc cadmium sulphide, or
zinc beryllium silicate, forms a screen material which gives white lumi-
nescence. It is interesting to note that the spectral intensity distribution
shown in Fig. 2.8 of this “white” is very different from the “white” of
daylight, which is nearly uniform over the entire visible band. This type
of distributicn produces the sensation of white because of the tricolor
nature of human vision,

100 T T T

~
w

Relative energy
wn
o

/ / -\ 1 \\
4000 4500 5000 5500 6000 6500 7000 A°

Fig. 2.8.—The Spectral Characteristics of a White Fluorescent Screen Consisting of
Silver-Activated Zinc Sulphide and Zinc Cadmium Sulphide.

N
w

In general, the practical phosphors can be divided into two classes:
namely, the sulphide phosphors and the oxide phosphors. Of the first
group, zinc sulphide and zinc cadmium sulphide are most frequently
used. Zinc orthosilicate and zinc beryllium silicate, of the second group,
also find wide application.

2.8. Sulphide Phosphors. One of the most efficient cathodolumines-
cent materials known is zinc sulphide. This material when activated
with silver has a luminous output of 3 to 5 candlepower per watt. As
often happens, this material is superior in one respect but not so good
in certain others. Perhaps the most important defect is its relative in-
stability. However, recent improvements in the technique of applying
the material to television tubes and in tube exhaust have resulted in
screens which have a life nearly equal to that of the most durable mate-
rial, and long enough so that the life of the tube is not determined by
the life of the screen.

There would be no advantage in taking up the details of a factory
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58 FLUORESCENT MATERIALS [Chap. 2

process of preparing luminescent zinc sulphide; however, it is not out of
place to describe the laboratory method of synthesizing the phosphor.
Zinc sulphate is first purified by ordinary methods until the spectro-
scope fails to reveal any impurities. Then, in order to make certain that
no copper remains, an aqueous solution of the salt is electrolyzed using
platinum electrodes. Pure white zinc sulphide is precipitated from the
purified solution by bubbling clean hydrogen sulphide through it. The
precipitate is washed with the purest distilled water and dried. Ten grams
of this zinc sulphide are placed in an acid-cleaned quartz crucible. After
the addition of 0.2 gram of pure sodium chloride, the mass is ground
thoroughly with a quartz rod. To this is added a silver nitrate solution
which contains 0.001 gram of silver. The material is then evaporated to
dryness and thoroughly ground. The phosphor is crystallized by heating

B4

Zn ®
o Zn Sphalerite 01231548S o
®S Wurtzite
(@ ®

F16. 2.9.—The Crystal Structure of Sphalerite and Wurtzite.

to 900°C, the temperature not being at all critical. The result will be
ZnS:Ag, one of the best phosphors known to date.

The crystal structure of this material, known as sphalerite, is shown
in Fig. 2.9¢a. There is also an enantiotropic form of this material, wurtzite,
which crystallizes at temperatures above 1020°C, and which can be con-
verted to sphalerite by grinding. The structure of this form is shown in
Fig. 2.9b.

In spite of its high luminous efficiency, the phosphorescent decay
period of ZnS:Ag is quite short, amply so for television purposes. Its per-
sistence characteristics are given in Fig. 2.10. From this curve it will be
seen that the light output has dropped to about 0.2 per cent in one pic-
ture period.

The light output is not strictly proportional to the bombarding current
and tends toward a gradual saturation, as illustrated in Fig. 2.11. The
variation with voltage is less readily obtained, as will be explained later,
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Sec. 2.8] SULPHIDE PHOSPHORS 59

because of the difficulty of determining the true bombarding voltage. In
general, the light output increases with nearly the second power of the
bombarding voltage.

The color of the luminescence is blue, corresponding to a band extend-
ing from 40004 to 5700A. A spectral curve (1) of this material is shown

1.0
0.1
z
[}
-3
[
E
0.01+
1 1 i 1
01 .02 .03 .04 .05 sec.
Time

Fia. 2.10.—Persistence Characteristics of Zinc Sulphide.

in Fig. 2.12. However, this curve is merely representative, as the exact
shape of the curve is very sensitive to composition, preparation, and
after-treatment.

Zinc cadmium sulphide is another useful sulphide phosphor. The prep-
aration is quite similar, except that, for every gram of purified zinc sul-

T

Light output (c.p.)

S
I

[ { { [ | { |
0 40 80 120 160 200 240 Micro-amps
Current

Fia. 2.11.—Luminescence as a Function of Electron Current for Zinc Sulphide.

phide, 1 gram of cadmium sulphide is added. Sodium chloride is used as

a flux; 0.02 per cent silver in the form of the nitrate, as activator.
From the spectral output curve (2) of Fig. 2.12, the color of this ma-

terial can be seen to be a yellow. Its luminous efficiency is higher than
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that of the zinc sulphide. The persistence characteristics of the two
sulphide phosphors are very similar.
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Fi1a. 2.12.—The Spectral Characteristics of Silver-Activated Zinc Sulphide and Zinc
Cadmium Sulphide.

2.9. The Oxide Phosphors. The best-known and most-used repre-
sentative of this class is artificial willemite, or zinc orthosilicate. This
material, though not so efficient as the two sulphides just described, has
a light output of 3 candlepower per watt. Its color can be made to range
from green to pure yellow with the same high efficiency, and can be
varied over the entire visual range at the expense of efficiency.

The main advantage of this phosphor over those previously discussed
is its extreme ruggedness, which is no small advantage in television work,
particularly in its experimental stages.

Small-scale laboratory preparation of this material can be carried out
as follows.

Twenty grams of highly purified and finely divided zinc oxide and 7.4
grams of pure silicon oxide are ground together thoroughly. To this is
added about one mole per cent of manganese in solution, or 0.07 gram of
the metal. The mixture is stirred, dried, and then finely ground. Lastly,
it is heated in a covered platinum crucible to about 1300°C for two
hours. If the heated material is cooled slowly the resultant phosphor has
a bright green luminescence; if it is quenched rapidly from a melt (above
1512°C) the luminescence will be yellow.

The crystal structure of this material is much more complicated than
that of the sulphide. The « form, that is, the material which is formed
by a gradual cooling, has a structure which is isomorphous with phena-
cite, with 6 molecules to the unit cell. The second, or 8 form, has not
been completely worked out, although preliminary X-ray measurements
have been made. The material may exist in a third, or v, state when pre-
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pared with an excess of silica, but this is of little interest for our present
purpose as it exhibits only a weak red luminescence.

The persistence characteristics for the two forms of (ZnO + Si0,):Mn
are shown in Fig. 2.14. In spite of the difference in the spectral output,
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FiG. 2.13.—Luminescence as Function of Electron Current for Willemite.

the decay curves are very similar. The luminous output of both these
materials has dropped to about 4 per cent of its initial value in one pic-
ture period.

The spectral characteristics of the two materials can be seen from

Fig. 2.15. These phosphors give the characteristic broad band of
radiation.

Intensity

F16. 2.14.—Persistence Characteristics of « and 8 Zinc Orthosilicate.

Like the sulphides, these materials exhibit a gradual saturation with

current, and a light output which rises somewhat faster than with the
first power of the voltage.

Another specific phosphor that might be mentioned because of its
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practical value is calcium tungstate. This is a member of the rather re-
stricted class of phosphors which either emit without the aid of a foreign
activator, or cannot be purified sufficiently to remove the requisite im-
purity. Calcium tungstate has a rather low efficiency, i.e., about 0.3
lumen per watt, and luminesces with a pale blue color. However, its decay
is very rapid, the light output dropping to 10 per cent in something like
10~7 second. This makes it valuable for oscillograph tubes designed for
uses where long decay cannot be tolerated. Its emission is highly actinic,
which is desirable for photographic purposes. Zinc sulphide activated
with a minute quantity of nickel similarly has a phosphorescence of
extremely short duration.
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F16. 2.15.—Spectrum of Luminescence of « and 8 Zinc Orthosilicate.

2.10. Electrical Properties of Phosphors. The specific resistance of
all materials used as phosphors is extremely high. Therefore, when a
phosphor is bombarded by an electron beam of the current density used
in television practice, the principal way the electrons escape from the
surface is by secondary emission. If the secondary-emission ratio of the
surface is less than unity for a given bombarding voltage, the area will
become more negative until it either reaches cathode potential, thus pre-
venting electrons from reaching the screen, or else reaches a potential
such that the secondary-emission ratio becomes unity. ‘

Because of its practical importance it is desirable to discuss the dis-
charge process in some detail. As has been shown in the preceding chap-
ter, the secondary-emission ratio of most substances, conductors and
insulators alike, rises rapidly to a maximum in the neighborhood of 300
to 800 volts, and then falls slowly as the voltage increases. This is true of
all the phosphors that have been studied, and also of the glasses which
are used as a backing to support the screen material. The maxima and
shape of the secondary-emission curves are characteristic of each sub-
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stance. However, the forms of the curves are sufficiently similar to per-
mit useful generalizations. Fig. 2.16 shows a typical secondary-emission
curve for an insulator.

Another factor determining the rate at which the electrons leave the
screen is the potential difference between the bombarded surface and the
electrode which collects the current from it. In order to obtain a maxi-

N

—

Secondary emission ratio

1 ! | S
1000 2000 3000 volts
F1a. 2.16.—Typical Secondary Emission Curve for an Insulator,

mum current, it is necessary that the collector be at a positive potential
with respect to the screen; however, current will continue to flow to the
electrode even when it is slightly negative, owing to the initial velocities
of the leaving electrons. The form of the curve representing the relation-
ship between collector potential and current ratio is illustrated in Fig.
2.17. The shape of this curve is determined by such factors as tube con-

&0 O
& o @ o

raction of current
collected

Fluorescent
screen

1:5 1. tl': 5 -10 15 volts 2nd Anode
Coltector potential
F16. 2.17.—Secondary Emission Cur- Fiq. 2.18.—Schematic Diagram of a
rent as Function of Collector Voltage. Typical Kinescope.

figuration, bombarding current, and the nature of the emitter. However,
the range of potentials represented by the rising portion of the saturation
curve is so small compared with the bombarding voltage that the use of
a generalized form does not appreciably affect the validity of the con-
clusions drawn.
The type of tube in which the screen material is used is shown in Fig.
2.18. The figure illustrates schematically a typical Kinescope which con-

WorldRadioHistory



64 FLUORESCENT MATERIALS [Chap. 2

sists of an electron gun acting as the cathode-ray source, a second anode
which collects the electrons after they leave the screen, and a screen of
luminescent material. The voltage V. is applied between the gun and
second anode. However, since the additional condition that as much
current must leave the screen as arrives in the beam must be fulfilled,
the velocity with which the electrons strike the screen will differ, in
general, from V, volts. On the diagram the true bombarding voltage is
represented as V,, which normally is less than V, but in certain cases
may rise above this value.

The surface of the screen is thus bombarded by electrons with velocity
V., and is subject to a collector potential V,—V,, the only parameter
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2000 4000 6000 8800 10000 volts
F16. 2.19.—Equilibrium Conditions of a Bombarded Insulator.

being V.. Let it be assumed that the function S(V,), giving the secondary-
emission ratio in terms of the true bombarding voltage, and C(V,.-V,),
describing the variation of the collector current with the collector volt-
age, are known. The latter function, C(V .~ V,), isthe ratio of the current
actually collected to the saturated secondary emission at the voltage V,
in question. The current collected will be:

i=438(V)C(V,—-V,). (2.16)

Since, for equilibrium, the beam current 4, must equal the collector cur-
rent, the relation:

1 7

AN C(V, Y,) (2.17)

is necessarily fulfilled. If a plot is made of the inverse secondary-emission
function, and of the saturation curve with its origin at the second anode
voltage V,, the intersection of the two curves will be at the true bom-
barding voltage V,. Fig. 2.19 is an example of such a plot showing the
determination of ¥, for several values of the second anode potential V.
It is instructive to consider the behavior of the screen as shown by
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this diagram. For second anode voltages from 0 to A, the bombarding
voltage is zero; in other words, the beam is turned back and does not
strike the screen. Between A and B, where the secondary-emission ratio
is greater than unity, the screen voltage is approximately that of the
second anode and may actually be more positive by one or two volts. As
the second anode voltage approaches B, the screen voltage drops below
the second anode voltage. Beyond B, the screen voltage stays constant
at the value B regardless of the second anode voltage. Thus, a curve of
the true bombarding voltage as a function of second anode voltage has
the form shown in Fig. 2.20. The break-point occurs at a different second

L Vdeal

Sticking potential
Break point

Screen potential
u< .

Vg———
2nd Anode voltage

Fia. 2.20.—Potential of a Fluorescent Screen Relative to the Electron Source as
Function of Second Anode Voltage.

anode voltage, depending upon the material used as screcn and the treat-
ment to which it has been subjected.

Measurements have been made of the break-point or sticking potential
for glass, willemite, and zinc sulphide.* For Pyrex, such as is used in the
manufacture of Kinescopes, the break-point is found to lie between 2000
and 3000 volts. For willemite, it varies between 5000 and 8000 volts, de-
pending upon the exact preparation. Only a few measurements are at
present available on zinc sulphide, and these indicate the same range of
values as for the orthosilicate.

When these materials are applied in an actual tube, conditions are
much more complicated and a much wider range of values for the break-
point is found. In this case such factors as screen thickness, getter,
residual gas, and age arc important.

The variation of the bombarding voltage with the age of the tube is
indicated in Fig. 2.21. This change may be due to the getter material,
which greatly increases the secondary-emission ratio of the phosphor,
being driven from the screen, or to small amounts of gas, etc., being freed
from the walls or the gun.

* W. B. Nottingham, reference 9; H. Nelson, reference 12.
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Even more interesting is the apparent variation of break-point with
screen thickness. Referring to Fig. 2.22, it will be seen that for very thin
screens the break-point is low, corresponding to that of the glass, and
that for very thick screens it is similar to that of pure willemite. For in-
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F1a. 2.21.—Variation of Screen Potential Characteristics with Tube Age.

termediate screen thickness the break-point is no longer sharp, and the
sereen and second anode potentials do not begin to differ materially until
very high voltages are reached. In the very thin screen every particle of
the phosphor is surrounded by a region of exposed glass which prevents

/
/
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B screen thickness
g 6000
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2 - {very thick)
pn -
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) 1
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F16. 2.22.—Variation of Screen Potential Characteristics with Screen Thickness.

its potential from rising much above the break-point of glass by its grid
action on the low-velocity secondary electrons from the phosphor. The
break-point of the thick screen is just that of the pure phosphor itself.
The conditions for the intermediate screen are more complicated, and
only a conjectural explanation of its behavior can be given. There is not
enough exposed glass to produce the grid action as in the thin screen,
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yet bombarding electrons strike both glass and phosphor. If these sub-
stances were to reach their characteristic break-points, it would mean
that a potential of several thousand volts would exist in distances com-
parable to the screen thickness, which is only a few microns. Such a
gradient may be sufficient to produce a breakdown which serves to dis-
charge both phosphor and glass, and prevents establishing a true break-
point.

Orthosilicate and sulphide screens for use in viewing tubes can be pre-
pared in such a way that the screen potential continues to rise with
second anode voltage at potentials far above the break-point of the pure
phosphor. Suitably processed screens can be used at voltages even in
excess of 50 kilovolts.

The scanning operation adds a further complication to the picture of
the electrical behavior of the screen in a tube used for television purposes.
Measurements under these conditions show that, above the break-point,
the screen potential tends to be closer to second anode potential at points
not under the beam than at the spot directly under the beam. Where the
second anode is 3000 volts above the break-point, a potential variation
of as much as 1000 volts may exist over the screen.

If television development were going to stop with the direct-vision
Kinescope, which operates in general below the break-point, the above
discussion would be quite valueless. However, there is every indication
that the projection tubes operating at extremely high voltages to obtain
maximum brilliancy from the phosphor will be of the utmost importance
in the not too distant future. For these tubes, considerations of secondary
emission and other discharge mechanisms will become quite essential.

2.11. Conclusion. No mention has so far been made of methods of
applying a phosphor to screens used in television viewing tubes. These,
together with the related problems of optimuin particle size, screen thick-
ness, factors influencing contrast, ctc., are reserved for a later chapter
dealing specifically with the Kinescope, since they pertain to a particular
use of the material.

As to the future development of better luminescent materials, there is
every reason to be optimistic in view of the progress that has been made
in the past few years. That great improvement in efficiency may be pos-
sible is evident from a consideration of present efficiencies and the effi-
ciency that can be obtained through ultra-violet excitation. The conver-
sion of 1 watt of energy into radiation producing the maximum visual
response will give rise to about 620 lumens of light and, if converted into
radiation with the spectral characteristics of willemite, approximately
500 lumens. The cathodoluminescence of willemite yields only 35 or 40
lumens per watt, or less than 10 per cent efficiency. On the other hand,
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it has been reported that ultra-violet excitation of this same material in
a mercury-vapor fluorescent lamp will give as much as 245 lumens per
watt of ultra-violet energy or, in other words, ncarly 50 per cent effi-
ciency. There is no known theoretical reason for believing that efficiencies
equal to, or greater than, those obtained with ultra-violet excitation
cannot be obtained for cathodoluminescent phosphors. It is to be ex-
pected not only that the efficiency of the material will be markedly
increased, but also that its performance at high currents and voltages,
the color of its fluorescence, and its durability will be improved.
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CHAPTER 3
ELECTRON OPTICS

The term “‘electron optics” will be used in the present chapter to de-
scribe that class of problems which deals with the determination of elec-
tron trajectories. The expression originated as a consequence of the close -
analogy between optical arrangements and the corresponding electronic
systems. It was found that this analogy not only had fundamental
mathematical significance, but, in many cases, could be extended to prac-
tical devices. For example, it is possible to construct electron lenses
which are capable of imaging an electron source. In many instances not
only is the behavior of the two types of systems the same, but also many
of the mathematical methods of optics can be applied to the correspond-
ing electron problem. There are, it is true, many systems which in no
way resemble those of conventional optics. However, there is a continuous
transition between these and such as have a close optical analogue.
Therefore, any attempt to subdivide the field on this basis results only
in confusion.

The importance of electron optics is becoming increasingly apparent
with the advance of electronics. For example, in the early vacuum tubes
used in radio work little attention was paid to the exact paths of the
electrons between the cathode and the plate. Recently, very real im-
provement in efficiency and performance has been achieved by the appli-
cation of electron optics to tube design. In the design of the newer devices,
such as the secondary-cmission multiplier, the electron gun used in tele-
vision tubes, and the image tubes, electron optics is essential.

The design problem usually encountered is one in which the two
termini of the electron paths are specified and it is required to determine
an electrode and magnetic coil configuration that will satisfy this de-
mand. Unfortunately, a direct solution is still a good deal beyond our
present mathematical means. It is not possible, except in very special
cases, to determine from a given electron path the shape and potentials
of the electrodes required to produce this path. In order to solve the
above problem it is necessary to assume an electrode configuration and
then determine the resulting electron path. If this is not the required
path the electrodes are changed and the trajectories recalculated. Usually
this process does not have to be repeated very many times before the

69
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correct solution is reached, as the previously determined paths indicate
the nature of the changes that must be made.

Restating the problem in the only form in which a solution is possible,
it becomes: (Fiven an electrode configuration and the potentials applied, de-
termine the electron paths in the resulting potential field.

Even this problem has no general solution, and often can be solved
only by resorting to elaborate mathematical approximations, or to the
use of mechanical and graphical methods. The solution can be divided
into two distinct parts: namely, the determination of the potential field
produced by the electrodes, and the calculation of the electron trajectories
in this field. Essentially the same procedure is used when the electrons
are guided by magnetic fields.

3.1. The Laplace Equation. To determine the potential field pro-
duced by a given set of electrodes, it is necessary to solve the Laplace
differential equation:

62¢ 62¢ 62¢

—+

— = 3-1
a9y o2 3.1)

with boundary conditions corresponding to the shapes and potentials of
the electrodes. The solution of this equation gives the potential as a
function of the coordinates, that is:

#(z,y,2).

The electrostatic field can be found from this potential by differentiation
with respect to the coordinates. Thus:

5
B.= - — o(@y2);

&
]

a

- 5:'—/ ¢($,y,2),
a

E: = - 6— ¢(:v,y,z).
z

From the original Laplace equation, which is satisfied by the potential
function, it will be seen that the field must satisfy the differential
equation:
dE, + dE, OFE,
or oy 0z

= 0.

It should be noticed that this equation is like an equation of continuity
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and may be interpreted to mean that in any volume of free space within
an electrode system as many electrostatic lines of

force must leave as enter. Similar equations express ¢, 9, .
corresponding laws obeyed by the flow of an incom-
pressible fluid and by electric current in a conducting
medium,

There is no general solution for the Laplace
equation, nor can any general method of attack be
given. In certain special cases only can an analytic
solution be obtained. Usually it is necessary to re-
sort to series expansion or numerical integration in tiall?mz;n d3-1ﬁie1§°‘§2_
order to calculatea potential distribution. Both pro- {yeen Plates.
cedures are laborious in the extreme.

The simplest potential distribution is that between two infinite par-
allel plates, shown in Fig. 3.1. Here the function that satisfies the differ-
ential equation is:

g

T

¢ = ¢o+ Ax.
The field will be found to be:
E.=-2_._4,
ax
a
E,~E--2_9
9y
Other simple cases are:
Concentric spheres: ¢=— " + ¢o;
A
E,= - "y

Other cases, such as two separated spheres, a sphere and plane, a
sphere between two planes, and the corresponding cylindrical systems,
can also be solved.

Problems involving cylindrical symmetry, such as illustrated in Fig,.
3.2, are of considerable importance, since, as will be shown in the next
chapter, this symmetry is found in all electron lenses. When this sym-

WorldRadioHistory



72 ELECTRON OPTICS [Chap. 3

metry is present the Laplace equation is preferably expressed in cylin-
drical coordinates, becoming:

% 19 ( a¢>
—+-— =0. 3.2

92? U radr r—a_r 0 32)
For most boundary conditions the solution of this differential equation
is difficult, and no analytic solution is possible. A general method of

Equipotential surfaces
100 Volts (Field line 0 Volts \

F16. 3.2.—Potential Distribution between Two Cylinders.

attack is to consider the potential as a linear combination of functions
in which the variables have been separated, thus:

o) =1+ b2t - -+t - -
where:

o(r,2) = Fi(2)Gi(r). (3.3)

By substituting Eq. 3.3 in Eq. 3.2, the Laplace equation reduces to
two ordinary differential equations:

1a°F

= _ 12

¥ dz? !
14d ( dG) .
G dr Tar) T K
where k2 is the separation parameter. The general solution of these equa-
tions can be written as:

Fi(2) = ae™* 4 be — 2 (3.4a)
Gi(r) = cJo(tkr) + dNo(ikr). (3.4b)
The solution of the Laplace equation then has the form:
6(r,2) = YJAFL(2)Gu(r). (3.5)
k
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Since k& does not necessarily have discrete values, Eq. 3.5 may take the
form of an integral:

o(rz) = / AK)F(2,k)G(rk)dk, (3.5a)

the integration being over the entire complex domain. The coefficient
A(k) is determined fromn the boundary conditions by the usual methods
of evaluating Fourier coefficients.

Another class of problem of considerable importance is that in which
the potential expressed in Cartesian coordinates is a function of two of
these coordinates only. This type of potential field is encountered where-
ever the electrode surfaces can be considered as generated by moving
lines which remain parallel.

The Laplace equation in this case becomes:

¢ 3%
== = 0. 3.6
ox* u ay* 0 (3.6)

The solution of this equation can be approached in a variety of ways.
One very useful method, for example, is that of conformal mapping.
Although this equation can be solved more frequently than that for the
three-dimensional case, often no analytic solution is possible. In this
two-dimensional case, practical clectrode configurations are usually quite
complicated, so that the mathematical complexities even of an approxi-
mate solution are prohibitive.

3.2. Electrolytic Potential Mapping. Because of the difficulties en-
countered in a mathematical solution of the Laplace equation, it is often
expedient to resort to an clectrolytic method of obtaining an equipoten-
tial map.

In essence, the method consists of immersing a large-scale model of
the clectrode system being studied in a slightly conducting liquid and
measuring the potential distribution throughout the liquid with a probe
and bridge, potentials proportional to those to be used with the system
being applied to the model. Fig. 3.3 shows diagrammatically an elec-
trolytic plotting tank.

The tank used for this purpose is constructed of an insulating material
so that the equipotential surfaces about the immersed electrodes meet
the tank walls perpendicularly. This is necessary in order to reduce the
influence of the walls of the tank upon the field to be plotted. The size of
the tank is determined by the size of the electrode models which are to be
studied, and this in turn is determined primarily by the accuracy desired.
In order to reduce the boundary effects, the tank must be a good deal
larger than the model.
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The electrolyte used in the tank is water to which a very small amount
of soluble salt has been added. In most localities, ordinary city water
contains a sufficient amount of these salts to make it amply conducting
for the purpose.

Exact scale models of the electrodes, made of sheet metal and sup-
ported on insulating rods, are used in the tank. The supports should be
reduced to a minimum so that they interfere with the potential distribu-
tion as little as possible. Almost every practical electrode configuration
encountered in electron optics has mirror symmetry. The equipotential
surfaces in space around the electrodes obviously must cross the plane
of symmetry at right angles. Because of this, as will become clear as the
discussion proceeds, the models may be constructed so that they repre-
sent, to scale, half of each electrode bounded by the plane of symmetry.
The model is placed in the tank in such a way that the free surface of the
electrolyte coincides with the plane of symmetry. Although this is not a
fundamental limitation, nearly all practical plotting tanks are limited to
use with electrode systems having this symmetry.

Upon the application of the proper potentials to the model electrodes,
a current will flow through the electrolyte. Since it can be assumed that
the electrolyte is an ohmic conductor, the field strength at any point will
be proportional to the current density. As was mentioned above, the
electric current behaves like an incompressible fluid so that the current
density and hence the field strength obey the equation of continuity (i.e.,
their divergence is zero in the absence of sources or sinks). This is merely
another way of saying that the potential throughout the electrolyte obeys
the Laplace equation. Thus the potential at any point in the liquid is
proportional to the potential of a corresponding point in the actual elec-
trode system.

The free surface of the electrolyte is a perfect insulating plane since
no current can flow in the medium above the liquid. The equipotentials
must intersect such a plane at right angles because there is zero vertical
current flow, and hence the field vector normal to the surface is zero. For
this reason it is possible to make use of models divided at their plane
of symmetry.

The potential distribution over the plane of symmetry is measured
by means of an exploring probe. This probe consists of a fine wire
mounted so as to just break the surface of the liquid and is constrained
to move in a horizontal plane. The potential of the probe is adjusted until
zero current flows, and the potential is noted. This potential is that of
the point where the probe touches the surface. For convenience, the
probe is carried at the end of a pantograph linkage, so that the motion
of the probe is reproduced by a stylus attached to the other end of the
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linkage. This stylus, or mapping pencil, moves over a plotting table. The
arrangement will be clarified by reference to Fig. 3.3.

A photograph of a typical plotting tank is reproduced in Fig. 3.4. The
tank itself is made of wood, coated on the inside with roofing cement to
render it water-tight and shielded outside with sheet copper. It is 214
feet wide, 8 feet long, and 214 feet deep. Along one side is a table on
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aper Pointer >

Amplifier

Pantograph M

Electrolytic ( /

Tank
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A
Slide
Wires

(~O)
500 cycles generator
F1a. 3.3.—Diagram of Potential Plotting Tank.

which the mapping is done. Directly below the table are the potential
dividers that supply the model electrodes and probe, and behind them
the amplifier whose output is connected to the null-indicating meter.
The probe is attached to the pantograph pivoted at the center of the
edge of the tank nearest the mapping table. A shielded lead carries the
current from the probe to the amplifier.

In the example illustrated in Fig. 3.4, the probe and electrodes are
supplied from a 400-cycle oscillator, instead of with direct current. This
not only facilitates the determination of the null point, but also avoids
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the possibility of error due to polarization of the liquid at the probe or
electrodes.

The usual procedure in mapping a potential distribution is to divide
the voltage between the terminal electrodes into a convenient number of
intervals, then to set the probe potential at each of these values in turn
and map the path of the probe when it is moved in such a way that the
current, to it remains zero. The resulting map of the intersections of the
equipotential surfaces corresponding to the voltage steps with the plane

Fig. 3.4.—Potential Plotting Tank (RCA Manufacturing Company).

of symmetry of the electron-optical system is the most convenient repre-
sentation of a potential distribution for the determination of electron
trajectories.

Often, in the consideration of electron lenses, to be taken up in the
next chapter, it is necessary to know the axial distribution of the po-
tential of the system, together with its first and second derivatives along
the axis. The distribution can, of course, be found by direct measurement
with the plotting tank. The slope of the distribution curve, plotted as a
function of the axial coordinate, will give the first derivative. The second
derivative can be found from the slope of the first derivative curve, but
this method of obtaining it is very inaccurate. A more accurate deter-
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mination can be made by means of the radius of curvature p of the equi-
potentials at the axis, the first derivative ¢’, and the relation:
s
¢ = 2.
p

3.3. The Motion of an Electron in a Potential Field. The potential
distribution for a given electrode configuration having been obtained,
the next step is the determination of the paths of electrons moving in
this field. '

In making this determination, it is convenient to consider the motion
of an electron to be that of a charged particle of mass m obeying the laws
of Newtonian mechanics, rather than to adopt the viewpoint of quantum
physics and assume it to be a wave packet, as is necessary in the investi-
gation of atomic phenomena. Furthermore, its mass will be taken as
constant and equal to 9.0-10-% gram. Where electrons having extremely
high velocities are to be considered, this assumption cannot be made, and
it is necessary to correct for the increase in mass as dictated by relativity.
Velocities where this correction is necessary are not encountered in the
field covered by this book. The value 1.59 X 10~ coulomb will be taken
as the charge of an electron.

The force acting on an electron is the product of its charge and the
field strength at the point which it occupies. Hence, the differential equa-
tions of motion are:

d? a
m it = eF = e_q_ﬁ,
de? z
d%y 3¢
—_ E, = )
ag = T T Gy
d* ; ¢
m— = — ek, = e~
dae? az

In principle, in order to determine the electron path, all that is neces-
sary is to introduce the values of the potential into the above equations,
solve, and eliminate time as a parameter.

Actually, there is no general method of carrying out this process, and
it is almost always necessary to apply mathematical approximations or
graphical methods to obtain a solution.

A number of practical mathematical approximations and graphical
methods have been developed for the purpose of facilitating the deter-
mination of electron paths when the potential field is known. These
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methods, when carefully applied, are capable of yielding a high degree
of accuracy.

The general three-dimensional problem is extremely difficult even by
approximate methods. Fortunately, configurations requiring the solution
of this general problem are rarely encountered, at least at the present
time,

In the field covered by this book, two classes of problems are of par-
ticular importance. They are:

1. Those involving electrode configurations in which the potential
variation is confined to a plane.
2. Problems involving cylindrical symmetry.

The remainder of this chapter will treat the first class of problems,
“Lich are those involved in the design of the electron multiplier, deflect-
ing plates, ete.

3.4. Electron Paths in a Two-Dimensional System. Where the po-
tential variation is confined to a plane, the Laplace equation, as has
already been pointed out, involves two coordinates only:

% 9%
a9yt

0.

Similarly, the laws of motion become:

&z _ e 3
e~ mozx

3.7
Py _ed G0
e m Y

This particular form of these laws is not very convenient in the present
consideration, in that time enters the equations explicitly.

Taking the principle of least action as a starting point simplifies the
treatment, but it should be noted that all the relations deduced below
can be derived directly from the force laws of Eq. 3.7.

The principle of least action states that any particle moving between
two points in a potential field will follow a path such that the integral
of the momentum over this path is an extreme, either maximum or
minimum. Symbolically, this principle can be written as:

B
) / mods = 0. 3.8)
A

An electron moving in a potential field has a kinetic energy just equal
to the decrease in its potential energy during its motion. If the potential
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is set equal to zero at a point where the electron is at rest, the following
relation applies:
ime* = eg,

v= /‘/ 2—e—¢.
m

The momentum in the action integral being represented by /2ems,
Eq. 3.8 becomes:

or:

B p—
6/; Veds=0, (3.9)

5 N
_ dy\?

sl %+ VY dz = 0. (3.9a)

L ¢ (d:c> ¢

This is satisfied by a solution of the corresponding Euler differential

equation:
oG- 20+ C))
dx? 24 \9y dzaz 1+\&/ /' (3.10)

which is directly derivable from the variation principle. Where the
numerical values of the potential as a function of x and y are known, it
is possible to perform a point-by-point integration of this equation—
e.g., by the method of differences—and thus determine the trajectories
of electrons in this field. Although extremely laborious, this is probably
the most accurate method of obtaining electron paths.

3.5. Graphical Trajectory Determination. There are graphical meth-
ods for plotting electron paths on an equipotential map which are easy,
rapid, and sufficiently accurate for most practical problems. Two of these
are of sufficient importance as practical design tools to be worth dis-
cussing in detail.

The first is a circle method. Referring to Fig. 3.5, let it be assumed that
an electron is moving in a potential field with the velocity indicated by
the vector v,. The magnitude of this velocity vector is:

e 1 / 2% 4. (3.11)
m

The electric field, E, is normal to the equipotential ¢; and has a value
approximately equal to

or:

¢1"¢2___

] E.
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One component of the field lies along the direction of motion; the
other, E., is at right angles to this direction. The latter exerts a radial
force on the electron equal to ¢E,, giving rise to a centripetal acceleration:

v ek,

r m

Solving for r and eliminating » with the aid of Eq. 3.11 this becomes:

¢
= 2—-. 3.12
-2 (3.12)
Accordingly, the path of the electron coincides approximately with the
arc of a circle of radius r tangent to the vector v, Actually, this arc

Fig. 3.5.—Circle Method of Graphical Ray Tracing.

should be infinitesimal in length, but since the equipotentials are close
together, it may for this approximation be extended to meet the next
equipotential, ¢2. At ¢, the velocity vector will be tangent to the arc
and will have a magnitude:

(4
v = 2—¢s.
m

By repeating the procedure at the successive equipotentials, the path of
the electron can be mapped.

The radius and center of the arc can be found graphically, thus avoid-
ing the calculation indicated in Eq. 3.12. First, the approximate direction
of the field vector, E, is obtained by dropping a per ~ndicular from 4,
the intersection of the path with ¢,, onto the equipotential, ¢s, cutting
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it at B. At right angles to the line AB a line is extended until it meets
the normal to the velocity vector at C. It is evident that E, must lie
along the normal to the velocity vector and that tne center of the arc
must also be located on this line. If the angle between E and E, is a,
then: :

E,=Ecosa= ¢2A—B¢l oS a
AB
r=2-—% - ¢ (3.13)

¢2 — b1 COS @ b2 — ¢1

Somewhat greater accuracy is obtained if ¢2 in the numerator of Eq.
3.13 is replaced by the mean potential, giving:

¢2+ o1
r=——0r0

AC. 3.13
b2 — ¢1 ( @)

With the aid of this construction, path-plotting can be carried out
rapidly and accurately.

When the path in question starts from a surface of zero potential it is
convenient to make use of the fact that it issues normal to the surface
and has an initial radius of curvature three times as large as that of the
electrostatic field lines in the neighborhood of its point of origin.

The second graphical procedure is the parabola method. This method
is advantageous where the curvature of the path is small, which makes
the radii awkwardly large when the circle method is used. Theoretically,
if the process is carried to the limit and the separation between the equi-
potential lines made to approach zero, either method gives the true path.
In all practical cases tested, the accuracy of the two methods is about
the same.

The parabola method is based upon the fact that an electron moving
in a uniform field having a velocity component at right angles to the
field follows a parabolic path. It utilizes the geometric principle illus-
trated in Fig. 3.6a, namely, that the tangent to a parabola at a point at
an axial distance z from its vertex meets the axis at point C, located at
— z, or at an axial distance 2z from the point of tangency.

Again referring to Fig. 3.6a, let it be assumed that an electron at point
A is moving with a velocity v, as indicated by the vector v, and that its
motion is due to a uniform field. It is possible to determine the parabola
giving its motion as follows: The component of velocity due to the elec-
tron having fallen through the potential field to point A is v cos 6, where
9 is the angle between the velocity and field vectors. The difference of
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potential ¢* between point A and the vertex of the parabola will, there-
fore, be:

(3.14)

F1a. 3.6.—Parabola Method of Ray Tracing.

If two equipotentials, ¢, and ¢, are separated by a distance d, the field,
E, can be expressed as (¢ — ¢,)/d. The distance between the vertex of
the parabola and the point A can consequently be written as:

1
- ﬁ1)2d cos? §
2e

=

¢2— ¢
L)

=¢2-¢1

d cos? 4. (3.15)

Eq. 3.15 indicates a simple construction which will locate the point C,
as shown in Fig. 3.6a. The field vector, E, is extended back a distance
2¢1d/(¢2 — ¢1) to B. From B a perpendicular is dropped to an extension
of the velocity vector. This perpendicular will cut this vector at point C.
Thus, this point can be determined from a knowledge of the vectors »
and E. Further, if a line parallel to £ is drawn through C, and extended
back a distance d to C’, this new point must lie on the velocity vector
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for the point on the parabola where it intersects the equipotential ¢.. If
a line is drawn through C’ and 4, it closely represents the path between
the equipotentials ¢; and ¢,.

To apply this construction to a general two-dimensional potential
field, the procedure is as follows: Referring to Fig. 3.6b, the electron is
at A, moving with a velocity and direction given by ». From point 4, a
line E representing the field direction is drawn normal to the equipo-
tential, ¢;, and extends a distance d to ¢.. This line is drawn back from
A a distance 2¢:d/(¢2 — ¢)) to point B. A perpendicular is then dropped
from B onto the prolongation of v, locating point C. From C a line parallel
to AB is drawn back a distance d, locating the point C’. A line through
C’ and A locates the position of the clectron on the equipotential ¢,, and
gives the direction of its velocity vector.

As the curvature of the path decrcases, this method becomes increas-
ingly accurate. It, therefore, is useful for determining the straighter por-
tions of an electron trajectory, where, as has already been mentioned,
the circle method becomes awkward because of the long radii involved.

The two plotting methods just discussed can be applied in any problem
where the motion of the electron is confined to a plane; thus, it applies
to any electrode configuration whose potential can be correctly mapped
in a plotting tank of the type described.

3.6. The Rubber Model. By far the most convenient method of ob-
taining electron paths is by means of the rubber model. This model can
be used in all problems where the potential can be expressed as a func-
tion of two rectangular coordinates, and where the electron path is con-
fined to the plane of these coordinates. The accuracy which can be
obtained is quite high, but not quite equal to that of a path carefully
plotted by the graphical methods described.

A rubber membrane, stretched over a frame, is pressed down over a
model of the electrode system which is made in such a way that its plan
view corresponds to the geometrical configuration of the electrodes in
the z — y plane while the height is proportional to the negative voltage
on each electrode. The rubber is then no longer flat, nor does it follow the
surfaces of the model electrodes, but rather it stretches over them in a
series of mountains and valleys, touching only the top of every electrode.
If care is taken that the membrane is in contact with the full length of
the top edges of all the electrodes the contours of its surface are found
to correspond to an equipotential map of the electrode system.

A small sphere is placed at a point corresponding to the electron
source, and allowed to roll on the rubber. The horizontal projection of
its path then is a map of an electron trajectory in the electrode system
under investigation.
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The proof that the path of the sphere correctly represents an electron
trajectory is divided into two parts. First, it is necessary to show that
the height of every point on the rubber model is proportional to the po-
tential existing in the electrode system. Second, it must be proved that
a sphere rolling on such a surface follows a trajectory which represents
the electron motion.

In order to show that the height z of the rubber surface represents the
potential distribution, it is necessary to show that the surface obeys the
differential equation:

% 9%
x> 9y

z

= 0. (3.16)

z

Fig. 3.7.—Forces Acting on an Element of a Stretched Membrane.

This may readily be demonstrated if two restrictions, which are more or
less fulfilled in practice, are imposed on the rubber surface. These are:
(1) that the slope of the surface be everywhere small, (2) that the tension
of the deformed rubber be uniform over the surface.

The most straightforward proof applies the principle of minimum
cnergy. Since the energy in any region is proportional to the area, the
area integral of the surface must be a minimum. Transforming this mini-
mized integral into the Euler form leads to the differential equation
required.

The physical significance of the shape assumed by the surface is made
more apparent by the following less rigorous demonstration.

Fig. 3.7 shows an element of surface area, ds, together with the forces
acting on it. It is obvious that the vector sum of these forces must be
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zero since the element is in equilibrium. In order to set up the conditions
of equilibrium, the four forces Fi, F, F3, and Fy must each be resolved
into their components along the coordinates. Considering first Fi, it is
evident from the figure that:

dr
F1;=F1008a=F1—I*" _1 =)
dz I (dz)‘-’
1+ (&
== (3.17b)

F1,=Flsina=F1dz 7 1 =
dz . (dz)'—’
1/ + .

where dz, dr, and « are as indicated. By the first restriction, dz/dz is
small, so that

(3.17a)

1

— ]

and the components become:

F.,=F,,

dz
Fio,~F\—}-
1 l(dx>1

F:lngSy

dz
F * g I(‘ (—> )
3 \az/,

The two x components must be equal in magnitude and opposite in sign,
hence:

Similarly:

F3xg—plz)
Fy = — F,,

dz

Summing the z components, the upward force due to F; and Fj is:

dz dz 0%
o Fo = oY (= = F,— Az, 18
ot Fl((dx>1 (d1>3> Flaszx (3.18)

where Az is the length of the element in the x direction.

and
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Applying the second restriction, that the force ¥, must equal the
tension & of the membrane times the width Ay of the element in the y
direction, Eq. 3.18 becomes:

F 9%
1w+ Fi = 66—12AxAy. (3.18qa)
In like manner, the vertical components of the other two forces are:

6
F 2+ F 4z = AyAil?
ay2
Tinally, since the sum of all the z force components must be zero, and 5,
Az, and Ay are not zero, the equation:

2 0%
oz oy

must be true, proving that z satisfies the Laplace equation with the
boundary conditions determined by the electrode heights.

It may be mentioned at this point that the slope of the rubber surface
is everywhere proportional to the field strength, and that the force ex-
crted on any clectrode by the rubber is proportional to the capacity of
that clectrode.

The next problem is to show that a body moving under the action of
gravity on the rubber surface moves along a path which corresponds to
the electron trajectory. For simplicity, let it be assumed that the body
in question slides on the surface, and that its friction is negligible.

By the principle of least action, the action integral must be stationary,
or:

B
8 / mods = 0. (3.8)
4

Since the system is conservative and, hence, the sum of the kinetic and
potential energies must remain constant, the momentum my can be
found as follows:

K.E. + P.E. = const.,
2 me? = — mge,
mp = const. \/z.

By substitution Eq. 3.8 becomes:

/\/Eds=6/ W1/ d" dx—O. (3.19)
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It has already been assumed that the slope of the rubber is small so that
(dz/dz)? can be neglected compared with unity; therefore the final form
of the action integral is:

B
dy\*
5l /z 14— ) dz=0. (3.19a)
n dz

Except for z replacing ¢, Eq. 3.19a is seen to be identical with Eq. 3.9a.
In the previous derivation it was shown that the height, z, of the rubber
is proportional to the potential ¢. Therefore, the path of the body sliding
on the rubber is geometrically similar to the corresponding electron
trajectory. U

If, instead of the motion of a sliding body, that of a rolling sphere is
considered, the conclusions are the same, provided that the assumption
is made that the radius of curvature R of the sphere is small compared
with the radius of curvature of the rubber. This is shown by deriving
the total kinetic energy as follows:

Let da be a small rotation of the sphere. Then the displacement, ds,
of the center of the mass is given by:

ds = Rda.
The angular velocity in terms of the linear velocity is thus:
C L)
“Ta T Rd R

Next, the sum of the rotational and translational kinetic energies is ex-
pressed as follows:

I
KE = %(nwﬂ + Iw?) = %(m - k;)vz

- Lo,
where m* is the effective mass.

As before, the total momentum can now be written as 4/z times a
constant. Hence, Eq. 3.19a, expressing the principle of least action, is
unchanged, and the path of the rolling sphere indicates the desired path.

Certain assumptions were made in deriving the paths on the rubber
model, and the question might well arise as to how closely these assump-
tions must be fulfilled in order not to introduce serious errors in the final
results. As a result of a large number of tests on the model, the indica-
tions are that, even if the slopes become as great as 30° to 45°, and the
tension in the rubber very far from uniform, the paths obtained will be
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sufficiently accurate for all practical purposes. In fact, the presence of
friction, which has been neglected in the above derivation (except the
implied friction required to produce rolling), makes it advisable to use
fairly steep slopes.

A practical form of the rubber model is shown in Fig. 3.8. Ordinary
surgical rubber is stretched over a square frame, which is about 3 feet
on a side. Usually the electrode models are made from soft metal strips,
either lead or aluminum, which are cut to the eorrect height to represent

F1a. 3.8.—Rubber Model for the Study of Electron Paths.

the potential, and bent to conform with the clectrode shape. The table
supporting the electrodes is built of welded angle iron and has a plate-
glass top. The glass top permits illumination from below, which greatly
facilitates the placing of the electrodes. Since it is often necessary to
press the rubber down to make it come in contact with the more positive
electrodes, the table is equipped with movable side arms to which can
be clamped top electrode models.

It has been found convenient to use 3/16-inch steel ball bearings for
the spheres. These have an advantage over glass spheres in that they can
be held at the top of the cathode electrode with a small electromagnet
and released when desired, without any danger of deflecting their course,
merely by cutting off the current to the magnet.

Where a permanent record of the path is desired, a time exposure for
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the duration of the motion of the sphere can be made. In this case it is
better to use black rubber for the model, and to illuminate it from above.
Furthermore, with a pulsating light source, such as a 60-cycle cold are,

F1a. 3.9.—An Experimental Electrostatic Secondary-Emission Multiplier.

the paths will appear as dotted lines. The spacing between the dots is a
measure of the velocity of the clectron.

Numerical values for the accuracy that can be attained with the
rubber model are difficult to give, since the error depends upon the elec-

Electron

/_" 10 Y peths

‘ ’4{ A
A ‘ \

J

Fig. 3.10.—Electron Paths in a Multiplier of the Type Shown in Fig. 3.9 as Deter-
mined from Potential Plot.

tron path. Measurements of parabolic paths obtained on such a model
were made by P. H. J. A. Kleynen, who found an ervor of 1 per cent in
the height of the parabola, and one of 7 per cent in the separation be-
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tween the arms of the parabola when the sphere returned to its initial
potential.

Results obtained with the model when used in connection with the
design of the electrostatic multiplier shown in Figs. 3.9 and 3.10 indicate
its excellence. Plots were made of the initial and terminal points of a
number of electrons, as indicated by the model, and again with an actual

12 +

——A Measured path

~— =« B Path determined
0 by rubber model

-

o

Position on target ¥

S
I

\

|
0 2 4 6 8 10 12 14
Position on target =
Fia. 3.11.—Curves Showing Termini of Electron Trajectories in the Multiplier as
Determined by Direct Measurement and from a Rubber Model.

electron tube. Two curves of this type are reproduced in Fig. 3.11, show-
ing fairly close agreement between the two methods of measurement.
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CHAPTER 4
ELECTRON OPTICS (Continued)

The electron-optical systems to be considered in this chapter are those
with cylindrically symmetrical field-producing elements. All electron
lenses are based on configurations of this type. Conversely it may be
stated quite generally that any varying electrostatic or magnetic field
which has cylindrical symmetry is capable of forming a first-order image,
either real or virtual.

The practical importance of electron lenses is only now becoming ap-
parent, although they have for some time attracted considerable atten-
tion in the realm of pure science.

Perhaps the first practical application of the electron lens was in the
clectron gun of cathode-ray oscilloscopes. This has been greatly improved
in the past few years and is now used for television purposes in the Kine-
scope and the Iconoscope. Details of the electron gun, although it em-
bodies principles discussed here, will be reserved for a later chapter.

Another early use of the electron lens is found in the electron micro-
scope. There are a great many forms of this microscope, all based essen-
tially on the same principle. I'ig. 4.1 illustrates a high-magnification
instrument utilizing magnetic electron lenses. Not only is the electron
microscope an important aid in the study of cathodes, secondary emit-
ters, and metal surfaces, but, in addition, it has recently been adapted
to biological work, permitting higher useful magnifications than can be
obtained by optical means.

A third application which should be mentioned is its use in connection
with the image tube. The image tube is of importance because it can be
combined with the Iconoscope to make a television pickup tube which
is many times more sensitive than the normal Iconoscope. Here again
there are a number of possible forms, using electrostatic, magnetic, or
combined electrostatic and magnetic lenses.

In order to make intelligent use of electron lenses it is necessary to
have a rather complete understanding of the process of image formation.
The theory of the formation of images in electron optics may be regarded
as an extension of that applying to light optics. It is, therefore, not out
of place to review briefly the elements of ordinary optics.

91
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4.1. Optical Principles. When a ray of light passes through a bound-
ary between two media in which the velocity of light differs, the ray is
bent by a process known as refraction. The law governing this refraction
is the well-known Snell’s law:

n sin 8= n' sin #/, 4.1

Fic. 41.—R.C.A. Electron Microscope.

where 8 and g are the angles which the incident and refracted ray make
with the normal to the boundary between the media having refractive
indices of n and n’, respectively.

If the boundary separating the two media is a section of a spherical
surface, a lens will be formed. Such a surface can be shown to have
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image-forming properties. By this is meant that, if the light rays from
a small object enter the spherical refracting surface, the rays from any
point will be bent in such a way that they converge on, or appear to
diverge from, a second point known as its image point. Furthermore, the
image points will be ordered in the same way as the emitting or object
points, so that an image is formed of the original object. Where the rays
travel so that they actually converge on the image points, the image

F1c. 4.2.—An Electrostatic Image Tube.

formed is said to be real; if it is necessary to extend the rays backward to
the point from which they appear to diverge, the image is virtual.

To prove the existence of the image-forming property of these spher-
ical surfaces, it is necessary to show, first, that the rays from an object
point converge on an image point, and second, that the ordering of
object and image points is similar. The carrying out of this demonstra-

F16. 4.3.—Refraction at a Curved Surface.

tion requires the imposing of two restrictions: namely, that the object
be small, and that the rays make very small angles with the normal from
the object point to the surface. Rays which meet these requirements are
known as paraxial rays, and the image theory based on these restrictions
is called the first-order theory, or Gaussian dioptrics.

Referring to Fig. 4.3, P is the object point at a distance s from the
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spherical boundary of radius R. The ray PA emitted at an angle 6 is re-
fracted so that it reaches the axis at s/, making an angle ¢’ with the axis.
TFrom the geometry of the figure it is obvious that the angles of incidence
and refraction are:

r
B=0+I_€’
4 ! r
5=—9+I—£'

Since, under the restrictions imposed, the angles of incidence and re-
fraction are small, the sines appearing in Snell’s law may be replaced by
the angles themselves. Eq. 4.1 thus becomes:

nB = n'g’ “4.2)
and, substituting in Eq. 4.2, it follows that

1

™m m
6 e g o
nht =i+ g
or

nb+ n'6’ = I—;(n’ - n). (4.3)

However, 8 = r/sand 6’ = r/s’, so that Eq. 4.3 can be written as follows:

n n
)

n'—-n
s s R

4.4

Since neither r nor 6 appears in this expression, the equation proves
that any ray leaving P must converge on the point I’ at a distance s’
from the surface. The point P’ is therefore the image point of the object
point P.

Considering next a particular ray QQ’, which is normal to the refract-
ing swrface, it is evident from the similar triangles formed that
vy ('-R)

y R4+s )
Combined with Eq. 4.4 this becomes:

' '

Lo 4.5)
y n's

Since y’/y is the ratio of the separation of the two object points PQ, and

the two image points P'Q)’, it is the lateral magnification m of the image.

This magnification is independent of which point on the image is chosen;
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therefore, the ordering of the image and object points will be similar, and
the second condition for image formation is fulfilled.

Finally, substituting the relation s’/s = 6/¢’ into Eq. 4.5, the fol-
lowing equation is obtained:

nyl = n'y’'d’. (4.6)

This equation expresses the law of Lagrange and is valid for the first-
order image formation by any number of refracting surfaces.

Referring back to Fig. 4.3, it is evident that it is possible to conceive
of a plane surface which would bend the rays in exactly the same way
as the spherical surface. As can be seen from the figure, the amount of
bending required to produce an image would be:

a = kr, 4.7)
where a is the angle between the incident and refracted ray, and r the
radial distance from the axis at which the ray meets the surface.

4.2. The Thin Lens. The formulas just derived are sufficient to de-

termine the size and position of the first-order image formed by any
number or type of curved refracting surfaces. However, it is often sim-

Fia. 4.4.—Properties of a Thin Lens.

pler to express the properties of the lens in another way. When dealing
with the image-forming properties of a thin lens, such as is illustrated in
Fig. 4.4, ie., a refractive medium bounded by two spherical surfaces
having radii of curvature large compared to the separation between them,
it is most convenient to make use of the derived concept of focal length.
Since, for this lens, the index of refraction in the image and object space
is the same, it follows from the successive application of Eq. 4.4 that
1 1
-+ — = const.
s 8

If, as for ray 1, s is made equal to infinity, this becomes:
1 1
— + — = const.,

o ff
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or, similarly, for ray 2/, where s’ is infinite:
b YI y b}

N,
rar const.
When combined, these equations give:
1 1 1 1
;+;—}=F (4.8)

which is the familiar equation for a thin lens where f = f” is by definition
the focal length. It will be noted that the focal length of the system rep-
resented by Eq. 4.7 is 1/k. The magnification, as is evident from the
geometry of the figures, will be in either case:

sl

m= = 4.9)
4.3. The Thick Lens. The relations developed above can be applied
with a fair degree of accuracy for all lenses whose focal length is long

M' |M’
-i-
4 T
F |111 FI
l ‘1. T
<~«x—>¢<—j—>L\|£ - of—le—al >
8 = 8"
A o

F16. 4.5.—Image Formation by a Thick Lens.

compared to the thickness. However, if the thickness of the lens cannot
be considered as negligible compared to the focal length, a more com-
plicated set of relations is required. These apply to a single lens or to a
system composed of several lens elements. Either system is spoken of as
a ‘“‘thick lens.”

In order to determine the size and position of the Gaussian image
formed by a thick lens, it is necessary to locate two reference planeé,
known as “principal” planes, and the two focal points.

The two principal planes are the conjugate planes for which the optical
system has a positive magnification of unity. In other words, an object
at one principal plane produces at the other a virtual (erect) image
which is the same size as the object. The intersections of these planes
with the axis of the system are known as the principal points. Fig. 4.5
shows a thick-lens optical system, the planes MN and M’'N’ being the
two principal planes, and H and H’ the principal points. Any ray of light
entering the lens from the object space parallel to the axis will be bent
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in such a way that it crosses the axis at the point F’. The parallel ray,
and the ray through the focal point, will, if extended, meet at the prin-
cipal plane of the image space M'N’. Similarly, any ray through the
point F in the object space will emerge from the lens system parallel to.
the axis. These two rays, when extended, meet in the first principal
plane MN. The points F and F’ are the first and second focal points, re-
spectively. The two focal points, together with the two principal points,
are known as the cardinal points of the lens system. Once these have
been located, the first-order image of any object can readily be found.
The distances f and f’, between the focal points and their corresponding
principal planes, are known as the first and second focal lengths.

From the geometry of Fig. 4.5 it is evident that the lateral magnifica-
tion m of the system is given by:

m=—2=-2, (4.10)

where z and z’ are object and image distances from the focal points.
From this it follows that:

zz' = f. (4.11)

The magnification and position can, of course, be referred to the prin-
cipal points instead of the focal points. If s and s’ are the distances of the
object and image from the principal planes, their values are s = z + f
and s’ = ' + z’. When these are substituted in Eq. 4.11, the latter be-
comes:

(s=NE-MN=1, (4.12)
1
S s

which corresponds to Eq. 4.8 for a thin lens. In the same terms, the
magnification is:

m=—-——=—-—= (4.13)

It can be shown that, if the medium in the object space has a refractive
index 7 and that in the image space is n’, the two foval lengths will be
related as follows:

!
fl

As a consequence, if the media on the two sides of the system have the

(4.14)

3|3
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same refractive index, the first and second focal lengths will be equal. A
derivation of these laws dealing with a thick lens can be found in any
elementary textbook on optics.

As was mentioned above, any combination of thin lenses may be rep-
resented by the four cardinal points of a thick lens. Two thin lenses of
focal lengths f; and f. separated by a distance d will serve as an illus-
trative example. Such a system is shown in Fig. 4.6. In the following, all
quantities referring to the first lens will have the subscript 1; those to the
second lens, the subscript 2; those referring to the equivalent thick lens

m | 1@
=+ -k
A § /
FZ F { S~ 5!
N F ’
2

| 1

P

Fic. 4.6.—Cardinal Points of a Pair of Thin Lenses.

will have no subscript. An object at infinity, making s; = s = o, is
imaged at F,’ by the first lens. This image is the object for the second
lens, the object distance being:

82=d—f1.

The point at which the second lens images this virtual object will be the
position of second focal point F’ of the equivalent thick lens. The distance
between F’ and the second lens is, therefore, s,’. Applying Eq. 4.12 it
follows that:

S
d"fx 82'—f2’

4.1
o = Jf2=df w19
T i+ fa—d

which locates the second focal point. The first focal point can be located
in a similar way by tracing a ray to an image point at infinity. The dis-
tance between the first lens and the first focal point will be found to be

fifs = dfi

fit fa—d (4.15a)

Furthermore, from the geometry of the two sets of ray paths discussed,
it can be shown that the distances g and g’ between the first principal
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point and first lens, and between the second principal point and second
lens, are:

__
g~f1+f2—d, (4.16)
b4

g it f—d (4.16a)

In this way, the four cardinal points of the equivalent thick lens can be
located.

4.4, Index of Refraction in Electron Optics. From the foregoing it is
evident that the concept of the index of refraction is important in optics.

A ¢| B ¢2C

Z—-_— : ':”2v="lv

Y2z

Y

Vi

7,

FiG. 4.7.—Refraction by Potential Double Layer.

In electron optics the potential, or rather the square root of the poten-
tial, plays the role of the index of refraction. The following simple ex-
ample illustrates the similarity. Consider an electron moving from a
region at potential ¢, through a narrow transition region into a region
at potential ¢,. Referring to Fig. 4.7, the regions A and C are field-free and
at potentials ¢; and ¢, respectively, while in the intervening transition
space B there existsa field of magnitude (¢, — ¢,)/d normal to the bound-
ary sheets. The boundaries separating the three regions are assumed to
be conducting sheets which are transparent to electrons. Such sheets are,
of course, purely fictitious and can only be approximated in practice;
however, they are useful for illustrative purposes. The incident electron
approaching the first sheet has a velocity

/ e
v = 2—¢1.
m

If it makes an angle 8, with the surface normal, its velocity can be re-
solved into two components, which are:

Vi = 2—i¢1 cos 6y, (4.17)
m

U1y = 1 / 27_2431 sin 01, (417(1)
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where z is normal to the boundary sheets and y is parallel to them. As
the electron traverses the transition region, it is accelerated in the z
direction by the field, while its y component of velocity remains un-
changed. The total velocity of the emerging electron will, of course, be:

= 4 / 2%»,. (4.18)

From Eq. 4.17a its transverse velocity is:

€ q
Voy = ,‘/25051 sin 01. (419)

The angle of emergence 9, is determined by these two velocities and is
given by:

Vg .
—¥ = sin 6,.
va

Finally, substituting Eqs. 4.18 and 4.19 into this equation, and trans-
posing, it becomes:

vV ¢y 8in 0 = v/ ¢, sin 0, (4.20)

Comparing this to Snell’s law, it will be seen that /¢ is the exact coun-
terpart of the index of refraction n.
This similarity is quite general, as can be proved by comparing Fer-

mat’s principle of optics:
B
) / nds = 0
A

and the principle of least action for an clectron:

B B
6/ vds = const. 6/ Vieds=0. *
4 A

Fi16. 4.8.—Double-Layer Lens.

4.5. Simple Double-Layer Lens. The simplest concept of an electron
lens is probably that formed by two curved double layers of the type
just described. The arrangement is illustrated in Fig. 4.8. The double
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Sec. 4.6] CONTINUOUS LENSES - 101

layer on the object side is assumed to have a radius of curvature R, and
that on the image side a radius R;. The potential of the inner surfaces is
¢2; that of the outer, ¢;.

This lens corresponds exactly to an optical thin lens with an index of
refraction n, = /¢, immersed in a medium which has an index of re-
fraction n; = v/¢,. Its focal length can be calculated by elementary
optics and is given by the equation:

1 &2 11
/)

An electron source, located at a distance s from this lens, emitting elec-
trons with a velocity /2(e/m)¢,, will be imaged at a distance s’. These
distances are related by the equation:

1 1

s &

1
)
4.6, Continuous Lenses, If the type of lens just described were the
only kind that could be made, electron lenses would have little practical
value. There exists a second, fundamentally different class, and upon
this the importance of electron lenses rests. The operation of these lenses
is based upon the following fact: Whenever there exists a region in which
there is a varying electric field having cylindrical symmetry, this region
will have properties analogous to those of an optical lens system; that
is, it will be capable of forming a real or virtual image of an emitting
source.

It is evident that a lens formed in this way is very different from the
familiar glass lens treated in conventional optics. Instead of sharp bound-
aries between media of different index of refraction, the index varies
continuously, both along the axis and radially. This being so, it has been
found necessary to apply different mathematical methods in calculating
the lens properties resulting from any specific field. These properties,
once they have been found, can be represented by the same four cardinal
points which describe an optical thick lens, namely, by two focal points
and two principal points.

The simplest lens having a continuously variable index of refraction
is that formed by an axially symmetric transition region between two
constant fields of different magnitude. Physically, such a region is ap-
proximated by that in an aperture having different field strengths on
the two sides. This is illustrated in Fig. 4.9a.

In order to obtain a physical picture of the action of this lens it is con-
venient to make use of the concept of lines of electrostatic force, or field
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102 ELECTRON OPTICS [Chap. 4

lines, whose direction at any point is that of the field and whose density
is proportional to the field strength. A small volume element in the tran-
sition region of the lens is shown in Fig. 4.9b. In this region the Laplace
equation is obeyed, and, as was pointed out in the preceding chapter,
this requires that the number of field lines which enter the volume ele-
ment must equal that which leave. It is evident that, since the density
of lines is different on the two ends, lines must enter or leave through the
top of the volume. Referring to Fig. 4.9b it will be seen that this condition
can be fulfilled only if the field lines are curved. Accordingly, the field
lines are not parallel to the axis, and the field

l é l can be resolved into radial and axial com-

E, E, ponents. The radial component of the field

; will deflect any electron passing through the
I transition region toward (or away from) the
l——l axis. This bhending action increases with
radial distance from the axis, as is required

) %X for image formation.
E

(a) k—a—»ll

The quantitative properties of the lens can

___ EBpmT  be determined as follows*: First, by apply-

E, ing the Laplace equation the radial com-

l‘_“—’l ponent of the field is obtained. From the

Fia. 4.9.—Idealized Field  pa(ja] field component the change in radial
Distribution in Simple . 2

Aperture Lens. momentum of an electron in passing through

this region is calculated. This leads to the

value of the change in angle of the clectron trajectory and, hence,

directly to the focal length of the system.
Since there are no charges, the divergence as well as the curl of the
field are zero. In cylindrical coordinates these can be expressed as follows:

3E; l 3
9P = '—'(TE,) =0, (421)
0z ror

and:
9F,
ar

The total differential of the radial field component is:

2em) -2 <o, (4.22)
9z

;] ;]
d(rE,) = a—z(rE,)dz - B;(TE,)dr.

Substituting from Eqs. 4.21 and 4.22 this becomes:

dE, ok,
dz —r
or 0z

d(rE,) = r
* See Bedford reference 13.

dr, (4.23)
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which gives the radial component in terms of the axial field. To deter-
mine the first-order-image properties of the lens only the field near the
axis need be considered. In the vicinity of the axis both E, and 9E./dz
are to the desired approximation independent of r. Therefore, Eq. 4.23
may be written:

E.
d(rE,) = — ra dr,
0z

and integrated directly to give:

roFE,
E, = —--—2 4.24
2 9z ( )

The change in radial momentum of an electron subjected to this field
for a time equal to that required to traverse the transition region, whose
width is a, is:

Amy, = — ]GE,-dt

er OE, dz
= = — 4.25
[ 20z v, ( )

since dt = dz/v,. As a is small, v, can be assumed to be constant over the
transition region, and this equation can be integrated, giving:

er
r = —(E; — Ey).
Amy 21),( 2 1)

The change in angle is, therefore:

Amvy,
oa=—
my,

er

- 2v,2m(E2 — By,

or, replacing my,? by 2e¢, where ¢ is the potential of the lens:

E,- E,
r—
4¢

(4.26)

A comparison of Eq. 4.26 with Eq. 4.7 indicates that the lens will form
a first-order image. Its focal length is:

4¢

f= El—_E (4.27)
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104 ELECTRON OPTICS [Chap. 4
Although, in view of the restrictions assumed in the derivation, Eq.
4.27 is only a first approximation, it is nevertheless useful for estimating

the behavior of apertures and other electron-optical systems. For ex-
ample, a lens often encountered in practice consists of two apertures at

o
|~
"

E= .4d‘¢ E=0

E=Q

Fic. 4.10.—Ray Paths in Double-Aperture Lens (Schematic).

different potentials as illustrated in Fig. 4.10. The focal lengths of the
apertures considered separately are:

4¢.4d

fa= bp — ¢A’
—4¢pd

fo= b8 — P4

This being combined into a “thick lens,” due account being taken of the
converging action of the field between the apertures and the difference
in potential on the two sides of the lens, the focal lengths f and f” on the
object and image sides of the system are:

8d
! =~
{-1)0-4/%)
b4 bn i (4.28)
8d ’
S
RSk
b\ da o5/ )

Again warning should be given that these results are only approximate,
and are strictly applicable only when ¢4 and ¢ are not too different, d
is small compared with the focal length, and the aperture diameter small
compared with d.

4.7. The Ray Equation. In most practical cases, the lens region, i.e.,
the region throughout which the field is varying, cannot be considered
as small, as was assumed in the derivation given in the preceding section.
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See. 4.7] THE RAY EQUATION 105

To determine the imaging properties of a more general electron lens it is
necessary to make use of a differential equation of the ray path, which
can be integrated over the region of varying potential. Proceeding as in
the previous example, but considering as the transition region an ele-

$ b b b

Fic. 4.11.—Elementary Section of the Potential Field of an Electron Lens.

mentary strip between z and z + Az, which is part of an extended region
of varying potential, the change in radial momentuin is:

making the substitutions v, = dr/dt and 9E,/dz = — d’¢/dz® this be-
comes:

—_——= — — —

dt  2m dz* v,

¢ being the potential along the axis. Dividing through by Az and letting
the width Az of the elementary strip approach zero, it follows that

dfdr er d¥
£< dt) T 2mw,d2? )

By a suitable rearrangement of terms and the substitution v,ov =
v/ (2¢/m)é, Eq. 4.29 can be written as:

&r 1 dedr 1 d%

iF - 2 dedz dpd” (4.30)
T _Te"
T 2 44
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This is the fundamental ray equation used in all cylindrically sym-
metric electron-optical problems involving only electrostatic fields. When
solved it gives the radial distance of the electron ray from the axis at
every point along the axis. Furthermore, its form assures the fulfilment
of Gaussian, or first-order, image requirements.

4.8. Solution of the Ray Equation. When a solution of Eq. 4.30 is
possible, the first-order-image properties of the electron lens system can
be readily determined. The procedure is similar to that in optics. An
clectron ray parallel to the axis in object space is traced through the lens.
Its intersection with the axis locates the second focal point. Extending
a line tangent to the ray at the second focal point until it intersects
the incident ray locates the position of the second principal plane.
The first focal point and principal plane can be determined by similarly
considering a ray parallel to the axis in image space. With the four cardinal
points, the position and magnification of the image corresponding to an
arbitrarily placed object can be readily calculated. However, it must be
remembered that, in order to determine the cardinal points in this way,
not only must both the image and object be outside of the lens (i.e., in
field-free space), but the same must be true of the focal points.

An alternative method of determining the imaging properties of a lens
is to trace through the system, first, a ray having a small radial initial
velocity leaving an object point on the axis which is followed until it
intersects the axis, thus locating the image plane, and second, a ray from
the object leaving with zero radial initial velocity from a point off the
axis whose intersection with the image plane will give the magnification.
With the aid of these two ray paths the four cardinal points may also be
determined. If the image and object are not in the lens, the cardinal
points determined by this second procedure can be used irrespective of
whether or not they fall within the lens. If the image or object lies within
the lens, the calculation applies to that particular object or image posi-
tion only.

The differential ray equation rarely permits an analytical solution in
practical cases. Again, as was found to be necessary in the solution of the
Laplace equation, numerical approximations or graphical methods must
be resorted to.

A very simple and rapid approximate method has been proposed by
Richard Gans.* With a little care, this method is eapable of an accuracy
adequate for most practical cases.

The method consists of representing the potential along the axis by a
series of straight-line segments, and applying the ray equation along the
segments in turn.

* See Gans, reference 14.

WorldRadioHistory




Sec. 4.8) THE SOLUTION OF THE RAY EQUATION 107

Over any straight segment the second derivative d?¢/dz? is zero. The
ray equation therefore becomes:

This can be integrated twice to give:

dr
d-z\/E =C, (4.31)
and
9 —
r=ro+ HC(\/;@ %) (4.31a)
dz

where 7o and ¢, are the radial position and potential at the beginning of
the segment.

At the point where two segments meet, d?¢/dz? is infinite. Integrating
Eq. 4.30 over the transition, the equation

().~ (%)
dr (dr) dz/, 2/,
~) —{+) = - 4.32
(dz>2 i), """ 4 (4.32)
is obtained. The subscript 1 indicates values before the break-point, and

2 those after the break-point.
Finally, where the segment is parallel to the axis, the solution becomes

— (:Z)(z ~ 2. (4.33)

The method, because of its utility as a practical means for estimating
the performance of any electron lens system for which the axial distribu-
tion is known, is worth illustrating by means of a simple numerical ex-
ample.

The lens system to be considered consists of two equidiameter coaxial
cylinders. The cylinders are assumed to have potentials equal to 2 and
12, respectively. Here the units of potential are quite arbitrary, the only
thing of importance, as far as the lens properties are concerned, being
the voltage ratio, which in this example is 6. The axial potential distribu-
tion of the system has been calculated by means of Eq. 4.35a given in
the next section, and is tabulated in Table 4.1, in which the distance z
is given in cylinder radii.
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108 ELECTRON OPTICS [Chap. 4

TABLE 4.1
z ¢ z ¢

-2.0 2.05 0.1 7.66
-1.8 2.10 0.3 8.88
~16 | 216 0.5 9.88
~1.4 2.27 0.7 10.62
-1.2 244 | 0.9 11.12
10 | 27 | 11 11.45
-0.8 3.12 1.3 11.66
-6 | 3.72 1.5 11.79
—04 | 4358 | 17 | 11.87
02 | 571 1.9 11.93
-0.0 | 7.00

It should be pointed out that the potential distribution for any de-
sired voltage ratio can be obtained with the aid of the values given in
Table 4.1 by adding an appropriate constant.

B 2

A

[ FENRIERERE RN RN N ARARI FERN A RRANE NNERE
=20 -1, -1 = 0.5

Fic. 4.12.—Axial Potential Distribution and its Line Segment Approximation for a
Cylinder Lens.

The potential distribution is shown by the dotted curve of Fig. 4.12.
In addition, this distribution is approximated in the figure by a series of
six straight-line segments intersecting at points A, B, C, D, E. The
intersections have the following values:

z ¢
. S —1.60 2.0
/+15000000000000000 —0.96 2.7
(#506000006060000000 —0.46 4.3
!2)56 0000000000000 0.60 10.6
J6060000000000000 1.40 12.0
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The slopes of the segments, and consequently the potential gradients,
¢’, represented by them, are:

SEGMENT ¢’
L 0
AB.. ... ., 1.09
BC........ccoiiiiiiiiiii, 3.20
CD......iiiiiiiiiiiii, 5.95
DE........c....ooiiiiiiiii 1.75
Eo.. i, 0

An electron leaves an object point on the axis at a distance —12 lens
radii from the origin, with velocity corresponding to ¢ = 2 and a slope
of 0.096. It is required to find the conjugate image point, that is, the
point at which the electron again intersects the axis.

The electron will move in a straight line until it reaches the first break-
point at A. At this point, its radial distance is r4 = 1.00 and its slope
7’4 = 0.096. Tts slope at the other side of the break-point is given by
Eq. 4.32:

1.00 X (1.09 — 0)
' 096 — ——— 2 4
r2'a = 0.09 4% 20

= — 0.040.
The value for C for the segment AB, given by Eq. 4.31, is:
C = — 0.040 X /2.0 = — 0.057.

Therefore, by Eq. 4.31:
— 0.057

Ty = ———t = — 0.034,
VY
and from Eq. 4.31a:
- 0.114 a7 - d
1o~ 100 = O1HV2T = V20
1.09
= 0.97.

The calculation continues in the same way for each succeeding break-
point and segment. The results are given in Table 4.2,

TABLE 4.2
]

’ r r, rs' C
Aveiiiiiai ‘ 1.00 0.096 ~0.040 —0.057
B 0w ~0.034 ~0.022 ~0.366
Coviiii 0.88 ~0.18 ~0.32 —0.657
Do, | o0.62 ~0.20 —0.14 ~0.459
B 0.51 ~0.13 ~0.11

l 5 [

WorldRadioHistory



110 ELECTRON OPTICS [Chap. 4

From point E the electron continues in a straight line, with a slope
to the axis of — 0.11. Therefore, it intersects the axis at a distance
0.51/0.11 = 4.6 radii from point E, or, in other words, the image point
is 18.0 lens radii from the object point. A determination of the path by
the more exact methods outlined in the next section gives the distance
between the object and image point as 18.6 lens radii. Fig. 4.13 shows
the exact path of the electron through the system, together with the

X Points calculated

by Gans method
,-1 L5 —True path
1.0
| I T B o.n 1l

-6 -4 2, 0 2 4 6 Lensradii
Fi6. 4.13.—Electron Trajectory through Cylinder Lens.

points corresponding to the radial position at the break-points as calcu-
lated by the approximate method.

A closer approximation, of course, could have been obtained if a
greater number of line segments had been used to represent the potential,
particularly on the low-potential side of the lens.

4.9. Special Lens Systems. The electron-optical system consisting
of two coaxial cylinders of equal diameter forms the basis of many

practical lenses The properties of

| this configuration can, of course,

‘ be determined by mapping the

€ AE A axial potential distribution with

T aal the aid of a plotting tank and

- - Tz " then tracing suitable rays by the

method just discussed. However,

when high accuracy is required, a

mathematical solution may be ad-

Fic. 4.14.—Coordinates for Electrostatic = vantageous.

Cylinder Lens. Fig. 4.14 illustrates, in cross-

section, two semi-infinite coaxial

cylinders, spaced a negligible distance apart. The axisof the cylinders will

be taken as the z-axis of the cylindrical coordinate system, and the origin
of the system will be located at the junction of the two eylinders.

The general solution of the Laplace equation for this type of configura-
tion was discussed in the preceding chapter. By separating the variables,
it was shown that the solution could be expressed in the form of the fol-
lowing integral:
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o(r,2) = / ARG R (a,k)dk,

where:
F = ae™*? 4 be~ 2,
G = cJo(tkr) + dNo(tkr).

The requirement that the potential remain finite as z increases elimi-
nates all terms with complex k. Furthermore, the condition that it be
finite along the axis requires that the coefficients of the Neumann fune-
tion be zero. Finally, since ¢ — (¢1 + ¢2)/2 is an odd function of z, the
only trigonometric functions to be considered are sines.

Hence, the solution can be written as:

é1 + ¢2
2

o(r,z) = / B(k)J o(Zkr) sin kzdk + ——— (4.34)
0

The coefficient B(k) can be found with the aid of boundary conditions
for r = 1, the radius of the cylinders being taken as unit length; these
are:

¢(1,2) = ¢, for 2<0,

¢(1,2) = ¢ for 2>0.

This evaluation leads to:

0
B(k)J (k) = -]3/ - (‘ﬁLﬂ sin kzdz +/ (¢2 2 ) o sin kzdzé,
™ - 0

(¢2 — ¢1) .
Tk o(iF) 1- l:r}; ios kz).

This value being placed in Eq. 4.34, the potential is found to be:

B(k) =

1 L]
#(r,2) = ;l ‘Ii:fl @ k)Ju(zkr) sin (kz)dk + % + B )

The axial potential and its first two derivatives are:

© e
$(0,2) = ;lr / (b — s gy BT 8 350)
1]

kJo(ik) 2
00 -1 ) % (4.35b)
¢ ®) = - 5 ¢2 ¢l (k) .
" 1 ° _ ksin ke
¢"'(0,2) = - ‘/; (¢2 ¢n)——J0(ik) dk. (4.35¢)

These integrals cannot be solved analytically, but must be evaluated
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by quadrature, which, though laborious, is a fairly straightforward pro-
cedure. Numerical values of potential thus obtained are used to calculate
the electron paths from the ray equation.

The solution of the ray equation is expedited by the substitution:

1dr
c=—~-
rdz
5 o, ¢
o T
3 H,|
12
8 — e 4
4} =P 3
f=5HLV -
| 2
6 [7 Voltage ratio %,
1
—4)- i —
e
. |
-8 ~ ___]___ ‘_

F16. 4.15.—Focal Length and Position of Focal Points of Cylinder Lens as Function
of Voltage Ratio (After Epstein).

The function ¢ is the convergence of the ray. It is thus named because it
is the reciprocal of the distance along the axis from the point at which ¢
is determined to the intersection of a rectilinear extension of the ray
with the axis.

This substitution being made, the ray equation (4.30) becomes:
—= -4 (4.36)

The evaluation of the equation must be continued until the ray is sub-
stantially a straight line, or until it passes through the image plane.
The curves reproduced in Fig. 4.15 locate completely the four car-
dinal points for various values ¢,/¢: in the type of system just described.
All distances are given in terms of lens radii.
Besides the coaxial cylinder lens using cylinders of the same diameters,
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an infinite number of other lenses can, of course, be formed by using cyl-
inders of unequal diameters. The effect of this difference is to alter to
some extent the position of the cardinal points. From the standpoint of
Gaussian dioptrics, there is rarely any advantage in choosing cylinders
of different diameters. Empirical data, however, indicate that certain of
the image defects can be considerably reduced by a proper selection of
diameter ratios.

These electron-optical systems will be referred to again in the dis-
cussion of the electron gun.

22
Lb |
23 .
4%
18 “‘“'u Jf;Second focal length
I fieust e
16 | ip
ur K=,
12 —
10—
& Yp=.364
6l— 19x. formula
N =82
4 B (yD=1.24
21— “/D=1.73
| G/D=3.75
by [ |

|

8 10 12 14, 16 ratio
¢,/¢
[Aa]

F16. 4.16.—Focal Length of Double-Aperture Lenses (After Polotovsky).

4.10. Aperture Lenses. Another very important class of lenses are
those formed by a pair of apertured conductors at different potentials.
This lens is used extensively both in the electron gun and in electron
imaging devices such as the microscope.

The simplest lens of this type has already been discussed. The results
obtained for this restricted case, however, have very limited application.
They can be used only where the potential difference of the apertures is
small so that the focal lengths are large compared to the spacing between
the apertures and to their diameters.

A determination of the first-order-image properties of aperture lenses
has been made by Polotovsky by electrolytic and graphical methods. Fig.
4.16 reproduces some of his results. These curves give the second focal
length for various voltages, and separation to diameter ratios. For com-
parison, Eq. 4.28 for the simplified case is included in this figure.
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4.11. Cathode Lens Systems. In many practical clectron-optical
lenses, the electrons enter the system with essentially zero veloeity. Such
a lens is to be found in the clectrostatically focused image tube (which,
in connection with the Iconoscope, is discussed in Chapter 11). This type
of lens, shown in I'ig. 4.17, differs quite radically in its properties from
the lenses discussed so far.

The potential at the point where the electron enters the system is zero.
In consequence, the electron ray originates in a region of zero index of
refraction. Because of this, the first focal length is zero and the first
principal plane is located at the object.

Under these conditions, if the clectrons were actually emitted from
the object, that is, the cathode, with zero velocity, the image plane
would be completely indeterminate. However, the assumption of a small
radial initial velocity suffices to determine the position and, with it, the

Lens

r4

Obi-ea z image

Cathode cylinder Anode cylinder
Fig. 4.17.—Cathode Lens.

magnification of the image. In practice, both the radial and axial com-
ponents of the initial velocity are far from negligible, and are responsible
for certain aberrations discussed in section 4.14.

One of the simplest lenses of this type consists of two coaxial cylinders
of equal diameter, one infinite in extent, the other terminated by a flat
plane. The terminal plane is assumed to be the electron object. In a con-
ventional image tube, for example, this plane would be a photoelectric
cathode. The cathode surface is conducting and is clectrically connected
to the cathode cylinder, these clements being at zero potential. For con-
venience, the lens will be said to be located at the junction of the two
cylinders, although actually it extends from the cathode to a distance of
several cylinder radii beyond the junction. The geometry of the lens can
be seen from Fig. 4.17.

The calculation of the potential distribution proceeds exactly as in the
previous example of the two-cylinder lens. It is expedient here to use
cylindrical coordinates with their origin at the cathode. The general solu-
tion of the Laplace equation, which can be evaluated from the boundary
conditions of the lens, leads to the following integrals, giving the po-
tential along the axis together with the first and second derivatives:
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2 (" cos ku sin kz
$(0,2) = - ‘/(: ¢lT(ik)—dk’ (4.37q)
, 2 (7 cosku cos kz
¢'(0,2) = - ‘[ ér D) dk, (4.37b)
" 2 (" kecoskusinkz
$"(02) = — - [ P b dk. (4.37¢)

As before, these integrals must be evaluated by quadrature.

The numerical values of the potential thus obtained can, with the aid
of the ray equation, be used to obtain the lens properties. In this instance,
the convergence function, ¢, becomes infinite at z = 0 and thus cannot
be used. However, the substitution of the function:

1 1dr
S S e
leading to:
db 1 ¢') ¢’ l(qs' 1)
—=b-H-+2 )+ (2 )
dz b (z+2¢ +4¢+2z 20 2

will facilitate the solution by reducing the ray equation to a first-order
differential equation.

Numerical determinations of two electron paths will locate the image
and give its magnification. In Fig. 4.18 the potential and its first two
derivatives are shown, together with two electron trajectories. It should
be noted that the latter are independent of the applied potential, ¢;, and
are a function of the cathode-to-lens distance, u, only. The relations be-
tween image distance, object distance, and magnification are given in
Fig. 11.9 on page 317.

It is often desirable to arrange the lens in such a way that the focal
length and image position can be varied electrically. This can be done
by making the cathode cylinder of resistive material so that an axial po-
tential gradient can be established on it between cathode and lens. In
practice, it is convenient to divide the cathode cylinder into a number
of rings having equal potential steps between them. Experimentally, this
is found to simulate the resistive cathode cylinder qualitatively and
quantitatively.

The performance of this system can be calculated by the methods
already given. The results of such a determination are of value in many
design problems.

The magnification of the system just described is a function of the
image and object distance alone and cannot be changed in a given tube
configuration. It is possible, by incorporating a third element, to make
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a lens system which has a variable magnification. The additional elec-
trode may be in the form of an aperture or a short cylinder placed be-
tween the anode and cathode cylinders. An electron-optical system of
this type is illustrated in Fig. 4.19. For a given tube structure and overall

1.0} ¢

05+

bl ]
10 20 3.0,-7 40 z(Lensradi)
/

fe——tte—{~ % =1.8 lens radil

1
i 1 i
1.0° 20 3. 4.0 50 [

F1a. 4.18.—Axial Potential Distribution and Electron Trajectories in a Cathode
Lens.

voltage, the magnification is varied by changing the potential ¢; on the

extra electrode and refocusing the image by the potential ¢, across the
cathode cylinder.

r
|
|
|
|

|

8, & 3, MY S—
F1g. 4.19.—An Electron Lens F1g. 4.20.—Determination of Electron Tra-

System Arranged to Give Vari- jectory Near Cathode in Gans Method of
able Magnification. Ray Tracing.

Before leaving the subject of cathode lens systems, some mention
should be made of the procedure required when they are to be investigated
by the approximate method described in section 4.8. In order to deter-
mine the image position, it is necessary to assume an initial radial
velocity. Referring to Fig. 4.20, the axial potential distribution of a cath-
ode lens system is represented by a series of straight-line segments.
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The electron is emitted from the object point, A, with a small radial
initial velocity, into a region of uniform field as represented by the first
segment, AB. The trajectory of the electron is a parabola. If at the end
of the first segment its radial distance from the axis is 5, then, from the
properties of the parabola, the slope of its trajectory will be rp/2zs,
where 23 is its axial position. Therefore, the electron will enter the first -
break-point on a path described as follows:

‘2)_2
dZ 1_223’
r=Trs

¢ = ¢s.

From this point on, the procedure is the same as for any lens system.
The choice of the radial separation rp is arbitrary, and does not affect
the determination of the image position.

4.12. The Magnetic Lens. Thus far the discussion has been limited
to electrostatic lens systems. Magnetic lenses, however, rank as at least

(4.38)
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T16. 4.21.—Electron Paths in a Uniform Magnetic Field.

cqual in importance. From a theoretical standpoint they are very much
more complicated, because the principal electron paths are not confined
to a plane. :

The simplest magnetic lens consists of a uniform magnetic field parallel
to the axis of the system and pervading all the region between anode
and cathode. ‘

An electron which leaves the emitter parallel to the axis is subject to
no force from the magnetic field. The time required by this electron to
traverse the distance between anode and cathode is given by the integral:

L
d
n=/i, (4.39)
o Us

where L is the total distance and v, the axial velocity. When, however,
the particle leaves with a radial initial velocity, v,, it will experience a
force

F = Hev,,
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where H is the magnetic field strength. Since the direction of this force
is at right angles to the transverse velocity and to the field, the electron
path will be curved. The projection of this path on a plane normal to the
axis is a circle, the radius p being given by the relation between the in-
ward acceleration and the centripetal force, i.e.:

my,?
~ = Hev,,
0
& I
p m

The circumference of this circle will be 2xp, and, therefore, the time .
required to traverse the circle will be:

2mp

ts =
Uy

2mm 44
=" (4.40)
This time is independent of the initial radial velocity. If ¢, in Eq. 4.40,
or any multiple thereof, is equal to ¢, in Eq. 4.39, all electrons leaving a
point on the source will come together at a point in the image plane,
regardless of their initial radial velocity. It should be noticed that the
image, unlike that formed by an electrostatic lens, is erect.

The magnetic lens representing the other extreme is also amenable
to simple calculation. This lens is the limiting case of the short lens. Here
the magnetic field strength is negligible except over a distance which is
small compared to the distance between object and image. The region
over which the field is appreciable will be termed the lens. Furthermore,
throughout this region it will be assumed that both the potential, ¢,
and the radial distance, ro, of the ray from the axis are constant. The
slope of the ray, dr/dz, of course, changes. On the basis of these assump-
tions it can be shown that:

dr dr er B
=) (=) = 0 2
(dz)A (dz),, 8meo l H*(2)de, (4.41)

where H(z) is the axial magnetic field, and the slopes with subscripts
A and B are those of the ray as it enters and leaves the lens region. If
s and &' are the object and image distance, respectively, for an object
point on the axis, it follows that:

(ﬂ) _(41) _Te, T
dz/ 4 dz/p s &
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Therefore, it follows that:

B
1 ¢
- = H? : '
7= S /‘; (2)dz (4.42)
Its magnification is:
sl
ms= ——
8

This type of system differs from that consisting of a uniform magnetic
field in that the image is inverted.

In general, the practical magnetic lens lies between the two extremes
just described. It is capable of forming a real image, and the image will
be rotated through an angle whose magnitude depends upon the con-
figuration and magnitude of the field.

Normally in magnetic lenses the variation in electrostatic potential
throughout the system is such that its converging action is negligible
compared to that due to the magnetic field, and the differential ray equa-
tion for a paraxial ray is:

dr eH?
dz2_  Sm¢ ()

The image is rotated through an angle 6, where

qus / Hdz. (4.43a)

An exact solution of Eq. 4.43 is difficult and, usually, impossible.

£
||

:
7 %

b=

N = ————

t Zia1

Fig. 4.22.—Approximate Representation of Axial Magnetic Field.

An approximate method of solution similar to that used for the electro-
static lens has been proposed by E. G. Ramberg.

To illustrate this method it is assumed that the axial distribution of a
field has been measured or estimated, leading to the smooth curve in
Fig. 4.22. The actual distribution is approximated by a series of step
segments as shown in the figure.
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The solution of Eq. 4.43 over any segment, for example, that between
z; and z¢4, is:

‘/ eH?

eH? dr\ 8m¢

r=17;CO8 /‘/8m¢(2 et 2.') + eHZ ’ (444)
8me

where ¢ is the potential at the segment, H the magnetic field, r the radial
distance to the ray, and z;<z<z;,;. Both r and dr/dz are continuous at
the break-points, so that the solutions for the individual segment given
by Eq. 4.44 join smoothly.

With the aid of the initial conditions, the substituted field distribution,
and Eq. 4.44, the path of the ray (or, more exactly, the radial displace-
ment) can be traced through the lens, just as is done for the electrostatic
system. Two ray paths are sufficient to determine the first-order-image
properties of the magnetic lens.

Finally, considering the most general case where the lens action is due
both to magnetic and electrostatic fields, the differential ray equation
becomes:

dxr 1 drd¢ 1d2¢+eH2)
d2~  2¢dzdz \d¢ det ' 8me/

where the symbols have the previously assigned meanings. The rotation
of the image is given by

o /2|
B 8m \/¢z

4.13. Image Defects. The theory thus far developed has dealt with
images formed by rays very close to the axis of the lens. In other words,
it deals with rays making angles with the axis which are sufficiently
small that only the first term of the sine expansion need be used. How-
ever, because the first-order theory deals with such a small portion of
the lens and object, it tells nothing about the quality of the image.

The theory has been extended to take into account the next term of
the expansion. This third-order theory, developed by Ludwig von Seidel
and bearing his name, leads to a series of five correction terms which
vanish when the oblique rays are deflected in the same manner as the
paraxial rays. When one or more of these terms differ from zero, the
oblique rays from the object do not converge in the image points indi-
cated by the laws governing the paraxial rays and the image is unsharp
or deformed; the system is then said to have aberrations. Corresponding

(4.45)
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to the five terms in the third-order theory, there are fve aberrations
from which a system may suffer. These are:

Spherical aberration.
Astigmatism.

Coma.

Curvature of the image field.
Distortion of the image.

Astigmatism

()

O #
Curvature of field Object Barrel Pincushion
Distortion of Image

Fic. 4.23.—Nature of the Five Third-Order Aberrations.

In addition to these five third-order aberrations there is a sixth due to
the variations in the initial velocities of the electrons as they leave the
object. This is known as chromatic aberration because of its similarity
to optical chromatic aberrations caused by the variation of the index of
refraction with the wavelength of light.

These aberrations play an important role in electron imaging and,
hence, merit consideration.

Spherical aberration occurs when rays leaving the object at the axis
and passing through the outer portions do not converge at the paraxial
image point. This is illustrated in Fig. 4.23a.

Astigmatism. The images of object points lying at a distance from the
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axis of the system suffer from an additional defect resulting from the fact
that rays in a plane containing the axis converge on a different point
from those in a plane perpendicular to this plane. Thls defect, known
as astigmatism, is shown in Fig. 4.23b.

Coma. Even in the absence of the two afore-mentioned aberrations the
image of a point off the axis may not be sharp, but will be a comet-shaped
area whose vertex coincides with the first-order image point. Because of
the form of the image this defect is known as coma. "

Curvalure of the Image Field. Again leaving chromatic defects out of
consideration, every point of the object will be sharply imaged after cor-
rection has been made for spherical aberration, coma, and astigmatism.
However, the image points may not lie in a plane unless correction for
the curvature of the image field has been made.

Distortion of the Image. After the four corrections mentioned above
have been made, a fifth aberration may be present, consisting of a non-
uniformity of the magnification or a twist of the image.

4.14. Aberrations. The above classification may be derived from a
consideration of the symmetry conditions of image formation; hence, it is

Object Lens Image
L) Axis
/I c = "t
P Ary
F16. 4.24.—Object, Lens, and Image Planes of an Electron-Optical System.

applicable to optical and electron lens systems. The exact derivation of
these aberrations is beyond the scope of this chapter, but the dependence
of the aberrations on the various elements of the system can be shown in
the following simplified way.

Fig. 4.24 represents a plane through the lens system which includes
the axis. The lens itself is confined to a narrow region as indicated on the
figure. An object point, P, is located at a distance r, from the axis and
the corresponding image point, P’, at r;. In order that the image be
faithful, r; must be proportional to r,. This condition is fulfilled by the
first-order image. Next, consider the ray PCP", which originates at the
object point at r, and meets the image plane at r;”. It is evident that r/
is a function of r, and r,, and that by expansion this dependence can be
expressed as a power series with constant coefficients. This expression of
dependence will be symbolized by:

’
75’0y Tay To™s Taly Tolas Ty ToTay Tl o> Ta's
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The first-order image, by definition, is such that, when r, and r, are
small, the ray PCP” will meet the image point. Therefore, the aberration
which is given by:

Ar; = T", - T )
is not dependent upon the first power of r, or r,. Furthermore, the cylin-
drical symmetry of the system makes it impossible for r; to depend on

any term of even order. Thus there remains the aberration of the third
order whose dependence may be expressed as follows:

Aror?t, 1, Tordd, Tad.

The five aberrations are classified according to the terms of this expan-
sion appearing in them. As the coefficients of these terms become zero,
the corresponding aberration vanishes.

a Aberration. b Effect of ¢ Effect of coma  d Effect of curvature  ®e Etfect of
free image Aperture defect €#0 ﬁ+o distortion
(Spherical aberration) ££0 and astigmatism (YA0)  (a+#0)
/ 1 AI’CtMII—MJ
2 Arctan———g-
(Gaussian
E. image point) B 7'0 T °‘
‘Pl ms
s Arctan 72 ﬁ) réTa
El2
=|=
w| &
Sle
gle
> E
ol E
3%
(]
"

Fia. 4.25.—The Effects of the Individual Geometric Aberrations on an Electron
Image.

Spherical aberration is that corresponding to r.®; it is therefore pro-
portional to the cube of the diameter of the ray bundle of electrons as
they go through the lens region. Since r, does not appear in this aberra-
tion, it exists for object points on the axis to the same extent as for those
off the axis.

The term with r.r.2 indicates the extent of coma present. Since 7, ap-
pears in this term, coma vanishes for a point on the axis. Both curvature
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of the image field and astigmatism are the result of non-negligible co-
efficients of terms in r,2r,. Like coma, these are field aberrations.

The final term in 72 is that giving the distortion of the image.

It will be clear from a consideration of such aberrations as coma and
astigmatism that a representation in a plane containing the axis is not
sufficient to describe them, since both require a consideration of rays
which do not lie in this plane. A coordinate corresponding to a transverse
displacement must be introduced in a complete analysis. However, this
approximate survey will serve to indicate the nature of the third-order
image defects, which are shown in detail in Fig. 4.25.

The procedure for calculating the image defects of an actual system is
extremely difficult and laborious. The usual method is to determine the
first-order image as has been described, and then to calculate the separa-
tion between the intersection of a non-paraxial ray with the image plané
and the corresponding image point. :

For more complete discussions of the analytical methods of dealing
with these aberrations, the reader is referred to the published work of
Scherzer and Glaser.*

From a practical standpoint, information as to the magnitude and
method of correction of these aberrations is very important, because one
of the major purposes of electron optics is the design of systems capable
of producing good images. Unfortunately, only a very limited amount of
data on this subject is available. Some general conclusions can be drawn
which are helpful in the laying out of practical electron lens systems.

It can be shown that it is impossible to eliminate spherical aberration
completely in electrostatic, magnetic, or combined systems. In other
words, an aplanatic lens does not exist in electron optics. Furthermore,
the spherical aberration for a combined electric and magnetic lens can-
not be made appreciably less than for either type alone. Immersion lenses
having a photoelectric cathode as object, such as are used in the image
tube, in general require the focusing of extremely narrow ray bundles,
and hence this aberration will be small. Spherical aberration, however, is
a very important defect in the electron gun and is one of the limiting
factors in producing a small spot. In this connection this aberration has
been studied for concentric cylindrical lenses by Epstein and by Gundert.{

Curvature of field and astigmatism, as was shown, have the same de-
pendence upon object position and radius of the lens aperture. No prac-
tical lens having a plane object has been found by either theoretical or
experimental methods which is free from these defects, except those con-
sisting of a uniform electric and magnetic field. Furthermore, the image

* See references 2, 9, and 11.
1 See Epstein, reference 16, and Gundert, reference 20.
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plane is invariably concave toward the lens, the tangential image having
the greater curvature. These defects are dependent on the first power of
the aperture and the square of the distance of the object point from the
axis, and hence are very important in the image tube, despite the small
aperture of the electron beams, as the object field is large. The formation
of the sagittal and tangential images in a flat cathode image tube is
shown in Fig. 4.26. It has been found possible to correct these two de-
fects in the image tube toalarge extent by curvingthe cathode. Fig. 11.10,
page 318, illustrates the image formed by an uncorrected and corrected
system, together with the clectron-optical systems producing them.
Since these aberrations are field aberrations which vanish for points on
the axis, they do not enter into the design of the clectron gun.

Coma can be made to vanish in a system where the electric field is
symmetrical about a plane midway between the object and image, and
the magnetic field anti-symmetric. In the image tube, where the electron

Fic. 4.26.—Curvature of Field and Astigmatism in a Ilat-Cathode Electrostatie
Image Tube.

has zero velocity at the cathode, this type of correction obviously is im-
possible as the clectron would have to have zcro velocity at the image
surface as well. This aberration vanishes on the axis and is, consequently,
of no importance in the design of an electron gun. Ixperience indicates
that this defect is of small importance in the photoelectric image tube.

Distortion, the last of the five Seidel aberrations to be considered, can
be divided into two types: radial distortion and rotational distortion.
The former alone is present in the electrostatic lens. When it has the
form of increasing magnification with radial image distance, it leads to
pincushion distortion, the type most prevalent in electron lenses. The
converse variation of magnification leads to barrel distortion. Both ro-
tational and radial distortion may be present in magnetic systems. Rota-
tional distortion occurs when the rotation of the image point about the
axis of the system varies with its radial position.

A consideration of the effect of variations in the initial velocities on
the image shows that achromatic'electron lenses are impossible; however,
the use of an electron mirror permits complete correction for two
velocities.
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The magnitude of this aberration for electron lenses will depend upon
the ratio of initial velocity (in volts) to the overall voltage, and upon
the configuration of the lens. For simple image tube types, the diameter
of the circle of aberration can easily be estimated. The three configura-
tions illustrated in Fig. 4.27 have the following values for A, the diameter
of the circle of aberration:

(a) simple accelerating field: A = 4L(V /¢)1/2,
(6) uniform magnetic and electric fields superposed: A = 2L(V/¢),
(c) image tube with electric or magnetic lens: A = 2m(V /F),

which, for a short magnetic lens when the whole field is applied between
the lens and object, becomes:

2m _V
A= ——L—
2m+1 ¢
17N
Tt
i i
1 ] | ]
- Uniform electrostatic
Uniform electrostatic fieid and magnetic field
A
]
[N : }
[N ) t
- -
Short lens

Fi6. 4.27.—Chromatic Aberration for Three Simple Image Tubes.

In the above equations the symbols have the following significance: L is
the length of the tube, m the magnification of the image, V the initial
velocity in electron volts, F the field strength at the cathode, and ¢ the
overall applied voltage.

The dependence of this aberration on the field strength at the cathode
is apparent from the above relations. It is evident that high field strengths
are required to reduce chromatic image defects.

The preceding treatment of electron optics and, in particular, the dis-
cussion of aberrations have necessarily been very much simplified and
abbreviated since, although important in the development of a television
system, electron optics represents a very small part of the whole field.
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CHAPTER 5
VACUUM PRACTICE

Nearly all work in electronics involves the use of one or more evacuated
envelopes of either glass or metal. Therefore, it will not be amiss to de-
vote at least a little space to a discussion of vacuum technique.

In practice, the degree of vacuum in a vessel is quantitatively expressed
in terms of the pressure of the residual gas. Two frequently used units
are the barye and the millimeter of mercury. The pressure expressed in
baryes, or bars, is numerically equal to the number of dynes exerted by
a medium on an area of 1 square centimeter. (Note: In meteorological
work the bar is sometimes defined as 10° dynes per cm?, or a pressure of
approximately 1 atmosphere.) Expressed in millimeters of mercury, it
refers to the height of the mercury column under the influence of gravity
which can be supported by the gas pressure. One atmosphere corresponds
to 760 mm Hg.

For most work in electronics the vacuum required is of a fairly high
order, but by no means close to the best obtainable. The best vacuum
that can be obtained, if every known precaution is taken, is about 10~°
mm Hg. For extremely accurate electronic measurements, such as are
involved in the measurement of the work functions of pure metals, the
pressure must be of the order of 107 to 10~8 mm Hg. For the electronic
devices described in this book, pressures in the neighborhood of 10~ mm
are adequate, and often pressure above 10-% mm can be tolerated in so-
called hard tubes. Certain tubes involving a gas discharge require pres-
sures of 102 mm to 10 mm. These figures are not to be taken as exact,
but are merely given for the purpose of orientation.

At the pressures used in electronic devices, that is, 107 mm Hg, the
space in the tube is far from empty of molecules. Actually, there are
between 3 and 4 X 10 molecules in each cubic centimeter. In spite of
the great number of molecules present the average distance a molecule
must travel before it strikes another is very large. This “mean free path”
depends upon the kind of gas in the tube; for example, in air at this pres-
sure it is about 6.5 X 10° cm, for hydrogen 12 X 10° cm, and for helium
19 X 10° cm. At constant temperature the “mean free path” is approxi-
mately inversely proportional to the pressure of a gas.

In addition to the vessel under exhaust, the conventional vacuum

128
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system consists of a high-vacuum pump, such as a diffusion pump or a
molecular pump, working into a fore-pump which reduces the pressure
from atmospheric to 102 or 10— mm Hg. Provision is usually made for
measuring the pressure on the high vacuum side in the form of a suitable
gauge. Often the system is provided with additional elements, such as a
stopcock and reservoir between the fore-pump and high-vacuum pump,
a freezing trap on the high-vacuum side of the system to remove con-
densable vapors, and the auxiliary equipment needed in processing the

MNE L (o'
[ l,é - 1

F1c. 5.1.—Schematic Diagram of a Typical Vacuum System.

tube being pumped. Fig. 5.1 shows a typical system schematically. The
system illustrated is composed of the following elements:

(a) Fore-pump.

(b) Stopcock.

(¢) Fore-vacuum reservoir.

(d) Mercury diffusion pump.

(e) Mercury cutoff,

(f) Liquid-air trap.

(¢9) Thermocouple gauge (high-pressure).
(h) Ionization gauge (low-pressure).

(#) Mercuric oxide tube for the introduction of oxygen.
(5) Alkali metal reservoir.

(k) Tube being processed.

The system shown is but one of a great many possible systems, only
a few of which can be discussed in this treatment. One thing applies to
all systems and cannot be emphasized too much; that is, the essential
need for cleanliness. The very best of pumps and the most elaborate sys-
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F16. 5.2.—Cenco Megavac Pump (courtesy of Central Seientific Company).
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Sec. 5.2] HIGH-VACUUM PUMPS 131

tem, if contamination is present, cannot possibly yield good results.
Because its presence is much less easily detected than leaks or flaws in
the vacuum system, contamination due to lack of care and cleanliness is
the most common cause of failure in the processing of electronic devices.

5.1. The Fore-Vacuum. All the high-vacuum pumps described in the
succeeding section must work into a relatively low pressure. The pressure
required in the fore-vacuum depends upon the type of pump exhausting
into it and upon the final vacuum to be attained. The range of pressures
commonly needed is from 0.1 mm to 0.001 mm Hg.

A number of oil-sealed mechanical pumps are suitable for producing
the fore-vacuum. One frequently used type is a rotary oil pump marketed
under the name of “Megavac.””* The principle of this pump can be seen
from Fig. 5.2. The eccentric rotor, 4, turning in a counterclockwise direc-
tion, compresses the gas in compartment J and forces it out through
exhaust vent F. At the same time the volume of chamber H is increasing,
allowing gas from the fore-vacuum to enter through intake tube E. The
two compartments are separated by the sliding knife C. As the point of
greatest radius of the rotor passes the knife edge, the cycle starts over
again. The rotor bearings and the valves are immersed in oil, which effec-
tively seals them against gas leakage. In the type of pump named, two
of the above-described elements are assembled in a unit to operate in
parallel.

It is common practice to connect the intake of the fore-pump to a
reservoir of several liters’ capacity. The connection is usually made with
rubber pressure tubing, or metal piping, and a stopcock is placed between
the pump and the reservoir. The reservoir is connected directly to the
high-vacuum pump. After the initial exhaust is completed and the high-
vacuum pump has reduced the pressure to a low value, the stopcock can
be closed and the fore-pump stopped. If the system is tight, the high-
vacuum pump can be operated for long periods of time exhausting into
the reservoir, since the gas removed by this pump, when raised to fore-
vacuum pressure, occupies a very small volume.

5.2. High-Vacuum Pumps. Of the many suitable low-pressure pumps,
space will permit only the inclusion of two frequently used varieties,
namely, the molecular pump and the diffusion pump. A fore-vacuum
must be provided for either of these pumps as they are inoperative at
atmospheric pressure.

a. The Molecular Pump. When a gas molecule strikes a surface and
rebounds, it leaves in random directions and speeds relative to that
surface. Although the rigor of this law is debatable, it certainly holds with
sufficient exactness for both a qualitative and quantitative analysis of

* Trademark by Central Scientific Company.
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the phenomenon as applied to, the molecular pump. If the surface upon
which the gas particles strike is moving relative to some reference point,
the leaving molecules will have a component of velocity in the direction
of motion of the surface. Even though this drift component is small for
a single impact, if the process is repeated a large number of times a con-
siderable flow of gas can be produced. Thus, in a chamber with one
moving boundary, as shown in Fig. 5.3a, a pressure difference can be
established between the two ends. As the length of this chamber is in-
creased, the ratio of pressures pp/pa increases. This effect is present
irrespective of the average pressure in the chamber. When the pressure
is high, the pressure difference can be expressed in terms of the viscosity
of the gas. As the pressure decreases, collisions between molecules be-

/Stahonary cha

NP,

{vkwing boundary

(a) 0}
Fia. 5.3.—Principle of the Gaede Molecular Pump,

come fewer in number, and the concept of viscosity loses its meaning,
but even where the mean free path is greater than the dimensions of the
chamber the effect will be present, since the molecules must strike the
moving boundary. Of course, the quantitative relation between the pres-
sure ratio and the velocity, area, etec., of the moving boundary will be
different for high and low pressures. This principle was first applied to
vacuum pumps by Gaede. In his original pump the moving boundary
was formed by a series of circumferential slits in a rotating drum. A set
of fixed vanes extended into the slits in such a way that each slit con-
stituted a closed chamber. Thése were connected in series by suitable
exhaust and intake vents.

Applying the same principle, Holweck greatly improved this form of
pump. Fig. 54 illustrates the pump diagrammatically. The chamber
consists of spiral grooves, C and C’, extending from the center to the two
ends of the pump. The groove decrecases in depth from the low-pressure
intake at the center toward the exhausts at the ends. The moving bound-
ary consists of a carefully balanced rotor B driven by a small motor
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whose armature is enclosed in the pump itself, and is at fore-vacuum
pressure. There are no bearings which have to be vacuum tight; there-

31— To fore pump

|

Fi6. 5.4.—Holweck Molecular Pump.

fore, the friction can be made very small. When the vacuum is estab.
lished the rotor can be driven at 4000 rpm with an expenditure of only
about 10 watts. The pressure ratio '

between exhaust and intake can be High velocity
vapor

made to be between 10° and 108.
Thus, with an adequate fore-vacuum
to back it up, this type of pump is
one of the most powerful tools avail-
able for vacuum practice. The pump
is rather delicate, however, owing to
the necessarily small clearances be-
tween the rotor and stator.

/Porous plug

~<Intake

b. The Diffusion Pump. The most ¢
widely used high-vacuum pump is l
the diffusion pump. This pump isex-
tremely effective and rugged, and, N o fore pump
because it involves no moving parts FiG. 5.5.—Principle of Diffusion
(except vapor and gas), it has an Pump.

almost indefinite life.

The principles involved can be better understood with the aid of Fig.
5.5. In this figure it is assumed that vapor is moving at fairly high
velocity through tube A. Tube B is connected to the chamber being ex-
hausted and contains molecules of the gas from this vessel. As molecules
of this gas diffuse, due to their thermal motion, out into the stream of
vapor in A they will, through collisions with vapor molecules, be given
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a drift component down A and thus out of the system. Since the thermal
velocity of the vapor molecules is greater than any stream velocity that
can be given them in practice, vapor will also diffuse into B. Means must
be provided to prevent this diffusion. The porous plug in B serves this
purpose. If a suitable vapor is chosen it can also be removed from B by
condensation on a suitable cooling jacket. The net action is to remove
gas molecules from B without replacing them. Of course, the arrange-
ment as shown would be very inefficient.

Again, it was Gaede who first applied this idea to an actual vacuum
pump, employing mercury vapor as the working fluid, and a narrow slit
to prevent the backward diffusion of the vapor. As carried out, the pump

Heat insulation

To vessel being
evacuated

F16. 5.6.—Diagram of Simple Mercury Diffusion Pump.

was not very cfficient and was soon entirely superseded by a pump de-
signed by Langmuir. This pump was based on a similar principle but
utilized condensation of the working fluid to prevent backward diffusion.
An early form of this pump is shown in Fig. 5.6.

In the pump illustrated, mercury is vaporized in the boiler 4, heated by
means of an electric heater or a gas flame. The vapor passes up through
a heat-insulated tube and out through jet B. Although the mercury
vapor pressure is high enough so that there are collisions among the vapor
molecules leaving the jet which cause the stream to diffuse to some ex-
tent in all directions, nevertheless there is a large average velocity com-
ponent in the chamber C directed toward the fore-vacuum exit E. Some
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of this motion is imparted to the gas diffusing in through the intake D.
As the mercury vapor comes in contact with the water-cooled walls of
the chamber C, it condenses and flows back into the boiler through F.
A great many modifications of this basic principle have been proposed,
some of them resulting in a material improvement in efficiency. Perhaps
the most important of these is the use of more than one stage. In this
case, the first stage compresses the gas being removed to a pressure mid-
way between that of the high-vacuum side and the fore-vacuum pressure.

;
-
s

2= Low pressure
b= nozzle

"I~ High pressure
nozzie

1-Mercury
boiler

Fie. 5.7.—All-Metal Mercury Condensation Pump (courtesy of General Electric
Company).

Although the principle of operation of the two jets is the same, their

design must differ if they are to be efficient at their respective pressures.

Tig. 5.7 shows a two-stage all-metal pump manufactured by the General

Electric Company. The pump illustrated is found to be effective and

rugged, and very suitable for general vacuum work.

Diffusion pumps such as described require a liquid-air trap to prevent
mercury vapor from going back into the vessel being exhausted, since
the vapor pressure of mercury at room temperature—that is, around 30°C
—is in the neighborhood of 3 X 10-* mm.

¢. The Oil Diffusion Pump. Certain organic oils are obtainable which
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have much lower vapor pressures at room temperatures than mercury,
yet which are sufficiently stable to serve as the working fluid in a diffusion
pump. Such oils make it possible to dispense with a freezing-out trap.

Sliver solder as shown

Wate’r/
jacket

To fore-pump

Uet ]

Jet

\Heater
Section Thru C.L.
Fi6. 5.8.—0il Diffusion Pump.

QOil diffusion pumps are entirely similar in principle to the mercury pump,
and differ only in that they require a slightly altered jet design.
Early workers with this type of pump consistently found that the pres-
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sures obtainable were not so low as should be expected from the chai-
acteristics of the oil. Hickman succeeded in determining the cause of
this apparent anomaly. His experiments indicated that it is due to a
fractionating action of the pump which causes the higher-vapor-pressure
constituents to appear in fairly large concentration in the working vapor
of the pump. As their vapor pressure is below the fore-vacuum pressure
these constituents are not removed by the fore-pump, but redissolve
in the oil of the diffusion pump and are recirculated. Having isolated
the cause, Hickman suggests a number of ways of overcoming this
difficulty.

In Fig. 5.8 is shown a successful three-stage oil pump so arranged that
the high-vapor-pressure constituents appear only in the high-pressure
jet nearest the fore-pump, and never get into the vapor stream supplying
the low-pressure jet. With Octoil as a working fluid, this pump will pro-
duce pressures of less than 10-7 mm Hg without the aid of a freezing-out
trap.

5.3. Vacuum Plumbing. The various elements of a vacuum system
are interconnected by means of suitable tubing. Consideration must be
given to the selection and manipulation of materials for this purpose.

Three types of tubing are common in vacuum practice, namely, glass,
metal, and rubber. All these, when special precautions are taken, are
suitable for very low-pressure work. However, it is generally accepted
that glass or, even better, quartz should be employed where the very best
vacuum is required. This is because such vitreous material has an ex-
tremely low diffusion rate, can be easily and thoroughly freed from gas
and contamination, and the components can readily be joined together.

Brass, copper, and iron tubing are all used in systems even where very
low pressures are to be produced. The first difficulty to be overcome is
leakage due to the porosity of the metal. Where castings are employed
such porosity is unavoidable and the material must be coated with some
protective layer. For more or less temporary apparatus, very satisfactory
results can be obtained by painting the outside surface with a non-porous
lacquer, such as Glyptal. For more permanent equipment, the pores can
be sealed by dipping the metal tubing into molten lead or zinc. A heavy
layer of evaporated metal on the inside walls is often helpful. Extruded
tubing, or worked metal, is much freer from pores than castings and can
often be used without any additional precautions. The possibility of
leakage through channels and pores should be kept in mind.

Most metals, even those definitely non-porous, are not completely im-
pervious to gases. The diffusion rate depends upon the kind of gas, the
particular metal, and the temperature. For ordinary temperatures the
wall thickness required to give adequate mechanical strength is great
enough so that this type of leakage is not serious. At a few hundred de-
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grees centigrade, however, the diffusion of gases through the walls be-
comes a very real problem.

Joints can be made in metal tubing by welding, silver-soldering, soft-
soldering, or with the waxes which are described below. Except for the
care required to avoid channels and holes, no particular precautions need
be taken. The technique of sealing metal to glass has been developed to
such a point that it is perfectly practical for laboratory use. This pro-
cedure is discussed in section 5.5.

Rubber tubing finds extensive employment in such high-pressure work
as is typified by the fore-vacuum. In general, it is not very satisfactory
at very low pressures because most rubber, unless specially prepared,
contains high-vapor-pressure components. Furthermore, rubber tubing
is difficult to clean and outgas since it cannot be raised to a high tem-
perature.

The walls of rubber tubing used in vacuum work must be thick enough
so that they do not collapse under atmospheric pressure. Pressure tubing
satisfactory for this purpose has a wall thickness about equal to the
diameter of its bore. Joints can be made by slipping the rubber over the
glass or metal tube and sealing them with stopcock grease or, where
greater permanency is desired, with shellac. Unless the fit is very tlght
it 1s well to wire the joint.

In laying out and constructing a vacuum system, care should be taken
to minimize the length of piping used. This is particularly important at
low pressures, where short lengths and large diameters are necessary to
reduce the resistance to flow of gas in the tubing. Poor design of the sys-

“tem between the low-pressure pump and the vessel being exhausted may
completely nullify the advantage of a high-speed pump.

Knudsen* derived the following expression for the flow of gas at low
pressure in cylindrical tubing:

3 T_ |
Q= 38X 10° 1/;1 7 (Po = Po), (5.1)

where @ is the volume of gas per unit time (in em3/sec) multiplied by the
pressure (in dynes/cm?); D and L are the diameter and length of the
tubing; and P, and P, are the pressures at the two ends. The temper-
ature in degrees absolute and the molecular weight of the gas are desig-
nated by T and M, respectively. This relation can be applied only where
the pressure is such that the mean free path of the gas molecules is long
compared to the bore of the tube. It will be noticed that the flow varies
with the cube of the diameter. Thus, if there is a constriction in the sys-
tem having a diameter of one-fifth the bore of the tubing used, it will
have a resistance to flow equivalent to 125 times its length of tubing.
* See Knudsen, reference 9.
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The above relation is useful, for example, for calculating the type of
tubing suitable for a given system. To consider a specific case, let it be
assumed that a pump has a speed S of 15,000 cm3/sec at the working
pressure, the speed being defined as the volume of gas per unit time at
the pressure in question that can be withdrawn by the pump. If the con-
necting tube is to be 30 cm long, and a pumping speed at the vessel of
no less than half that of the pump is desired, the diameter of the tubing
can be found as follows.

The rate @ for the pump is, of course, @ = SP. Since gas flows out of
the tube at a rate @, it must also flow into it at the same rate; therefore,
if P, is the pressure in the vessel being pumped, the pumping speed Sa
at the vessel will be given by:

S.Pa= Q. (5.2) -

Combining these equations with Eq. 5.1, the following is obtained:

11 T D?
- = 3 =
(s,, 5)3'8 x 10 1[ mz =t (5.3)

Evaluating Eq. 5.3 from the data given, the diameter needed is:
D =419 cm.

It should be noticed that the working pressure P, will be twice the pres-
sure at the pump.

For the parts of the system where the pressure is high there no longer
exists the need for large-bore, short-length tubing, and, in general, di-
ameters of 14 inch or so can be used. A system can, therefore, be laid out
to minimize the length of the high-vacuum parts without particular
consideration of the resulting length of the fore-vacuum side.

Cutoffs and stopcocks are often necessary as a part of a vacuum sys-
tem. In general, stopcocks are used only where gas pressures are high,
although there are numerous exceptions. Two reasons for this are the
difficulty in preventing some leakage over large ground joints and the
serious resistance to the flow of gas at low pressures presented by the
small bore of the usual stopcock. Mercury cutoffs, however, are satis-
factory, provided that there is a freezing-out trap between the cutoff and
the vessel being exhausted. Three typical cutoffs are illustrated in Fig.
5.9. That shown in Fig. 5.9¢ has a glass cap which ean be lowered over the
exhaust vent and sealed with mercury. The motion is accomplished by
means of an iron armature and an external magnet. The second type
(Fig. 5.9b) is closed by raising the level of a mercury column until it seals
a large-bore U-tube.

Stopcocks are occasionally used on the high-vacuum side of a system
to admit small amounts of gas when needed for processin~ te tube being
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evacuated. Such low-pressure stopcocks are often sealed with mercury
as well as stopcock grease. Furthermore, special greases having low vapor
pressures and decomposition rates are necessary under these conditions.
However, since a number of greases available on the market meet this
requirement, this does not present a serious difficulty.

A final type of cutoff, suitable for admitting minute quantities of a
gas into the system, should be mentioned. This makes use of the diffusion
of gas through porous material and is shown in Fig. 5.9¢. The chamber E
is divided into two parts by partition F, the intake and exit tubes enter-
ing these at the bottom as shown. The porous plugs A and B are sealed

To system

¥

Porous c 1
bridge ;

-
A/""

SRR

(‘ Boas

\'h -

F1a. 5.9.—Typical Vacuum Cutoffs.

into the entrance and exit divisions. A small amount of mercury D covers
the top of the two plugs. The member C is also porous and is mounted so
that it can be lowered into contact with A and B. When it is in contact
the gas can diffuse from A into C and thence into B and the system.
When C is raised both the intake and exit are sealed by the mercury and
no gas can flow.

5.4. The Measurement of Low Pressures. The mcasurement of the
pressure in a vacuum system is important both from a theoretical and a
practical standpoint. With a knowledge of the pressure, the number of
gas molecules present and the rate at which they impinge upon a given
surface can be calculated. In practical exhaust technique, it is desirable
to be able to measure pressure, as it is an index of the cleanliness of the
system, of the completeness of the outgassing, and of the presence of
leaks. It is also necessary to measure the pressure when gas dosage is
part of the activation schedule.

Unfortunately, no single gauge is suitable for the entire range of pres-
sures encountered in the vacuum practice required in electronics.

Four types of gauges, covering different pressure ranges; will be de-
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scribed. These are the manometer, the McLeod gauge, the thermocouple
gauge, and the ionization gauge. This list is not exhaustive, of course,
and other measuring equipment is preferred by some operators, but those
described are simple, rugged, practical, and yet sufficiently accurate for
nearly all measurements encountered in tube work.

The manometer is perhaps the most direct pressure-reading device;
i.e., there is a minimum of theory between the gas pressure and the num-
ber read on the gauge. However, it is not sufficiently sensitive to be
practical for pressures much below 10~ mm. Fig. 5.10a illustrates the
typical manometer. The U-tube is closed at the end C and connected to
the system at D. A liquid, B, having low vapor pressure and a known

F16. 5.10.—Vacuum Gauges.

density p, partly fills the U-tube. If the pressure on the sealed side is Do
and that on the system side is p,, the difference in the heights of the two
columns Ak will be (p, — po)/p. Usually, the arm C is completely filled with
liquid when arm D is at atmospheric pressure and the liquid is thoroughly
freed from gas. The pressure p, is consequently negligible compared with
any pressure that can be read with the gauge, making the reading of the
gauge simply:
Pz = pAh.

Mercury is often used in this type of gauge. In that case, the pressure
can be read directly in millimeters of mercury. Greater sensitivity can
be attained with a liquid of lower density, such as n-dibutylphthalate, or
Octoil. With such a liquid the pressure in millimeters of mercury will be
the difference in height multiplied by the ratio of the density of the liquid
used to that of mercury. Still greater sensitivity is possible with com-
parators for measuring the difference in height or with various other
devices, but this is rarely worth while in view of the simplicity of the other
gauges which operate at lower pressures.
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One of the most widely used vacuum gauges is the McLeod gauge.
This measuring device takes a specific quantity of the gas in the system,
compresses it into a small fraction of its original volume, and, by means
of a manometer arrangement, measures the pressure of the compressed
gas.

The means and arrangement for carrying this out are shown in Fig.
5.10b. The tubing A is connected to the system whose pressure is to be
measured, and also to the bottom of the chamber B. Joined to this cham-
ber is a tube leading to a mercury reservoir. The capillary tube D, closed
at the top, is affixed to the upper part of B. When the mercury is at the
level indicated by a, the capillary and bulb B have free access to the
system and the pressure is equal throughout. As the mercury level is
raised to b, the bulb is trapped off from the system. Further raising of
the mercury level compresses the gas remaining in the bulb. To measure
the pressure in the system, the level of the mercury is raised until it co-
incides with a predetermined index in capillary D. The gas pressure p.
in the capillary is now equal to the pressure in the system p, multiplied
by the ratio of the volumes of bulb to capillary. Thus, if the difference in
the height of the mercury columns in 4 and D is Ah, the pressure in the
system will be:

Vo
Po = VBAh
The ratio of volumes, which is determined by the gauge construction,
may be very great, making this type of gauge a very sensitive measuring
device.

Instead of mercury heights being read directly on column 4, the cap-
illary loop C is attached to A and readings are made on it. Since this
capillary has the same bore as D it obviates the necessity of correcting
for capillary effects.

A second method of using this gauge is to raise the mercury to some
predetermined height in column A. If, now, the cross-sectional area of
the capillary is s, and the distance between the index and the top of the
capillary is I, then the pressure in the system will be:

(AR — DsAR
p=—

Vli
When the index coincides with the top of the capillary, this becomes:
sAR?
p=—70
Vg

where s/V 5 is known from the construction of the instrument.
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The McLeod gauge, though simple, sensitive, and accurate, has two
disadvantages. It cannot be used for making continuous readings of pres-
sure, and if there are condensable vapors in the system it will give a false
reading. This false reading is due to the fact that the operation of the
instrument is based upon the applicability of Boyle’s law to the gas being
measured, and if a substance is present having a second phase whose
vapor pressure lics between the pressure in the system and that in the
capillary, this substance changes its phase when compressed in capillary
D, and does not follow Boyle's law.

A very convenient gauge, which covers the same range of pressures as
that covered by the MeclLeod, is the thermocouple gauge. This type gives
continuous readings, and reads pressures of condensable gases. However,
it must first be calibrated against known pressures.

The gauge consists of a thermojunction of low heat capacity welded
to a thin heater wire. A constant current is supplied to the heater, and,
since most of the heat lost is by conduction through the gas around the
heater, its temperature is a function of the pressure in the system to
which it is attached. Fig. 5.10c shows the construction of this type of
gauge. The bulb is joined to the system through A. The heater B in the
gauge illustrated is of 5 mil tungsten wire; the thermojunction is chromel
alumel, or copper constantan, of about the same diameter. The maximum
temperature reached by the heater when the pressure is low is around
300°, and the current required to give this temperature is around 100
milliamperes. No advantage is gained by operating the gauge at higher
temperatures as radiation losses mask changes in heat transfer by con-
duction. This type of gauge is suitable over the range from several milli-
meters to about 10~4 mm Hg.

An ionization gauge is the most practical instrument for measurements
of really fine vacua. At pressures below 10~ mm Hg the reading is closely
proportional to the pressure, and as yet no lower limit for the gauge has
been reached. The action of the instrument is as follows: In Fig. 5.10d
the grid B is made, for example, 100 volts positive with respect to the
thermionic cathode C, while the plate 4 is 20 volts negative with respect
to C. Electrons emitted from C are drawn toward and pass through grid
B into the region between B and A. They of course eventually return to
and are collected by B. If there are gas molecules in the space between
A and B, the electrons cause a certain fraction of these to become ionized.
The positive ions thus produced are collected by the negative plate A.
The positive-ion current I, which is measured by a microammeter, is
proportional to the electron current I,, emitted by C, and to the number
of ions in the region between A and B. Thus, for a given value of I, and
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a specific gas, I, is proportional to the pressure (for low pressures). Such
a gauge must be calibrated for each kind of gas to be measured.

A practical gauge of this type can be made from the parts of an RCA
210. The parts are assembled on a Pyrex press in the usual way and sealed
into a bulb tubulated at the top. The gauge is attached by this tubulation
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F16. 5.11.—Calibration Curve of Ionization Gauge Illustrated in Fig. 5.10d.

to the system. Fig. 5.11 shows the calibration curve for a particular
gauge of this type for air.

Since most hard electronic tubes should be pumped to a pressure such
that the ion current lies between 10! and 102 microampere, a rather
sensitive meter is required for its measurement. A simple, inexpensive
and reliable vacuum-tube meter suitable for this purpose can be built

vvvvvvvvv

.......

F1g. 5.12.—Circuit Diagram of Vacuum Tube Microammeter Suitable for Use with
Ionization Gauge.

according to the circuit diagram in Fig. 5.12. It should be noted that
this meter is of the negative feedback type, so that its calibration is in-
dependent of the tube characteristics. Furthermore, the output meter
can be of the inexpensive panel type.
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The four gauges described in this section should meet all practical
needs of the experimenter in the field of clectronics.

5.5. Vacuum-Tube Construction. I‘oremost in a consideration of the
construction of vacuum tubes is the question of the material forming
the envelope. Ior general experimental work, glass is found to be the
most satisfactory. Glass can easily be formed into any desired shape by
an experienced glassblower. The material is almost completely impervi-
ous to gas so that a tube, once exhausted, retains its vacuum almost
indefinitely. Other valuable properties are its high electrical resistance,
ability to withstand temperatures of the order of 500°C, chemical in-
activity, and transparency.

Various kinds of glasses differ in physical properties. The type of glass
selected, of course, depends upon the conditions which have to be met
by the tube under construction. A few of the more common glasses, to-
gether with their physical characteristics, are listed in Table 5.1.

TABLE 5.1

PHYsicAL PROPERTIES oF (JLASSES

Soften- | Anneal- ‘ Coeffi- | Resistance Index of
Type ing ing cient of | Megohms/ | Density | Refrac-
| Point | Point Expansion | em® | | tion
| |
Lead............. 630 | 431 |87x107| 11,900 | 3.0¢4 | 1.587
Lime (soft). . . .... | 696 | 510 |92x107| 2.26 | 2.47 | 1.512
Fernico or Kovar ! [ \ \ [
seal glass. . ... .. 697 | 484 46 X 1077 5300 2.24 | 1.480
Nonex (hard)..... | 756 521 36 X 1077 1170 \ 2.35 ‘ 1.487
Pyrex (hard)...... 818 I 553 32 x 1077 263 2.23 1.474
|

| l

Perhaps the glass most used for experimental tubes is of the type rep-
resented by Pyrex. This is because its low coefficient of expansion makes
it very resistant to thermal shock. Furthermore, its high melting point
allows a high-temperature bake. It should be pointed out that these
properties do not obviate the necessity of annealing the glass after it has
been heated to a high temperature. If this is not done there is danger of
the glass cracking from internal strain if seratched, heated, or subjected
to a slight mechanical shock.

So-called soft glasses are also often used because their low melting
points make them easy to work. However, much greater care must be
taken in the annealing of the glass. Also, the finished article cannot be
subjected to as severe thermal shock as Pyrex, beeause no known soft
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glass has so low a coefficient of thermal expansion. The handling of glass
is an art in itself, and space does not here permit even a limited discussion
of glassblowing, except for the mention of a few special techniques re-
quired in electronics problems.

Almost every tube used for either experimental or practical purposes
employs conductors passing through the glass walls. These leads may be
in the form either of individual wires, or of a press carrying a number of
wires. With both constructions there must be a vacuum-tight junction
between the metal and the glass itself. The metal used in these seals de-
pends upon the glass, for not only must the glass ‘“wet’ the metal, but
also the coefficients of expansion of the two materials must match. For
lead or lime glass the two most commonly employed materials are plati-

Glass Fernico
N\

J

(b)
F16. 5.13.—Permanent Glass-to-Metal Seals.

num and Dumet. The latter is a copper-clad, nickel-copper alloy having
an expansion coefficient of about 9 X 107 per degree Centigrade, and is
much cheaper than platinum. For Pyrex, tungsten is usually satisfactory.
Because of its mechanical properties, tungsten is not very suitable for
the leads themselves, and it is customary to weld nickel, molybdenum,
or copper wires to the short length of tungsten which actually goes
through the glass.

To prepare the tungsten for the seal it must first be polished to remove
longitudinal die marks, then cleaned with an etching agent like hot po-
tassium nitrite, and finally dipped in distilled water to remove the etch-
ing agent. To make the seal, the tungsten is oxidized by heating in air
and then beaded with a small droplet of Pyrex. The color of the oxidized
tungsten under the bead should be a uniform golden yellow. A gray
oxide color, or the presence of bubbles on the surface, often means that
the seal will leak. The bead can be sealed into the wall of the blank, or
into a press, as shown in Fig. 5.13a.
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The glass known as Nonex can be beaded onto tungsten in the same
way. While it is somewhat easier to make a Nonex seal, the properties of
this glass are not so desirable for purposes of making a tube as those of
Pyrex. Often, presses are made of Nonex and sealed into a Pyrex blank
with an intermediate band of Uranium glass.

It is sometimes necessary to seal fairly large pieces of metal to glass.
Copper can be successfully sealed to either hard or soft glass, using
a technique attributed to Houskeeper.* In this process no attempt is
made to match the expansion of glass and metal, but instead the copper
is tapered to paper thinness and the thin copper is sealed to the glass.
The thin copper is sufficiently ductile to yield to the expansion or con-
traction of the glass. .

One of the most easily made metal-to-glass seals uses Fernico, Kovar,
or a similar iron-alloy metal and a special seal glass. The metal seal
can, of course, be welded or soldered to the metal part being joined, while
the glass end of the seal can be affixed to the rest of the system by means
of a graded seal. The actual joining of glass to the alloy is simplicity in
itself. It is merely necessary to clean the metal where it is to be sealed,
form a thin oxide layer by heating in air, and then press the heated glass
and metal together. It is not necessary to flow the glass over a large area;
a joint little thicker than the walls of the tubing being joined usually
suffices. Tig. 5.13b illustrates a typical jdint.

The use of metal envelopes for electron tubes is rapidly becoming more
extensive. This technique involves a combination of machine work and
glassblowing. The envelope is spun or pressed into shape, usually in two
parts. Holes are drilled for the leads. These leads are usually of alloy,
beaded with seal glass, so that the beads can be joined to the edges of
the holes. The two halves of the shell are joined by brazing with molten
copper. The completed tube is pumped through a short length of metal
tubing which can be crimped together to seal it off the system and then
permanently closed with solder.

Methods for making metal-to-glass seals with a number of iron alloys
have been perfected. This is largely due to extensive research on the part
of the glass industries which have made available glasses whose coeffi-
cients of expansion match those of the alloys.

Ceramic envelopes, and ceramic-to-metal seals, are also beginning to
enter the field of vacuum practice. Although certain advantages are to
be derived from the use of these materials in industrial operations, their
manipulation is not sufficiently simple to make them practical for general
experimental purposes.

The worker has at his disposal a wide variety of materials for the

* See reference 10,
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internal construction of electronic devices. The only general restriction
is that of vapor pressure. Except for this, the choice is dictated by the
special requirements of the problem.

As insulation, mica, Lavite, porcelain, and glass are most useful. All
these materials can stand a high temperature, have a low vapor pressure,
and are casily worked.

Nickel is a very practical metal for vacuum work. Its mechanical prop-
erties are good, the melting point is high, and it is fairly inert chemically.
Occasionally, the moderately high magnetic permeability makes it un-
desirable. Aluminum, copper, nichrome, Monel, and numerous other
metals or alloys can take its place.

Where high temperatures are to be encountered, either in the process-
ing or operation of the device, tantalum, molybdenum, platinum, or
tungsten is suitable.

——

Soft soldered

Vacuum

Z
e

Fig. 5.14.—Crank Enclosed in Flexible Sylphon Tubing.

It is often desirable to introduce mechanical motion into experimental
electron tubes. The simplest method is perhaps the utilization of gravity
to move a sliding member or to rotate an unbalanced wheel. Another
very simple expedient is to move or rotate a suitable armature by means
of an external magnetic field. Various clectrical expedients will suggest
themselves to the reader, such as an electrically heated bimetallic strip.
A very useful, purely mechanical device is a curved crank and some
sylphon tubing. This is illustrated in Fig. 5.14.

Probably the most useful tool for vacuum construction is the spot
welder. A relatively simple condenser-powered spot welder is illustrated
in Fig. 5.15. The circuit of the power supply is shown in Fig. 5.16. The
device can, of course, be altered to meet the immediate requirements of
“the operator, but some form of welder is almost an essential.

5.6. Exhaust and Processing of Vacuum Tubes. After the tube to
be activated has been attached to the system and every precaution has

WorldRadioHistory




Sec. 5.6] EXHAUST AND PROCESSING OF VACUUM TUBES 149

been taken to insure that there are no air leaks, it must be thoroughly
outgassed.

- ) 5 -
P 2 - o

F1c. 5.15—Spot Welder.

i

Welder
‘—’.;1 transformer

220 D.C.

Foot switch

+
o]
11_

C ——1000 Mfd
electrolytic condenser

Fia. 5.16.—Circuit. Diagram of Impulse Welder.

The outgassing is accomplished by baking the tube at as high a temper-
ature as is permitted by the glass envelope and the materials in the tube.
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A Pyrex envelope can be baked at 450°C; a soft glass vessel should not
be heated above 350°C. In order to avoid fouling the freezing trap with
the large quantities of condensable gas that are emitted by the tube

e

F1a. 5.17—Vacuum System Used in Electronic Research.

when it is first heated, the bake should be started with both the fore-
vacuum and diffusion pump in operation but without the trap. After the
tube has reached baking temperature, the freezing trap is used. The
bake is usually continued until the pressure in the tube drops below 10
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mm Hg. Where there is much metal in the tube it is desirable, when
possible, to heat the metal to a high temperature with a high-frequency
bombarder. Fig. 5.17 is a photograph of a typical system showing the
baking oven. =

The vacuum in a sealed-off tube can be very much improved by means
of a getter. In fact, present high-speed production methods of commer-
cial vacuum-tube manufacture would be impossible without getters.

The getter is an active substance which is capable of taking up and
binding a large quantity of gas. It is usually released inside the tube just
before it is sealed off the system, and it continues to collect gas for a long
period of time. The action of a getter may be purely chemical, it may
be by adsorption, or the gas may dissolve in the getter. Most getters
function in two or more of these ways.

Phosphorus was probably the first material used as a getter. This ele-
ment is extremely active in cleaning up residual oxygen. Barium, calcium,
and magnesium are all excellent getters, their abilities as clean-up agents
decreasing in the order of their listing. However, because of the difficulty
of manipulation, calcium and magnesium preceded barium in general use.
Recently, barium sealed into small copper tubes, or alloyed with tan-
talum, has become available on the market, which has greatly increased
the practicability of this material as a getter. An alloy of the rare-earth
metals, under the name Mischmetal, is also extensively used.

The getter is generally applied in the form of a thin evaporated film
covering portions of the walls of the tube. The film is usually obtained
from a small amount of the getter material attached to a disk of refrac-
tory metal which is heated with a high-frequency bombarder. In addition
to facilitating the heating of the getter, the disk acts as a shield to pre-
vent the getter from depositing onto parts of the tube where it may pro-
duce harmful effects.

The processing of the tube depends entirely upon the use to which it
is to be put. A great many tubes encountered in television work involve
photosensitive surfaces activated with caesium on silver oxide. Mention
of the special equipment necessary for this treatment is therefore not
out of place. The silver is oxidized by glowing it with an electrical dis-
charge in oxygen at a low pressure. Oxygen can be conveniently admitted
to the system from a side tube containing red mercury oxide which, upon
heating, gives off pure oxygen.

Caesium can be very easily introduced by the reduction of combined
caesium. Often the caesium compound, together with a reducing agent,
is pressed into pellets designed to release a definite amount of caesium
upon heating. One of the several compounds which can be used is caesium
chromate with tantalum powder as reducing agent. Azide compounds,
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which break up into the alkali metals and nitrogen when heated, are
also frequently used. These pellets are mounted in metal cups, which
can be heated with a high-frequency bombarder. The pellets and holders
are usually placed in side tubes attached directly to the bulb being proc-
essed rather than to the system.

The other alkali metals can be introduced in a similar fashion.

Finally, some mention should be made of the technique of evaporating
metals and insulators. The evaporation may be done in the final tube,
or in a demountable system. Unless a very pure, clean metal surface is
desired, an extremely low pressure is not required. However, the vacuum
should be good enough so that the mean free path of the molecules is
considerably greater than the distance between the source and the sur-
face upon which the film is being deposited. A very convenient way of
making the source is to place the material to be evaporated in a helical
spiral of tungsten wire. An alternative method, when a ductile metal is
to be used, is to place a number of small loops of the metal on a tungsten
filament. These loops melt into small drops which adhere to the filament
by surface tension. These are only two of a great many possible sources,
and, in general, the type of source depends upon the particular problem.

The surface upon which the metal is to be deposited must be very
clean or else the metal will not stick to the surface. Oils and greases
should be removed with an organic solvent and then the surface cleaned
with an acid. When possible, additional cleansing can be effected by
glowing the surface with a gas discharge.

5.7. Demountable Vacuum Systems. Demountable systems are of
considerable importance in experimental electronics. It is possible to use
such systems not only for purposes of evaporating metal or insulating
films, vacuum cleaning, and similar routine problems, but also for in-
vestigating test structures involving thermionic or photoelectric cath-
odes. Commercially, demountable systems are important in connection
with short-wave transmitting tubes, X-ray tubes, ete.

In general, a demountable system necessitates at least one large sealed
joint. Where the system is semi-permanent and does not have to be
opened except at infrequent intervals, the best seal is made with a soft
metal ring clamped between two ground metal flanges. Semi-permanent
joints between metal and glass, porcelain, or ceramic materials can also
be made by coating the latter with a thin platinum film and soldering
the metal directly to the platinum. The metal film can be applied to the
glass or ceramic surface in the form of a platinum chloride suspension in
essential oils,* which reduces to metallic platinum upon heating. A joint

* A commercial preparation suitable for this purpose is sold under the name of
Hanovia Platinum Bright.
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of this type is shown in Fig. 5.18¢c. This method is not very practical if
the joint has to be broken frequently and it is often more convenient to
use an organic wax. Waxes for this purpose may be arbitrarily divided
into four groups, namely: hard, high-temperature waxes; flexible,
moderate-temperature waxes; soft, low-temperature preparations; and
compounds which can be applied at room temperature.

A description will be given of a representative member of each cate-
gory, but it should be understood that actually there are a great many
waxes in each group.

A useful hard wax can be made from white shellac and beeswax mixed
in proportions from 1:1 to 9:1, depending upon the rigidity required,
and melted together to form a homogeneous mass. This wax melts at

®

Tin ring ;/

Fia. 5.18.—Vacuum Seals for Demountable Systems.

about the temperature of boiling water. In applying the wax it is neces-
sary to heat the surfaces being joined as well as the wax itself. If this is
not done the wax will not “wet” the surfaces and the joint will not be
vacuum tight. This type of wax is hard enough so that a considerable
area will withstand atmospheric pressure, and joints sealed with the ma-
terial do not need to be close fitting. Furthermore, the compound has
sufficient mechanical strength to stand considerable load.

Picein is a much more flexible wax than that mentioned above. It
melts at about 80°C and has a vapor pressure of approximately 5 X 104
mm Hg at room temperature. As is true of the hard wax, it is necessary to
heat the two surfaces being joined if the seal is to be vacuum tight. This
wax is firm enough to seal joints which are not close fitting, but it will
flow under pressure and cannot be used to close large openings or where
a member is subjected to much mechanical strain. Its flexibility makes
it useful where there is much vibration, since it does not crack or fracture
like a harder wax.
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Tor a soft, low-temperature wax, beeswax is often used. In order to
remove the more volatile compounds present in the natural wax, the
material should be heated at 100°C for several hours under low pressure.
Joints made with this wax should be between close-fitting surfaces, i.e.,
surfaces which are flat but not necessarily ground. The wax is not ap-
plied to the surfaces directly but to the edges of the joint as illustrated
in Fig. 5.18a. It is not necessary to heat the surfaces being joined.

Certain compounds are available which require no heat for their appli-
cation. The preparation going under the trade name of Apiezon Q is an
example of such a material. At room temperature it has about the con-
sistency of ordinary modeling clay. It is applied in much the same way
as ordinary putty. For temporary joints which are not raised far above
room temperature and which are not subject to any mechanical strain,
this type of wax provides a very quick and convenient way of making
vacuum joints.

Before leaving the subject of demountable systems, the soft metal seal
mentioned above should be described in greater detail. The two surfaces
to be sealed should be smooth, preferably ground. A narrow groove, not
more than 1/32 inch in depth, is cut in one surface. The sealing metal is
made into the form of a wire ring of the same diameter as the groove.
Ordinary type metal is a very suitable material for this ring. The ring is
placed in the groove, and the two surfaces are clamped together with
sufficient pressure to cause the scaling metal to flow. Such a joint is illus-
trated in Fig. 5.18b. When well made, this seal can be used in systems
requiring pressure lower than 10-5 or 10~® mm Hg.

There are a great many tricks of technique in connection with work
with demountable systems, such as the use of Duco cement, Cellophane
scotch tape, Glyptal, and Canada balsam. However, space does not per-
mit their inclusion in this very brief account.

For the more complete information which is required for any extensive
experimenting in the field of electronics, the reader is referred to the
excellent discussions given in the bibliography below.
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CHAPTER 6

THE FUNDAMENTALS OF PICTURE TRANSMISSION

The problem of television, say ten or fifteen years ago, with the earlier
mechanical systems, was to obtain an image which might be interpreted
as a picture. The criterion of merit at that time was recognizability of
the subject matter. Today, owing largely to the advent of cathode-ray
television systems, a recognizable picture can be taken for granted, and
the problem is one of obtaining a high-definition picture.

The term high-definition picture originated when it became apparent
that it was not only desirable, but also possible, to obtain a picture hav-
ing a much larger number of scanning lines and, consequently, higher
resolution than heretofore thought feasible. Since then the term has come
to mean not only a picture with a large number of scanning lines but
also with low flicker level, correct contrast, sufficient brightness, and
high “signal-to-noise ratio.” In other words, a high-definition picture
is a picture having a high degree of excellence.

A light image, produced, for example, by a camera obscura, is continu-
ous over a two-dimensional surface and in time. The brightness is a func-
tion of the three coordinates, z, 3, and {. It is fundamentally impossible
to transmit such a picture over a single communication channel, that is,
a channel such that the magnitude of the transmitted signal is a function
of time alone. Since this limitation applies to both wire and radio com-
munication, it presents the first major obstacle that must be overcome
in the transmission of pictures. It is only through the sacrifice of some-
thing of the picture that the transmission of television images is possible.

The human eye suffers from certain limitations, and consequently the
maximum picture “excellence”’ sensed by the observer is determined
physiologically. The aim of television is to reproduce, if possible, a pic-
ture whose excellence is equal to this maximum excellence which can be
observed.

The purpose of this chapter is, therefore, to consider what the require-
ments are to produce such a picture; to interpret these requirements in
terms of television picture transmission; and, finally, if all the require-
ments cannot be met by a practical transmitted picture, to determine
how best to dispose the resources available in order to obtain the most

satisfactory picture.
159
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original
Fia. 6.1.—Relation hetween Picture Perfection and Number of Picture Elements.
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Advantage is taken of the finite resolving power of the eye and of the
persistence of vision in order to make possible the transmission of pic-
tures over a single channel.

Because of the limited resolving power of human sight, a given picture
can convey only a finite amount of information. In other words, if a
picture is considered as made up of small elements of area, each uniform
in brightness, there is a limit beyond which any further decrease in size
and increase in number of elements no longer improves the picture. This
can be readily seen from Fig. 6.1. It is a fact that is made use of in all
half-tone printing processes. Thus the reconstruction of any stationary
picture at some remote receiver requires the transmission of a finite
amount of information.

It is well known that, if pictures taken of an object in a consecutive
series of positions are observed in sequence at a rate of more than twelve
or sixteen pictures per second, the image gives the illusion of continuous
motion. This is, of course, the familiar phenomenon utilized in producing
motion pictures.

From the above it can be concluded that to reproduce a moving scene
with all the detail of structure and motion that can be accepted by
human vision requires the transmission of information at a finite rate
only, and therefore can be accomplished over a single channel.

6.1. Basis of Television Transmission. The problem of the trans-
mission of a picture of finite detail and discontinuous or limited motion
has no unique solution. Of the several possible methods, that involving
the process of scanning has been choscn as the most practical, at least
for the present. This process consists of moving an exploring element or
spot over the image to be transmitted in a periodically repeated path
covering the image area. The exploring element is so constructed that it
generates a signal which indicates the brightness (either instantaneous
or averaged over a short time) of its instantaneous position. This signal
is transmitted over the communication channel to the reproducing spot,
whose brightness is controlled by the signal. The reproducing spot moves
over the viewing screen in a path similar to, and synchronous with, that
of the exploring element. Thus the reproducing spot reconstructs at the
viewing screen, both in magnitude and position, the brightness distribu-
tion on the image area.

The path covering the image area and the viewing screen need not be
continuous, but may be a series of straight parallel lines as shown in
Fig. 6.2. This, in fact, is the most common form of scanning. There is, of
course, a theoretical infinity of paths which might be chosen to cover
the areas in question, for example, spiral scanning, sinusoidal scanning,
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etc. In what follows, unless otherwise stated, straight-line scanning will
be assumed.

AL >
1

|3

F16. 6.2.—Seanning Pattern.

The complete system can be schematically represented by the five
simple elements shown in Fig. 6.3. These elements are:

1. Scanning pattern on image field.

2. Scanning pattern on viewing screen.
3. Exploring element.

4. Reproducing spot.

5. Communication channel.

Roughly speaking, the geometrical correctness of the reproduced picture
is dependent upon the scanning patterns; the tonal values, i.e., contrast,

Communication

I g 1 l
D [
e — L ————
patterns [
$ N —
Ex‘ﬁrinz Reproducing spot|
element
Image field Viewing screen

Fig. 6.3.—Functional Representation of a Television System.

etc., upon the communication channel; the range of brightness upon the
reproducing spot; and the resolution upon all five of these factors. Actu-
ally this generalization is too broad to be of much value in considering
a physical system of television, particularly because under it a portion
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of the communication channel is included in both pickup and viewing
means. However, for purposes of analyzing the transmission and recon-
struction of a picture, this separation of functions is useful, and, once
the analysis has been completed, the results can be fitted into the phys-
ical system.

In an actual cathode-ray system the exploring spot and image scan-
ning pattern are in the pickup device, for example, the Iconoscope,
where the exploring spot is formed by a cathode-ray beam deflected over
the scanning pattern by a suitable electrostatic or magnetic arrange-
ment. The reproducing spot and viewing screen are in the cathode-ray
viewing tube, e.g., a Kinescope, where an electron beam also serves as
the scanning element. The communication channel extends into the
pickup device and includes the chain of video amplifiers, the radio trans-
mitter, the medium through which transmission takes place, the receiver
with its amplifiers, and, finally, the control element in the viewing tube.

6.2. General Considerations. The dependence of geometrical corre-
spondence between image and reproduction upon the similarity and syn-
chronism of the two scanning patterns requires no explaining. For all
practical purposes, geometrical distortion can be due only to faults in
the patterns. A slight distortion caused by faults in the communication
channel, such as a variable time delay of the signal, is possible, but such
faults are so much more serious from the standpoint of destruction of
tonal values that geometric distortion from this cause may be ignored.
In the present discussion it will be assumed that the scanning patterns
at the receiving and transmitting end are identical; how this similarity
in time and form is maintained, and the effects of dissimilarities, will be
reserved for a later chapter.

In order to reproduce exactly the scene being televised, there should
be a one-to-one correspondence between the brightness of the reproduc-
ing spot at any instant, and the brightness of the scene at the point corre-
sponding to the position of the exploring element. In other words, the
brightness of any point in the scene, and that of the corresponding point
of the received picture, must bear the relationship shown in curve a of
Fig. 6.4. This relation depends upon the sensitivity of the exploring ele-
ment, the transmission characteristics of the electrical equipment, and
the response of the reproducing spot, but will here be lumped as a prop-
erty of the channel. Actually such a linear relationship may not be pos-
sible, or even desirable, in a practical television system. In many scenes
which it might be of interest to transmit, the range of brightness is far
beyond the capabilities of any of the existing reproducing systems. Fur-
thermore, because of the difference in size of the scene and its picture,
the lack of color and plasticity of the picture, and the conditions under
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which it is viewed, a picture with brightness characteristics shown by
curve b or ¢ of IFig. 6.4 may yield a picture which is psychologically more
accurate. In addition, the limited brightness range or contrast range
may make curve d preferable. These curves hereafter will be referred to
as the amplitude response curves of the system, and the slope of the
curves as the gain of the channel. Photographic technique yields some
clues to the answers of questions pertaining to the conditions giving best
pictorial representation. This matter will again be considered in sec-
tion 6.5.

It has been pointed out that, in order to maintain the illusion of con-
tinuous movement, the separate pictures showing the different steps of
the motion must follow one another
rapidly. Sixteen frames per second is
sufficient for most pictures, although
some types require a higher rate. The
motion-picture industry has adopted
24 frames per second as a standard.
This rate, possibly higher than abso-
lutely necessary, insures smooth motion
for all typesof pictures. Instead of 24, 30

: Gainb=0.1 frames per second has been chosen asthe

100 200 most satisfactory repetition rate for tele-

Brightness of object 0.q . . 0

) vision in this country, not because this

Fm. 6.4.—Relation b.etween high rate i tial f tinuity of
Brightness Variation in Object and 1180 Tale 1s essential Ior continuity

Reproduction. motion, but because it bears a simple

relation to the frequency of commercial

power. The reason why this relation is necessary will be taken up

later. Actually 30 frames per second, while fulfilling all requirements

of continuity of motion, is not a high enough frequency to avoid flicker

effects. To meet this situation, interlaced scanning, a special form of

straight-line scanning explained in section 6.4, is used, making unneces-

sary any greater frame frequency.

An analysis of resolution or definition is not simple, but is of sufficient
importance to warrant considerable attention. Therefore, in addition to
the following introductory remarks, the subject will be enlarged upon
in sections 6.6, 6.7, and 6.8.

Vertical and horizontal resolution bear distinctly different relations
to the mechanism of transmission. Vertical resolution depends only upon
the number of lines making up the scanning pattern and upon the size
of the scanning spots. The nature of the communication channel in prac-
tice plays no direct role in determining resolution vertically. Horizontal
resolution, on the other hand, depends-upon the channel and upon the

a
Gain=1
-200

~100 d

Brightness of reproduction
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spot sizes and shapes. It is related to the number of lines only through
the need of a particular rate of repetition of the-pattern.

That the size of the exploring and reproducing spots affects the picture
definition, and that small spots are required for both horizontal and
vertical resolution, is self-evident from the mechanism that has been
postulated for picture transmission. In the vertical direction it is obvious

pe—————— ] P mmer  m—
o | o —me————y (a)
=
1
Object Reproduction

Fi1G. 6.5.—Vertical Resolution for Various Object Positions.

that two points cannot be resolved unless separated by two or three
lines, as indicated in Fig. 6.5. To a first approximation, the resolution is
equal to the separation between lines.

The nature of the communication channel affects horizontal resolution
because of the fact that any physical channel is limited in the frequencies
it can pass. In order to transmit shading in the vertical direction, the
channel must pass the low frequencies; in fact, it will be shown that fre-
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Fic. 6.6.—Frequencies Required to Transmit Vertical Line Patterns of Different
Periodicities.
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quencies down to, and even below, frame frequency must be transmitted
for information about the background of an image whose average illumi-
nation is changing. The lower limit to the band passed, then, is approxi-
mately frame frequency, and therefore the bandwidth which must be
passed by the channel is essentially equal to the frequency required to
give the horizontal resolution needed. Qualitatively this frequency can
be estimated by considering the signal generated by an image consisting
of vertical lines as shown in Fig. 6.6. The scanning pattern will be as-
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sumed to be made up of n lines, with a repetition rate of N frames per
second. Then the time required by the beam to traverse one horizontal
line is:

If the image consists of m vertical lines, the signal will go through m
maxima and minima during each horizontal sweep, or, in other words,
maxima will follow one another at a frequency of

m
f= i m-n-N cycles per second.

Obviously, as m increases this frequency becomes higher. If the image of
the m lines is to be reproduced, the channel must pass all frequencies up
to m-n-N. Conversely, if the channel will transmit frequencies up to
m-n-N, black and white lines separated by a distance equal to 1/2m of
‘the width of the field can be resolved. If the horizontal and vertical reso-
lution is to be equal for a field whose width is w and whose height is &,
the relation

w

h
n 2m

must be fulfilled, and the frequency band which must be passed by the
channel is:

f= 51-0};”2N cycles per second.

Actually the factor 14 does not yield the best results, as will be shown
by a more detailed study.

The frequency requirement of the
channel was derived from a very special
case. Before the conclusions can be ac-
cepted as correct, an analysis, based on
a Fourier expansion of a generalized
image, must be made. However, on the
basis of the above, a tentative conclu-
sion that the gain of the channel should

Amplitude

Fro. 67 AF“‘I‘“";’ . be independent of frequency from N
16. 6.7.—Amplitude as Function .

of Frequency for Two Different cycles to afreguency of approximately
Channels. 1/2(w/h)n2N is not unreasonable. In

other words, the frequency response
characteristics should be those of curve a, Fig. 6.7, rather than those
of curve b.
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A final factor which must be considered in this survey is the length of
time required by the signal to traverse the channel. In any physical
system there will be a delay between the entrance of the signal into the
channel and its emergence. If this delay is constant for all frequencies,
it merely has the effect of displacing the reconstructed image on a scan-
ning pattern which is exactly simultaneous with the transmitting pattern.
Actually, since the scanning pattern is synchronized by a signal trans-
mitted over the same channel that carries the picture signal, the pattern
and picture are equally delayed so that this shift does not occur in re-
ality. However, if the time delay is not constant, but varies with fre-
quency, the high-frequency components of the picture will be displaced

il |;' ‘

‘ | |

Object ‘ Reproduction

|| ||'I||||

IIluIth
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F16. 6.8.—Effect of Non-Uniform Time Delay.

with respect to the low-frequency components, resulting in a serious dis-
tortion of the tonal values of the reproduction. This is illustrated in Fig.
6.8. Thus the communication channel not only must have a linear ampli-
tude response and pass a wide frequency band at constant gain, but also
must have a uniform time delay.

6.3. Brightness. From a qualitative point of view, it is immediately
evident that the brightness of a picture and its excellence are related.
Below a certain brightness, not only is a picture tiring to watch, but also
it suffers loss of resolution. As the brightness is increased, eventually the
detail becomes saturated ; that is, all the detail which is above the visual
resolving power of the eye can be seen. Even at this light level the pic-
ture will be tiring to watch for any considerable length of time, as any-
one who has tried to read under conditions of too low illumination will
be well aware. A further increase in light brings the brightness to a
level such that the picture can be viewed with comfort. The range of
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brightness over which the eye can accommodate itself with ease is very
broad, but if the light level is increased too far, fatigue and discomfort
again become apparent. This final region is of no concern to the tele-
vision engineer at the present state of the art.

The relation between the ability of the eye to resolve and the surface
brightness of the object is shown in Fig. 6.9. From this curve it is evident
that the eye has reached its maximum acuity at about 0.1 candle per
square foot. The brightness necessary for comfortable viewing has been
determined by exhaustive measurements on the part of the motion-
picture industry. The conclusions presented in a report before an
S.M.P.E. Convention are as follows: In a moderately darkened room,
3.8 candles per square foot, or 11.8 foot-lamberts, are required for com-
plete comfort; however, a surface having a brightness of 2.7 foot-lamberts
or more can be viewed without
serious discomfort for a period
of several hours, and even as low

s a surface brightness as 1 foot-
3 lambert can be watched with some
=" degree of comfort in a well-dark-
= ened room.

L 0 a4 For a home television receiver

02 .04 .06 .08 010 0.12 which is designed to be used in a

Fia. 6.9.—Vis:::ln dl:Zs/c:;’l:::ion as a Func- mOderate.l y ‘lighted room, the
tion of Brightness. screen brightness should be some-

what greater than the 12 foot-
lamberts stated above. Practice shows that the 18 to 20 foot-lamberts,
which can be readily obtained on the screen of a cathode-ray viewing
tube, are ample.

6.4. Flicker. Even before the advent of motion pictures, the be-
havior of the visual sense towards an object which is periodically illumi-
nated had been investigated. Since their advent the subject has become
one of considerable practical importance, and consequently has been
rather completely examined. The general conclusions are of interest to
the television engineer, although the details, because of the rather spe-
cial nature of the intermittency involved in television, are not particu-
larly pertinent.

It was found that, although the eye is unaware of discontinuity of mo-
tion at frequencies above about 15 cycles per second, it nevertheless
could detect flicker at very much higher frequency. The threshold fre-
quency for awareness of flicker is a function of brightness of the object,
color of the light, relative duration of light and dark, and the position
on the retina where the light image falls. Fig. 6.10 illustrates the results
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of a series of tests of flicker threshold as a function of brightness for dif-
ferent relative amounts of light and dark.* The length of the illuminated
period is given in degrees, the entire period of light and dark equaling
360°. The light is averaged over the period, to correspond to the reaction
of the eye to intermittent light. These tests were made with white light
and with the image covering a large area of the retina. Other tests have
shown that the threshold frequency is a maximum for light whose color
is such that it produces the maximum visual sensation and decreases to-
ward the red and blue, and, also, that the sensation of flicker at a high
frequency is less at the edges of the retina than at the center.

The scanning process introduces a type of flicker which is sufficiently
different from that described above that the results of these tests cannot
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Fig. 6.10.—Relation of the Threshold Frequency of Flicker to Brightness.

be used, a priori, to formulate the requirements necessary to insure the
elimination of flicker from the television viewing screen.
Reconstruction of the televised image on the viewing screen is accom-
plished by the motion of a bright modulated spot traversing the series of
straight parallel lines making up the scanning pattern. Therefore, except
for the very short time which may be required for the spot to return to
its original vertical position (known as the return time), some point of
the screen is always illuminated. However, if a given small area of the
screen is considered, it is obviously illuminated intermittently for a very
short interval at scanning frequency. For most practical cathode-ray
television viewing tubes the duration of the interval for which the screen
is illuminated is a function of the decay characteristics of the phosphor
used on the screen, rather than the actual length of time the scanning
spot is on the area under consideration. The most commonly used phos-
phors have a decay time which is long enough so that a given area re-

* See Engstrom, references 3 and 4.
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mains luminous for a time which is long compared to that taken by the
spot to traverse a horizontal line. Thus, as far as flicker is concerned, the

No. 1

No. 2

No. 3

Fia. 6.11.—Test Films
Used to Determine
Threshold of Flicker for

a Scanning Pattern.

process of picture reconstruction may be con-
sidered as being the result of a bright horizontal
stripmoving vertically across the screen at frame
frequency. The leading edge of this strip has the
maximum brightness, the luminosity decaying
gradually towards the trailing edge. In order to
determine the reaction of the visual senses to
this type of flicker, tests were made using the
projected image of continuously moved film
whose frames had the density distribution shown
in Fig. 6.11. The results of these are shown in
Fig. 6.12. The general qualitative resemblance
of these results with those of Fig. 6.10isevident.
From the information given in these tests it can
be concluded that the scanning field frequency
must be about 50 cycles per second or higher to
avoid all sensation of flicker on a bright picture.

This frequency is much higher than is re-
quired for continuity of motion, and therefore
requires an unnecessarily large frequency band
of the communication channel. Economy of
bandwidth can be retained without reducing the

effective field frequency by means of interlaced scanning.
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Fia. 6.12.—The Threshold Frequency of Flicker for a Scanning Pattern.

Interlaced scanning is a form of straight-line scanning. The spot, in-
stead of moving across the horizontal lines in the sequence 1, 2, 3, 4,
. ., covers the odd-numbered lines first, then the even-numbered
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lines, ie., 1,3,5, - - -;2,4,6, - - .. This process of scanning is illus-
trated in Fig. 6.13. It will be seen that the scanning beam has to complete
two scanning patterns, displaced by the width of one line, in order to
cover the entire field. Therefore the field frequency is twice the frame
frequency. .

This form of scanning is not restricted to covering every second line
in the first vertical sweep and the intervening lines on the second sweep.

W N W

\13

Fi6. 6.13.—Interlaced Scanning.

The scanning may be interlaced in such a way that the first sweep covers
every third or every fourth line, etc.; that is, the sequence may be:

1;4,7,10;' ’ ';2,5,8,' ’ ';3,6,9,' T
or:
1,59,13, - - -;2,6,10, - - +;8,7,11, - - ;4,812 « + -
or, in general:
Lk+1,2%+1,- - :2,k+22+2 - - 3,k+32+3,- - -
- 5 k, 2Kk, -

Interlaced scanning, as applied in most practical systems, employs a
frequency which is twice the repetition frequency of the picture. Tests
show that at optimum viewing distance, namely, a distance such that
the line structure is just below the limit of resolution, the field frequency
of interlaced scanning and frame frequency of regular scanning have
identical relationship to the perception of flicker. Therefore, a field fre-
quency above 50 cycles with interlaced scanning gives a flicker-free re-
production. However, if the individual lines can be resolved, a slight inter-
line flicker or weave may be perceptible in a bright picture. In the United
States, for reasons connected with the 60-cycle standard of commercial
power, a repetition rate of 30 frames per second and a field frequency of
60 cycles per second have been adopted, while in England and in conti-
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nental Europe, where 50-cycle power is standard, frame and field fre-
quencies are 25 and 50 cycles, respectively.

6.5. Contrast. The relation between brightness of corresponding
points of the original image and the reproduced picture is important in
determining the merit of the picture. This relationship is not, however,
as critical as the geometry and resolution of the reproduction, and be-
cause of this it is a phase of picture transmission which has not until
recently received much attention.
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Fic. 6.14.—Visual Response to Incremental Increases in Brightness.

As has already been pointed out, the brightness of the image point for
a given object illumination depends upon the amplitude response of the
communication channel, which includes the sensitivity of the exploring
element and the characteristics of the reproducing spot. By properly
regulating these factors, any desired brightness relationship over a wide
range can be obtained.

If an object consisting of adjoining strips illuminated in such a way
that the brightness of successive strips is related by

is observed, the increments of visual sensation which are produced, when
plotted as a smooth curve, will be as shown in Fig. 6.14. This relation
between the sensation of increase in brightness and brightness is known
as Fechner’s law. For the range of brightness over which objects can be
observed without fatigue, that is, from about 0.3 candle per square foot
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to 100,000 candles per square foot, the sensation received for an incre-
ment of relative brightness AB/ B is practically independent of brightness.

An alternative statement expressing this same observation is that
visual response is proportional to the logarithm of the brightness, a re-
lationship shown in Fig. 6.15. This property of the response has been
confirmed by many different types of tests. Because a brightness incre-
ment AB with equal AB/B produces an equal visual response over a wide
range of brightness, it is very useful as a means of comparing the relative
brightness of various parts of an image, and as such has been given the
name visual contrast.
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Fic. 6.15.—Visual Response as Function F16. 6.16.—Brightness and Contrast.
of Brightness.

In comparing the contrast properties of two images, for example, that
of a transmitted and received image, it is useful to construct a loga-
rithmic plot of the brightness of corresponding points. When the response
of the channel is linear and the gain unity, the brightness of transmitted
and received image points plotted in this way lies on a straight line at
45° to the abscissa, as shown in curve (a) of Fig. 6.16. A change in gain
does not alter the slope of the line, but merely moves it up or down, as
is the case with curve (b) representing a gain of 1/10. A given contrast,
irrespective of the average brightness, between two areas is represented
by a constant interval. For example, the interval é in the figure repre-
sents a contrast of 0.2 in the image. Since both the lines (a) and (b) make
an angle of 45°, a given § of the transmitted image results in an equal
interval 8’ along the ordinate representing the received image brightness.
Therefore the contrast in the two images will be equal.

When the curve representing the received and transmitted brightness
is a straight line, making an angle either more or less than 45° with the

WorldRadioHistory



174 FUNDAMENTALS OF PICTURE TRANSMISSION [Chap. 6

abscissa, as shown by curves (b) and (c), Fig. 6.17, the contrast in the two
pictures will no longer be the same. However, the relative contrast of
various parts of the transmitted image will be the same as for those in
the received image. That is, if the contrast between two objects in one
portion of the transmitted image is twice that of two objects in some
other portions, the contrast between the first pair of objects will be twice
that of the second in the received image. This relationship is illustrated
diagrammatically in the figure. If the line representing the response
makes an angle greater than 45° the contrast in the received image is
greater than that in the transmitted image, and the received image ap-
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F16. 6.17.—Relative Contrasts in Object and Reproduction.

pears crisp or harsh, whereas if the angle is less than 45° the rendition
is soft or flat. .

In photographic practice the slope of the response line has been given
the name gamma (v). Thus for identical contrasts v is unity; if it is
greater or less in the reproduction, v is greater or less than one. The con-
cept of v is very useful in photography because in the process of develop-
ment the linearity of the logarithmic plot between the reproduction
transparency and the brightness of the original is preserved, but the
slope or v of the curve changes with the various factors, such as time
and temperature, influencing development. This same nomenclature
may eventually prove useful in the field of television, although in the
physical communication channel there is no element which automati-
cally preserves the linearity of logarithmic response, nor is it at present
known whether, if it proves desirable to use a non-linear channel re-
sponse, the output should be a fixed power of the input as implied by a
constant gamma.

There are two controls at the ordinary cathode-ray receiver which in-
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fluence the brightness and brightness relationships in the reproduced
picture. These are the amplifier gain control and the background control.
If the brightness on the viewing screen is proportional to the signal
voltage, and the rest of the system has a linear response, these two con-
trols have the following effect. The former merely operates to regulate
the overall gain of the channel, and as such does not influence the con-
trast relations in the picture. The latter adds a constant amount of light
to every part of the picture. These two effects are illustrated in Fig. 6.18.
To show the effect on the contrast of the reproduced picture, these curves
are replotted on a logarithmic scale. It will be seen that by the combined
use of the gain and background controls the contrast of the reproduction
can to some extent be regulated. This is illustrated in Fig. 6.19.
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F1a. 6.18.—Effect of Gain and Brightness Controls.

On the other hand, if the cathode-ray reproducing tube has an ex-
ponential response, and the signal picked up by the exploring spot is
compressed so that its amplitude is proportional to the logarithm of the
brightness at every point, then the channel gain controls the v, i.e., the
contrast, of the reproduction, while the “background” control actually
regulates the effective gain of the system.

The present practical systems are a compromise between the two types
described above.

The range of contrast which is possible in the reproduced picture is
usually expressed as the ratio of the maximum to the minimum bright-
ness of the screen, and is often much smaller than the range of contrast
in the image being transmitted. This limited range is due to the fact that
the minimum brightness is determined by various types of optical and
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electron scattering in the system, and cannot be made arbitrarily small,
while the maximum brightness is limited by fluorescent screen materials,
electron guns, apertures of mechanical scanning systems, surface bright-
ness of light sources, etc. Cathode-ray viewing tubes normally have a
contrast range of 50 to 100. The smallest steps in contrast AB/B are de-
termined by the random fluctuations or noise in the electrical systems
involved in the pickup, channel, and receiver. Both range of contrast and
limitations imposed by noise will be considered again in other chapters.
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Fic. 6.19.—Effect of Gain and Brightness Control on Relative Contrast.

6.6. Resolution. Occasionally a picture which is essentially continu-
ous is encountered, but most of those viewed are grainy in nature. Pic-
tures of the latter type must be divided into two classes: those in which
the grain is regularly disposed, and those in which the individual grains
are scattered at random. Another classification divides them into those
in which the individual grains may have any shading from light to dark,
and those in which only black grains and white grains are used and pic-
ture contrast is obtained by the relative density of the two kinds. These
two classifications are mutually inclusive.

The scanned picture cannot be brought into the fold of either grainy
or continuous, because along any line it is essentially continuous, while
at right angles to this it is grainy in nature with a regular distribution
of elements.

The question of resolution is relatively simple in a picture of regular
grain, but becomes more complex for a continuous picture. Considering
the former, it is evident that the grain, or picture clements, should be suf-
ficiently small that the eye does not resolve the individual units. Numer-
ous tests show that the average eye cannot resolve two points separated
by a