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PREFACE

This book is based on the author’s leeture notes for a eourse
on vacuum tubes given at Harvard University since 1922, As
the preparation of the manuseript progressed, it became apparent
that not all of the material eould be contained in a single book.
Consequently, only the theory of the operation of vacuum tubes
at low power is presented here; the remaining material, including
the theory of power amplifiers and oscillators, gas-content tubes,
rectifiers, ete., will, according to present plans, appear in a
second book.

Although this book is written primarily as a textbook, it is
hoped that it will serve also as a reference book. The author
has endeavored to present only the fundamental principles of
the subject, avoiding discussion of the multifarious ecircuits
in which the vaecuum tube may be used. The eircuits and
applications of vacuum tubes change from year to year but
the fundamental theory is the same for all time. With an
understanding of the principles, any circuit and any application
can be analyzed.

Certain sections, which go into considerable detail, may to
advantage be omitted on the first reading of the book., For
the guidance of the reader these sections are indicated by an
asterisk(*).

The author takes this opportunity to express his gratitude to
his wife, always a companion, coworker, and inspiration in the
preparation of the manuscript; to David P. Wheatland who so
generously assisted in collecting experimental data and in read-
ing the proofs, and to all others who have aided in various ways.
The author wishes especially to acknowledge his obligation to
Prof. H. E. Clifford, Dean of the Harvard Engineering School,
for his many valuable suggestions and corrections in editing the
manuscript. ‘

' E. L. C
Crurr LasoraTory, CAMBRIDGE.
March, 1933.
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THEORY OF THERMIONIC
VACUUM TUBES

CHAPTER I
INTRODUCTION

1. Classification of Vacuum Tubes.—The expression vacuum
tube signifies a variety of devices all of which have in common a
closed envelope or bulb made usually of glass or quartz, into which
are sealed one or more electrodes and from which the air has been
mostly exhausted or replaced by some other gas at reduced pres-
sure. These tubes are capable of passing electric currents
between their electrodes and, because of the passage of the
electric currents, various effects are obtained which make
the devices useful. As specific examples of such vacuum
devices we may enumerate the following: Geissler tube, mercury-
arc lamp, mercury rectifier, X-ray tube, tungar rectifier, photo-
electric tube, and radio vacuum tube.

All vacuum tubes may be divided into two classes. Exampleg
of the first elass are the Geissler tube, the mercury-are lamp,
the X-ray tube, ete., which are useful because of radiation
into which some of the electrical energy supplied to them is
transformed. Since these tubes are sources of useful radiation,
they are output devices in the same sense as are generators,
motors, incandescent lamps, electrie bells, ete. This book is not
concerned with this class of vacuum-tube radiators but with the
second class now to be deseribed.

The second class includes those vacuum tubes which are useful
because of the action they have in, or the effect they have upon,
the circuits in which they are connected. The useful effects are
usually localized in some part of the cireuit remote from the
vacuum tube itself. This class of devices may be called circuit
elements, for, like resistances, inductances, eapacitances, switches,
relays, ete., they are devices used as component parts of electric

1



2 THEORY OF THERMIONIC VACUUM TUBES

circuits which work together to cause some useful effect in the
circuits. These tubes are not themselves output devices, as were
the tubes of the first class, but are controlling means.

Among these controlling or circuit-element tubes may be
listed the following:

1. Mereury rectifier.

2. Tungar rectifier,

3. Short-path gaseous rectifier.

4. Thermionic vacuum tube.

a. Two-electrode tube used as Fleming valve detector.
Rectifier (Kenotron).

b. Three-electrode tube used as:
Amplifier or repeater.
Oscillator.

Modulator.
Detector. ,

¢. Four-electrode tube used as:

Amplifier.
Detector.
Oscillator.

d. Five-electrode tube used as:

Amplifier,
Detector.
Oscillator.

¢. Magnetron tube used as:

Amplifier.
Oseillator.

The above list is not complete but is given merely to illustrate
the suggested classification. Although the first three kinds of
controlling tubes are briefly treated, more emphasis is given
to the most important kind of controlling tube, the thermionic
vacuum tube.

2. General Considerations.—The passage of electricity through
the space between the electrodes of all types of vacuum tubes is
effected by a migration of discrete charged particles or carriers.
If the tube is well evacuated, the current through the tube con-
sists of a drift of minute negative charges, all of the same unitary
charge of eleetricity, ealled electrons. 1If, on the other hand, an
appreciable amount of gas is present in the tube, a part of the
conduction may be due to charged particles of gas called Zons.
These ions may be either negatively or positively charged. Even
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if the conduction of eleetrieity is partly by gaseous ions, electrons
are always present and indeed absolutely necessary in order to
start the conduction. Eleetrons and gaseous ions play such
important rdles in the operation of electronic vacuum devices that
the second and third chapters are devoted to the fundamental
principles concerning these earriers of electricity.

Bince eleetrons are essential for the conduetion of electricity
through a vacuum tube, there must be some source of electrons
inside the tube. Some possible sources are radioactive sub-
stances which emit electrons spontaneously, matter when acted
upon by ultra-violet light or X-rays, and matter when strongly
heated. The last source provides the most copious supply of
eleetrons and is also the most convenient one. A heated electrode
or filament, often called the cathode, is the most frequently used
source in the electronie vacuum tubes to be discussed in this
book. O. W. Richardson has given the name thermions to
the electrons emitted from hot bodies and, although these
electrons are not at all different from the electrons derived from
other sources and are strietly not ions at all, the term has come
into such general use that the inconsistency of the expression
would best be disregarded. Vacuum tubes using thermions are
called ilhermionic vacuum tubes. The subject of thermionic
emission of eleetrons is discussed in Chap. IV and a discussion of
the praetical emitters is given in Chap. V.

The thermionic vacuum tubes have, besides the hot electrode,
one or more cold electrodes. In the early forms of tubes, one of
these cold eleetrodes was a flat metal plate, or two plates con-
nected together, one on either side of the filament. Hence this
cold electrode is called the plate. Some writers prefer the term
anode for this electrode, since the conventional idea of the flow
of electrieity makes this plate electrode one of the electrodes by
which the current enters the tube. Although the term anode may
be scientifically more elegant, the simpler term plale is generally
used, even though in many tubes now constructed the original
flat plate has evolved into other shapes, such as cylinders or
flattened cylinders. There is in most tubes no difficulty in
identifying the plate, sinee it is usually the most substantial
electrode of the tube and is usually made of sheet metal. The
other cold electrede or electrodes are usually of open mesh con-
struction. This third electrode (there may be two or more
electrodes of this type instead of one} is usually situated between
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the hot electrode and the plate and in the early tubes was made
up of a grid work of wires and hence called a grid. Although the
grid electrode takes various forms in modern tubes, the term
grid is sufficiently descriptive of this electrode to leave no ques-
tion in one’s mind as to which electrode is the grid. Since
usually the function of the grid electrode is to effect control of the
current to the plate, the grid electrode is sometimes called the
control electrode.

Many names have been applied to the two-electrode tube, such
as Fleming valve, diode, and kenotron, and to the three-electrode
tube, such as audion, pliotron, oscillion, and radiotron. It is to
be deplored that so many expressions have arisen for the same
device. Most of the terms have been invented by manufacturers
to distinguish their products. Although this may be admirable
advertising tacties, it is believed that such trade names should not
be used in scientific literature unless for the express purpose of
specifying a certain manufacturer’s product. It is, however,
desirable to differentiate the two- and three-electrode tubes
because these two types of tubes have different characteristics.
The terms two-electrode tube and three-electrode tube are definite and
satisfactory except for their length, so the simpler terms diode and
iriode will be used for the two types of thermionie tubes. If there
are four or five electrodes, the device may be termed a tetrode
or a pentode.

Returning to the consideration of vacuum tubes in general,
electrons, and ions if gas be present, pass between the electrodes
under the directing force of the potential differences impressed
between the electrodes. Except in one or two special types of
tubes where magnetic fields are used to influence the passage of
the carriers, vacuum tubes are electric devices obedient to the
laws of electrostatics.

The action of a tube as a circuit element is described in terms
of the functional relation between the impressed voltage and the
current, together with the influence of certain other variables
such as temperature and time. With some forms of circuit
element, this functional relation is expressible in a simple mathe-
matical equation. For example, for a resistance, e = Ri; for an

d b ,
inductance, ¢ = —{—Ld% ; foranare,e = a + s+ 5—2; where ¢ is the

instantaneous potential difference impressed on the device, ¢ is
the instantaneous current through the device, { is time, and the
other letters are constants. The functional relation for some
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other devices, such as most of the thermionic tubes, cannot be
expressed in such simple mathematical form, so that recourse
must be had to graphical methods. The current through a diode
is a function of the impressed voltage and the temperature of the
electron emitter, unless the variations of potential are extremely
rapid or gas is present, in which cases time may be an important
factor. In any case, however, these functional relations are best
expressed by families of curves. Such graphs are discussed in
Chap. IV. A triode has two current paths which are mutually
dependent and the functional relations between the variables are
more complex. These relations also have to be expressed graphi-
cally and are discussed in Chap. VIL.

Since the historical order is not followed in this book, a very
brief historical sketeh of the development of the thermiomnic
tube is given here. This sketch will also serve to lay before the
reader some of the important uses to which these thermionie
tubes are put.

3. Brief Historical Sketch.—One of the earliest experiments
which contributed to knowledge at the foundation of vacuum-
tube development is that performed in 1873 by F. Guthrie.! He
observed that a negatively charged electroscope was discharged
when a metal ball heated to a dull red was brought near it, but
that a positively charged electroscope was not discharged unless
the ball was heated to a higher temperature. An electroscope
charged either positively or negatively became discharged with the
ball at a white heat. This experiment proves that the metal ball
when very hot furnishes both positively and negatively charged
carriers of electricity but furnishes only positively charged carriers
when at the lower temperature. In the light of present-day
knowledge, we know that a metal when heated to a dull red some-
times gives off positive ions of gas, originating probably from the
gas occluded in the metal. At a higher temperature the metal
gives off electrons. Guthrie’s experiment can be conveniently
repeated by placing at a short distance above the terminal of a
charged electroscope, a wire which can be electrically heated to
various temperatures.

Between the years 1882 and 1889, Elster and Geitel,? two
German scientists, made a more extensive study of the conduetiv-
ity of the gas near heated solids and flames. They investigated

! GUTHRIE, Phil. Mag., 4th ser., 46, 257 (1873).

? Brster and GrITEL, Ana. d. Phystk, 16, 193 (1882); 19, 588 (1883);
26, 1 (1885); 81, 109 (1887); 87, 319 (1889).
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the conduction effects in different gases under reduced pressure.
In some of their later work, they used a piece of apparatus which
was a two-electrode vacuum tube, consisting of a straight eleetri-
cally heated filament of earbon or metal loeated inside a bulb and
directly below a cold plate sealed into the top of the bulb. Elster
and Geitel were interested only in the scientific side of their
experiments and, although they noted the unilateral conduectivity
of their two-electrode device, they did not mention its possibilities
as a rectifier of alternating currents.

Thomas A. Edison,* in 1883, with apparently no knowledge of
the experiments of Guthrie or the early experiments of Elster and
Geitel, made an important discovery. Some of the carbon fila-
ments of inecandescent lamps, which Edison had recently invented,
developed hot-spots due to a diminished cross section at certain
points. These hot-spots not only shortened the life of the lamp
but caused the bulbs to blacken, owing to carbon particles pro-
jected in straight lines from these hot-spots and deposited on the
inside of the glass bulb. Inthe investigation of this phenomenon,
he sealed into the bulb a plate situated between the legs of the
horseshoe-shaped filament. He then discovered that a galvanom-
eter, connected between the plate and the positive end of the
filament, indicated a current, but that no current flowed when
connection was made to the negative end of the filament instead
of to the positive end. In the first case, the current evidently
passed through the vacuous space between the plate and the
filament. This phenomenon has since been known as the Edison
effect and is probably the real starting point of the modern
thermionic tube.

In 1884 and 1885 Preecet in England made some quantitative
measurements of the Edison effect. Preece showed that the kind
of metal used for the plate had no influence upon the effect, but
that the current was greatly influenced by the distance between
filament and plate, the temperature of the filament, and the
potential difference applied between the plate and filament. He
explained the phenomenon by assuming that the current was
carried by negatively charged molecules or particles of earbon
shot off in straight lines from the filament.

Attention is also directed to the early work of W. Hittorf®
who showed that a current could be passed through a vacuum

8 Engineering, p. 5563, Dec, 12, 1884,

4 PREECE, Proc. Roy. Soc. {(London), 38, 219 (1885),
8 Hrrrorr, Ann. d. Physik, 21, 119 (1884).
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tube with a very small potential difference if the cathode was
incandescent; and to the work of E. Goldstein,® who showed that,
using a hot filamentary cathode of earbon or platinum, a current
could be made to pass through a discharge tube even with low
potentials, when the gas pressure was so low that, with the
cathode cold, the highest voltages caused no perceptible discharge
through the tube.

J. A. Fleming" of the University of London, who was in touch
with the work of Edison and of Preece, conducted an extended
series of experiments on the Edison effect between the years 1889
and 1896. Although the unilateral conduectivity of the glow lamp
provided with a cold plate was known, and hence its ability to
rectify low-frequency alternating currents was a natural conse-
quence, yet Fleming was the first to suggest and use this device for
detecting high-frequency oseillations by converting them into
direet current through the rectifying action of the vacuum tube.
He took out a patent in Great Britain®in 1904, and in the United
States® and Germany® in 1905, covering the use of the “oscillation
valve,”” as he termed the device, as a detector or receiver in wire-
less telegraphy. The vacuum tube consisting of an electrically
heated filament and a cold plate sealed into an exhausted bulb
is a two-electrode tube and is often justly called a “Fleming
valve.

The remarkable work of J. J. Thomson!! in 1897 on the
measurement of the mass of the eleetron, and the proof that all
electrons derived from any source whatever are of the same mass
and charge, furnished the true explanation of the Edison effect.
The reader is referred to J. J. Thomson’s books “Conduction
of Electricity through Gases” and “The Corpuscular Theory of
Matter” for an account of these experiments. In the light of
Thomson’s work, it is clear that the current of electricity is not
carried through the vacuous space between the filament and plate
by charged particles of matter but by minute unitary charges of
negative electricity called electrons, all of the same charge, which

8 GoupsTeIN, Ann. d. Physik, 24, 79 (1885).

7 FueMiNg, Proc. Roy. Soc. (London), 47, 118 (1800); 14, 187 (1896);
Phil. Mag., 42, 52 (1896).

8 British patent 24,850, Nov. 16, 1904.

2 U. 8. patent 803,684, Apr. 19, 1905,

® German patent 186,084, Klasse 21a, Gruppe 68, Apr. 12, 1905,

1 TaoMson, J. J., Phil. Mag., 44, 293 (1897).
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are emitted by the hot filament and attracted by the positively
charged plate.

Many of the early experimenters in the field of thermionics
believed that the emission of electricity from hot bodies, even if
by electrons, was the result of some sort of chemical reaction
between the small residue of gas remaining in the tube and the
material of the filament. In fact, the observed diminution of the
current from plate to filament, as more and more of the gas is
removed, supported this view. On the other hand, 0. W. Rich-
ardson, in 1901, working along both theoretical and experimental
lines, advanced the theory that the electron emission at elevated
temperatures is a property alike for all conductors and not at all
dependent upon the presence of gas about them. Richardson
derived mathematieal laws for the electron emission as dependent
upon temperature and these laws agree well with experiment.
The reader is here referred to Richardson’s book “The Emission of
Electricity from Hot Bodies” for a more complete account of
Richardson’s valuable theoretical contributions to this field.

In 1903 and 1904 A. Wehnelt!? discovered and investigated the
copious emission of electricity from metal filaments coated with
certain oxides, notably of the rare earths, such as the oxides of
gtrontium, barium, caleium, ete. A heated filament or electrode
of other form coated with one or more of these oxides and used
as the negative electrode of a vacuum tube is known as a Wehnelt
cathode and is one very common form of emitting electrode used
in modern tubes.

The thermionic emission from pure tungsten was very
thoroughly investigated by Irving Langmuir. His first paper was
presented before the Institute of Radic Engineers, April 7, 1915,
and in it he gives further support to Richardson’s theory that
pure electron emission is a property of metals independent of the
presence of gas. Subsequent work by Langmuir and Dushman
has added greatly to the practieal knowledge of the properties of
tungsten filaments.

We shall now consider the application made by Fleming of the
two-electrode vacuum tube to the detection of high-frequency
oseillations. In his earlier experiments and in his first patent
applications of 1904 and 1905, he made use of the simplest
property of the vacuum tube; namely, when a potential is

12German patent 157,845, Klasse 21g, Jan. 15, 1904; Ann. d. Physik, 14,
425 (1904).
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impressed between the plate and the negative end of the filament,
a current flows when the plate is made positive, but very little or
no current flows when the plate is made negative. Figure 1
gives one scheme of connections used by Fleming. A represents
the antenna connected to ground through the tuning inductance
P, The tuned ecircuit SC is
coupled to the antenna coil 5
P. The “oscillation valve” is
diagrammatically represented
by V. When oscillations occur

in circuit SC, induced from the
antenna cireuit, oscillations of
potential which take place
across condenser C are im-
pressed between the filament

and plate of tube V. The rec-

o P o= () it
tified impulses then cause a < g =y
deflection of the galvanometer ¥ic. 1.—Fleming value used as a detec-
G or produce a sound in a tor of radio signals.

telephone receiver which may be substituted for G.

In 1908 and 1909 Fleming filed patent applications in Great
Britain and in the United States’® covering a more efficient
method of using a diode as a receiver of radio messages. This
second method, which will be explained more fully in Chap. XIX,
makes use of the rectifying action at a sharp bend of the charac-
teristic eurve of the diode. In this method the potential oseilla-
tions of the message are superimposed upon a steady potential
and their sum is impressed between the filament and plate of a
diode. The resulting net transfer of electricity in one direction
in the plate ecircuit, due to the message, is considerably greater
than in the use of the device as a simple valve, and louder signals
are obtained.

The diode used to rectify the exceedingly small power of a
radio signal is made in small sizes. The development of the
diode for the rectification of large amounts of power at high
potentials was a logical sequence but required the overcoming
of certain technical difficulties. The presence of gas in the diode
used for receiving messages is not always detrimental, for the
sensitiveness of the detector is often materially increased by a
small amount of gas. When high potentials and larger currents

13 British patent 13,518, June 25, 1908; U. S. patent 945,619, Jan. 2, 1909.
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are used, the presence of even a very small amount of gas is
disastrous. It was necessary, therefore, in the construction
of high-power vacuum tubes, to exhaust to a point that was
possible only after the timely invention and development of
better high-vacuum pumps. In 1913 Gaede of Germany intro-
duced the molecular pump and in 1915 the diffusion pump.
Langmuir shortly afterwards described an improved mercury
pump which he called a *‘condensation pump.” Using one of
these improved methods of exhaustion, Langmuir, with other
engineers, advanced the knowledge of pure electron emission
and designed high-power rectifying diodes which were called
kenotrons.

Another line of development of the dlode rectifier resulted
in the tungar rectifier, which is a two-electrode tube containing
pure argon gas at several centimeters pressure. 'These tubes are
suitable for rectifying relatively large currents at low potentials
and are in common use for charging storage batteries from an
a-¢. source.

In 1907 Lee de Forest'* made an original and radical improve-
ment in the vacuum tube by interposing, between the filament
and plate, a third electrode in the form of a wire grating or grid.
This third electrode is situated in the most favorable position to
control electrostatically the flow of electrons from the filament
through the meshes of the grid to the plate. From this con-
trolling action the three-electrode tube or triode derives all of its
advantages over the diode. The triode was first used by de
Forest, as shown in Fig. 2, and proved to be a great improvement
on the detectors of the prior art. The potential fluctuations are
impressed between the grid and filament, and the galvanometer
or telephone is connected in series with a battery between the
plate and filament.

With the introduction of the third electrode, the vacuum tube
acquired new properties which were destined to open up tremen-
dous fields of commereial utility. Under proper conditions, a
variation of potential of the grid with respect to the filament
causes corresponding variations of current in the plate circuit

147, 8. patent 879,532, filed Jan, 29, 1907; British patent 1,427, filed
Jan. 21, 1908. For a complete description of the early patent history con-
cerned with the diode and triode, see book by Fleming, “The Thermionic
Valve and Its Developments in Radiotelegraphy and Radiotelephony,”
The Wireless Press, Ltd., London, 1919.
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and this is accomplished with little or no flow of current to the
grid. The device then acts as an amplifier or relay, because
power can be controlled in the plate circuit by the expenditure
of little or no power in the grid circuit. The triode was first
used to amplify alternating currents of audible frequencies,
but as development progressed, it was successfully employed in
amplifying currents of radio frequencies.

One of the most important applications of the amplifying
triode is the telephone repeater. The American Telephone and
Telegraph Company and the Western Electric Company have
spared no expense in research and development of triodes used
in telephone practice. The major part of this development has

§

Fia. 2.—DeForest ** Audion” or triode used as a detector.

taken place since 1912. As an indication of the rapidity of
development, direct-wire telephony from New York to San
Francisco was made possible as early as 1914 by the installation
of triode repeaters along the line. The triode has been the direct
cause of great advances in communication, some of which are
long-distance telephony, multiplex telephony and telegraphy,
and transoceanic telephony. Contemporary development has
been carried on notably in England, France, Germany, and Italy.

Since a triode used as an amplifier of alternating currents
gives out more power in the plate circuit than is fed into the
tube at the grid, a small amount of the plate-circuit power can
be spared to be fed back into the grid circuit, thereby very
much increasing the plate power. This feeding back of power in
such a way as to cause a building up of the effect in the plate
circuit is known as regeneration. The discovery of regeneration
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has generally been credited to E, H, Armstrong.'®* A decision of
the Cireuit Court of Appeals has credited de Forest with the
origination of the idea of regeneration, at least at low frequencies,
although Armstrong was probably the first to succeed in obtaining
the regenerative effect at radio frequencies.

If the feed-back of power from the plate circuit to the grid
circuit of a triode is increased, a point is reached when self-
sustained oscillations are produced, the energy coming from the
plate battery and the frequency being determined by the capac-
itance and inductance of the attached cireuits. The vacuum
tube thus acting as a generator of alternating currents of any
frequency came into still another field of usefulness. Alexander
Meissner'® was probably the first to recognize this new use for a
three-electrode tube and filed a patent application April 10, 1913.
In a science commanding the attention of so many experimenters
and developing so rapidly, it is sometimes difficult to determine
the originator of any particular idea. The invention of the
oscillating property of a tube is also attributed to Armstrong and
to de Forest in America, and to C. 8. Franklin and H. J. Round in
England.

The discovery of the oscillating properties of the vacuum
tube found application at the transmitting station for exeiting
oseillations in the antenna. This new application led naturally
to the development of larger triodes which could convert more
power. After overcoming many obstacles, tubes were made
capable of generating several hundred watts, and, at present,
tubes are made with an output of several hundred kilowatts.
The limiting effect in inereasing the output power is the amount
of heat which it is possible to dissipate at the plate; and if the
plate is sealed inside the vacuum tube, the only way of dissipating
its heat is by radiation.

About the year 1911 wireless telephony began to be investi-
gated by a great many experimenters. The continuous oscilla-
tions necessary for suceessful wireless telephony were at first
generated by arcs or quenched sparks. With the advent of the
vacuum-tube oseillator, the development of wireless telephony
made rapid strides. In the early experiments on wireless
telephony, weak currents were used and the ordinary mierophone
transmitter, placed in the oscillatory cireuit, served as a means

15 ARMSTRONG, Proc. I.R.E., 8, 215 (1015).
18 Mei1ssNER, German patent, 291,604, Apr. 10, 1913,
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for directly varying the amplitude of the oscillations in syn-
chronism with the sound vibrations of the voice, a process known
as modulation. The microphone was then used as the modulating
device. As vacuum tubes were made for greater power, other
means of modulating the powerful oscillating currents became
necessary. HExperiments showed that no other device could
perform this modulating function as well as the same type of
vacuum tube that was used for generating the oscillations.

In the year 1915 the engineers of the American Telephone and
Telegraph Company and of the Western Electric Company
succeeded in transmitting speech from the Naval Station at
Arlington, Va., to Paris, and also from Arlington to Honolulu,
the greatest distance being about 5,000 miles. The transmitting
station utilized about 300 vacuum tubes, each of 25 watts
capacity, some used as oscillators, others as modulators, and
still others as power amplifiers.

The importance that radio communication assumed during the
World War gave added stimulus to the development of the
vacuum tube and its applications. During the period of hostility,
there was little scientific lzatson among the various countries,
so that much duplication of work oceurred. The vacuum tube
was made in enormous quantities for use by the armies, resulting
in more or less standardized types of tubes.

After the war came the period of broadcasting, which really
began in America about 1921. The rapid growth of the radio
industry since 1921 has been unparalleled. This rapid develop-
ment from the beginning of the war up to the present time has
been the result of the efforts of countless investigators. In this
brief outline we may enumerate only a few outstanding develop-
ments, leaving the explanation of their operation to later chapters.

Many improvements have been made in the receiving apparatus,
thereby extending the range of radio signaling and the extent of
application of the triode. In December, 1919, Armstrong!?
described a new system for receiving radio signals, which he
called the superheterodyne. The superheterodyne principle has
proved to be of considerable value and is used in many modern
radio-receiving sets. .

In 1922 Armstrong'® announced another system of reception,
which he called superregeneration. This system has failed to

7 ARMSTRONG, Proc. I.R.E., 9, 3 (1921).
18 ARMSTRONG, Proc. I.R.E., 10, 244 (1922).
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come into extensive use except at very high frequencies beeause
of the difficulty of adjustment and the fact that weak signals are
not amplified so much as strong signals.

C. W. Riee,** in 1920, and L. A. Hazeltine,* in 1924, described
methods of preventing the oseillation of radio amplifiers by using
neutralizing circuits which balanced the regeneration through
the internal capacitance of the tube. This development enor-
mously increased the stability and sensitivity of radio-frequency
amplifiers,

W. Schottky,? in 1919, first suggested the use of a second
grid to serve as an electrostatic screen between the control grid
and the plate. The screen-grid tube was later developed by
Hull and Williams?? and made stable radio-frequency amplifiers
possible without the necessity of neutralizing circuits. These
four-electrode, or screen-grid, tubes came into eommon use in
this country about 1928 or 1929 and are now extensively used in
modern receiving sets.

With the advent of broadcasting, receiving sets were installed
in a great many homes. To operate the filaments of the tubes
then manufactured, a storage battery was required. The cost of
the battery and the difficulty of recharging without additional
expensive apparatus gave rise to a demand for tubes which could
be operated from dry batteries. During the latter part of the
war, the Western Electric Company developed for the Navy a
small receiving tube which required only 0.25 amp. to heat the
filament, instead of about one ampere required by most other
American tubes of that period. Later, tubes of the same general
characteristics appeared on the market, to be followed by new
designs requiring only 0.06 amp. for the filament.

The tubes having filaments of low-power consumption which can
be operated from dry batteries mark a decided advance by making
it possible to operate a small receiving set entirely on dry batteries,
thus eliminating the storage battery. Kven dry batteries for
operation of the filament and plate supply are objectionable, in
that their life is short when several tubes are operated, and this
makes the expense of renewal of batteries an important considera-
tion. The next important development was in the design of

1 Rick, U. 8. patent 1,334,118, Mar. 16, 1920.
= HazeuTiNg, U. S. patent 1,489,228, April, 1924; 1,533,858, April, 1925,
2 ScHoTrRY, Arch. Elekirot, 8, 299 (1918).

2 Hywy and Winoiams, Phys. Rev., 27, 433 (1926).
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Prare I.—Construction of modern vacuum tubes.
Above: parts of screen-grid tetrode UY-224; below:
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tubes and receiving sets so that the sets could be entirely operated
from a-c. lighting mains. At first, various types of B-battery
eliminators appeared. These were devices making use of vacuum
tubes or electrolytic rectifiers, operated from the house-lighting
mains, to supply the high voltage for the plate circuits of the
tubes. Then tubes appeared having separate filaments operated
on low-voltage alternating current obtained from step-down
transformers, these filaments serving as heaters for the emitting
cathodes. From about 1927, receiving sets appeared which were
operated entirely from the house-lighting mains and by the end of
1928, only about 11 per cent of the sets manufactured were bat-
tery-operated sets. '

The experiment of 1915, in which speech was transmitted
across the Atlantie Ocean, showed that the vacuum tube, when
used in large numbers and connected in parallel, was capable of
generating electric oscillations of large power. Because the use of
a large number of small tubes is both inefficient and inconvenient,
and believing that the trend of development would be toward
more and more power, the engineers of the Western Klectric
Company began experiments with a view of increasing the power
of vacuum-tube oscillators. With the ordinary type of tube,
with internal plate, all of the heat generated at the plate is
dissipated by radiation alone. The practical limit to the size of
tubes of this type is from 1 to 2 kw. With the invention by
W. G. Housekeeper of a method of sealing copper to glass, tubes
were made in which the plate was a copper tube serving as a
portion of the containing vessel as well. With this design the
plate ean be water- or oil-ecooled, and practical tubes up to
500-kw. capacity each have been made.

Perhaps enough has been said to prove that the vacuum tube
has become one of the most important of electrical devices. To
emphasize further this statement, one might visit & modern
broadeasting station where one finds vacuum tubes used as oseil-
lators, modulators, amplifiers, telltale devices of various sorts,
and as power rectifiers for supplying the necessary d-e. power for
the oscillators .and modulators. Again, an examination of a
modern receiving set reveals vacuum tubes performing the func-
tions of detector, radio amplifier, audio amplifier, oscillator, and
in many cases one tube may perform two or more of these func-
tions simultaneously. Finally, an inspection of a modern
telephone exchange reveals hundreds of vacuum tubes function-
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ing as repeaters; and in some exchanges where the carrier system
is used, vacuum tubes are seen operating for many different
purposes.

In this historical outline, emphasis hag been placed upon the
use of vacuum tubes in the field of communieation. Although the
communication field is the field in which the vacuum tube finds
its widest application, there have been noteworthy advances in
other applications of the vacuum tube,

Without going into detail, mention may be made of the use
of the triode as a vacuum gauge, as a very convenient voltmeter
of inestimable value in research, as a relay and a control device,
ete. The two-electrode tube has found useful applieation as both
high-power and low-power rectifier. The photoelectrie cell, one
form of diode, has been developed into a valuable tool in television
and in investigation generally. One might go on to mention
many other developments, but it seems best not to extend this
outline but to leave further description of the development and
uses of the vacuum tube to the more detailed discussion in the
following chapters.



CHAPTER 11
MOLECULES, ATOMS, AND ELECTRONS

4. Matter.—It has long been known and is now universally
recognized that all matter is made up of submicroscopie pieces,
these pieces being the smallest particles into which the mass ean
be divided and still retain the properties of the original mass.
These unitary blocks of the mass are called molecules. Each
kind of matter has its own distinctive molecule.

Many kinds of molecules are chemically complex and in the
last analysis ean be split up into elementary chemical substances
which are called chemical elements, of which there are ninety-
two. All of these elements have been isolated with the possible
exception of two about which there is at present some doubt.
When the molecule is thus split up, the original matter loses its
identity. The smallest particles or units of these chemical ele-
mentsare called atoms. Thus we see that there are known ninety-
two kinds of atoms, such as atoms of hydrogen, sulphur, earbon,
iron, copper, and lead.

From a physical standpoint we recognize three states of matter:
solid, liquid, and gaseous. A solid is a substance in which the
cohesive force between the molecules is so great that the substance
is rigid and has a definite boundary. A liguid is a state of matter
in which the attraction between molecules is not so great as in
solids and the molecules are not fixed in relative position.
Although a liquid has a definite boundary, it is not rigid but flows
readily. Finally, a gas is a state of matter in which the molecules
are 80 far apart that there is very little attraction between them.
A gas ordinarily has no definite boundary.

B. Kinetic Theory.—According to the kinetic theory,! the
heat that is contained in a portion of matter exists as the kinetic
energy of motion of the molecules. That this continuous random
motion of the molecules actually takes place is sufficiently proved
indirectly by experiment. Of eourse, all the molecules in a given

! The reader is referred to Chap. I of Dushman’s book “High Vacua,” or

to the Gen. Hlec. Rev., 18, 952, 1042, 1159 (1915), for a brief treatment of the
kinetic theory.

17
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body do not possess the same kinetic energy, but corresponding to
every temperature there is a mean kinetic energy; some molecules
have energies greater and some less than this mean kinetic energy.
The higher the temperature, the greater is this mean kinetic
energy and the greater the mean velocity of motion of the
molecules. This subject will be treated in more detail in Chap.
IV on Emission of Electrons.

Many physical properties of a gas can be explained in terms
of the kinetic theory. For example, the pressure of a gas in an
enclosure is due to the bombardment of the walls of the enclosure
by the rapidly moving molecules. The variation of pressure with
volume and temperature is satisfactorily explained by this theory.
As further examples of the applications of the kinetic theory,
diffusivity, viscosity, vapor pressure, heat conductivity, and
other properties are deduced and expressed as functions of temper-
ature and pressure.

TaBLe I.—MEeAN FREE PaTH oF Gas MOLECULES

Pressure = 1 bar Pressure = 10¢ bars
Gas 0°C., 25°C., 0°C., 25°C.,
centimeters | centimeters | centimeters | centimeters
Hooovoiivienns 19.2 | ... 19.2 X 10
He.............. 206 | ..., 29.6 X 10°®
Nooovvviiinanna 10.0 | .......... 10.0 X 107®
[0 10.7 | ... 10.7 X 10°¢
. N 106 | .......... 10.6 X 107°
CO...ovvvvinenn 9.92 | .......... 9.92 X 107¢
COsz.ovviviinnnn 6.68 | .......... 6.68 X 107¢
Hg.............. 3.24 i ..... 3.24 X 1078
HO............. 6.03 | ..... 6.03 X 10-¢

6. Mean Free Path.—One of the most important factors which
enters into the explanation of heat and electrical conductivity,
diffusivity, ionization, ete., is the mean free path of molecules and
electrons in matter. The mean free path may be defined, with
sufficient accuracy for our purpose, as the mean distance a parti-
cle travels between collisions. The mean free path of molecules
of a gas at constant temperature varies inversely as the pressure
but depends upon the particular gas. The mean free path is
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connected direetly with the coeflicient of viscosity of the gas and
increases somewhat with an increase of temperature.

Table I gives the values of the mean free path L for several
gases at 0°C. or at 25°C., for a pressure of 1 bar and for 108 bars.?

Figure 3 is a logarithmic plot of the mean free path against the
pressure in bars for a few gases at 20°C.

The mean free path of an electron, a particle very small in
comparison with the size of the molecule of a gas, is considerably
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greater than the mean free path for the molecules themselves.
Maxwell deduced that the mean free path of a particle which is
small compared with the molecule is 44/2L, where L is the mean
free path of the molecule of the gas. This value has been used
for the mean free path of electrons. Investigations have shown
that the mean free path of electrons varies with their velocity.
Ramsauer® has shown that the mean free path of electrons
decreases as their velocity decreases and may pass through one
or more minima and finally increase when the velocity of the

21 bar is a pressure of 1 dyne per square centimeter. One bar is, there-
fore, a pressure of 0.00075 mm. of mercury, and 0.001 mm. of mereury or 1
micron is a pressure of 1.333 bars. One standard atmosphere is a pressure
of 760 mm. of mercury, so that 1 bar is 1.0133 X 10~¢ atmosphere.

% RAMSAUER, Ann. d. Physik, 64, 513 (1921); 66, 546 (1921);72, 345 (1923).



20 THEORY OF THERMIONIC VACUUM TUBES

electrons is very low. As a consequence of these studies, Max-
well’s theoretical value of 44/2L for the mean free path is
inaccurate when applied to electrons having low velocities.

7. Vacuum.—In order to get some sort of physical picture of a
vacuum, first consider the structure of a gas. There are about
2.52 % 10! molecules of gas per cubic centimeter at a tempera-
ture of 20°C. and a pressure of 760 mm. of mercury. The atom of
hydrogen is roughly 108 cm. in diameter. Therefore, only about
one-millionth of the space in hydrogen gas under the above con-
ditions of temperature and pressure is occupied by the atoms.
Although this calculation is admittedly very erude, because it
assumes that the hydrogen molecule consists of two spherical
atoms, it is safe to say that there are great voids between the
molecules even at atmospheric pressure. When a gas is com-
pressed, it is this empty intermolecular space that is reduced.

When the pressure of a gas is reduced, the empty space increases
directly in proportion to the reduction in the pressure. The
term wgcuum is a very indefinite term and means that the pres-
sure of gas in an enclosure is reduced below atmospherie pressure
and usually connotes a considerable reduction in pressure. For
example, if the pressure is reduced to one-millionth of atmospherie
pressure, the vacuum is said to be fairly good or high. The
pressure would then be 0.000760 mm. of mercury or 0.987 bar.
The hydrogen molecules at this pressure occupy roughly one-
millionth of a millionth of the space, which makes such a vacuum
seem quite free of matter.

Examine this vacuum from another point of view. We find
that at the pressure of 0.987 bar there are 2.52 X 10'%* molecules
of any gas per cubic centimeter, or 2.52 X 10'® molecules per
cubic millimeter. This view of the vacuum gives one the idea
that the vacuous space is very much ocecupied.

The modern developments of vacuum pumps permit a pres-
sure of 0.0001 bar to be attained. Vacua corresponding to
pressures less than 1 bar are usually classed as high vacua.

8. Atoms.—The physical picture of the structure of the atom
has undergone many changes during the last few decades, and
even at present physicists are none too sure of its exact structure.
Up to a few years ago, physicists entertained the Bohr or minia-
ture-solar-system picture of the atom, in which discrete unitary
charges of negative electricity called electrons rotate in definite
orbits around a positively charged central structure called the
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nucleus. This picture has been immensely valuable in the
explanation of a great many experimental results, such as
the X-ray and ordinary line spectra of the elements, conduetion
of electricity through gases, chemical phenomena, and many
others. The idea of discrete electrons has been attested by many
other eonvincing experiments too numerous to list here. Certain
recent experiments, among which may be mentioned those of
Davisson and Germer? on the reflection of electrons from crystals
of metal, and of G. P. Thomson® on the diffraction of electrons,
eannot be explained by the theory of discrete electrons alone,
but can be explained if the electrons possess the properties of
waves whose length is determined by their velocity. It then
becomes necessary to consider, as L. de Broglie® first suggested,
that the eleetron has associated with it waves which manifest
themselves in certain phenomena. This idea, together with the
theoretical work of Schrodinger, Heisenberg, and others, has
given rise to the theory of wave mechanics, which has been
eminently successful in more completely correlating theory and
experiment.

The result of these newer ideas is to spoil to a certain extent
the definite picture of the atom by surrounding it with a certain
indefiniteness. The electron may not be quite so discrete as
it at first was pictured, and the positions of the electrons in the
atom are expressed in terms of probabilities rather than by
definite coordinates. For the purposes of this book, it seems best
to adhere to the idea of diserete electrons, which are, however,
accompanied by waves, and to use the picture of the atom which
has been so helpful in explaining many phenomena of physies,
i.e., that of the miniature solar system, to be deseribed more in
detail below.,

The normal atom has a number of electrons revolving about
its nueleus, the number being different for the different elements,
starting with hydrogen possessing one electron, helium with
two, and so on in orderly sequence up to the heaviest element
uranium, with ninety-two electrons. The number of electrons
in the normal atom is the atomic number z of the element.

¢ Davisson, Bell System Tech. J., T, 90 (1928); Davisson and GERMER,
Proc. Nat. Acad. Sci., 14, 317 (1928); 14, 619 (1928).

8 TuomsoN, Nature, 122, 279 (1928); Proc. Roy. Soc., 117, 600 (1928);
and 119, 651 (1928); Phil. May., 6, 939 (1928).

¢ De BroGurig, Ann. 4. Physik, 10, 322 (1925).
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Since the normal atom is electrically neutral, the nucleus
possesses a positive charge equal to z times the charge of a
single electron. The nucleus is probably rather complex in
structure, as might be expected from the following faets: the mass
of the atom is almost entirely associated with the nucleus;
radioactive phenomens arise from the nucleus; and some of the
properties of the atom are attributed to the structure of
the nucleus. It is known that the nuclei of all of the
elements except hydrogen contain electrons as well as positive
eleetricity.

The size of the atom is more or less indefinite but may be
considered to be roughly the size of the outer electronic orbits.
The electrons and nucleus are exceedingly minute eompared
to the size of the atom. Here again we have difficulty in assign-
ing any definite size to either the electron or the nucleus, beeause
they have no definite boundary. To get a rough idea of the rela-
tive size of the atom, the electron, and the nueleus, suppose the
normal hydrogen atom to be magnified until the diameter of the
orbit of the single electron is 100 ft. Then the nucleus would
have a diameter less than 0.01 in., and the electron, if it has any
size, would probably be as small as the hydrogen nucleus. Many
of the atoms of higher atomic number are larger than the hydro-
gen atom because of the larger electronic shells, and also the
nuclei of these heavier atoms are larger than the hydrogen nucleus.
Even if we cannot assign definite dimensions to the components
of an atom, it is apparent that there is much empty space in
atoms as well as in matter. This picture is valuable when con-
gidering the penetration through matter of fast-moving electrons
and alpha particles from radiocactive substances.

The electrons revolve around the nucleus of a normal atom
in more or less definite orbits. If the atom is violently disturbed
by certain external agencies, one or more of the electrons may be
displaced so as to revolve in larger orbits, the sizes of which
have certain fundamental relations with one another, as dictated
by the quantum theory. The atom is then said to be excifed.
When any electron jumps from one of its large orbits, occupied
only when the atom is excited, back to any intermediate orbit
or back to its normal orbit, the atom gives out radiation. This
radiation may be in the visible region of light, it may be of shorter
wave length known as ultra-violet light, or, if still shorter, known
as X-rays.
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If the atom is unhampered in its behavior by other atoms,
as, for instance, if the atom is one of a gas or vapor, the radia-
tion emitted has definite wave lengths determined by the
particular orbital jumps. In general, when the outermost elec-
trons are raised to larger orbits and fall back, the radiation is
visible or in the near ultra-violet, but when the innermost
electrons are disturbed, the wave length of the radiation is
shorter and the radiation may be in the X-ray range.

Many of the physical properties of the atoms, such as the
optical and X-ray spectra and ionizing potentials, together
with the periodie nature of many of the physical and chemical
properties, are explained if the eleetrons in an atom are confined
within definite shells. A study of the various properties of
atoms leads to the allocation of two electrons to the first or
innermost shell, eight to the second and third shells, eighteen
to the fourth and fifth shells, thirty-two to the sixth shell,
and the remaining electrons to the seventh shell in elements
having atomiec numbers greater than eighty-six. For example,
the atom of helium has two electrons so that the first shell is
complete. The next element, lithium, has three electrons, the
third electron being alone in the second shell. The chemical
properties of an atom are largely dependent upon the stray electric
field from the outer-shell electrons. Lithium is very active
chemically because of the single electron in the outer shell,
while helium with its completed outer shell is chemieally inert.
The second shell is completed with the inert gas neon, the third
shell is completed with the inert gas argon, the fourth with kryp-
ton, and the next with xenon. The atom, whose outer shell lacks
one electron to complete it, such as that of fluorine and of
chlorine, is also chemically active because of its strong affinity
for the electron which would complete the shell.

9. Molecules.—The smallest unit of an element or compound
that can exist in a normal state and possess the properties of
the element or compound is called a molecule. For certain
elements, such as helium, argon, neon, and mercury, the atom is
the molecule. Such elements are called monatomic. The mole-
cules of the other elements and of all compounds are made up of
atoms held together by the electric forces due to the charges of
which the atoms are composed. The molecules of hydrogen,
oxygen, nitrogen, iodine, and some others are composed of two
atoms and are called diatomic molecules. It happens that most
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of the metals and permanent gases are monatomic and most of the
chemically active gaseous elements are diatomic. Molecules of
some elements have more than two atoms, as, for instance, the
molecule of phosphorus has four atoms, the molecules of selenium
and of sulphur are composed of eight atoms.

The molecules of compounds are often very complex, being
composed of atoms of different elements. Sometimes, as with
hydrochlorie acid (HC1), carbon monoxide (CO), potassium
chloride (KCI), the molecules are diatomic, but more often there
are more than two atoms in the molecule, and there may be as
many as ten, twenty, or even more atoms in eomplex molecules.

10. The Electron.—Although the atom is the natural habitat
of electrons, an electron can be detached from an atom by various
physical agencies. The electric forees in a beam of radiation,
especially ultra-violet light and X-rays, falling upon the surface
of matter may pull electrons from the surface atoms. This
phenomenon is known as the photoeleciric effect. Again, certain
radioactive atoms spontaneously explode or, more properly,
disintegrate, throwing off electrons known as beta rays. Most of
the electrons from radioactive substances come from the nuclei
uninfluenced by any known physical agency, but one or more
of the electrons in the outer shell of a normal atom may be
knocked off when the atom is struck by a rapidly moving electron
or by another atom. The latter process is known as fonization,
the end produets being one or more freed electrons and a positive
fon, whieh is the remaining positively charged atom.

The electrons of metallic atoms and of certain other atoms
seem to be very loosely bound and so can easily wander from
atom to atom when the atoms are close together as in a piece of
metal. These loose electrons, although probably only tem-
porarily free, are known as free electrons and move more or less
freely through the matter when an electric foree is applied.
This motion constitutes a current of electricity and the matter
is said to be a conduclor. If the temperature of conducting
matter ig sufficiently elevated, the velocities acquired by some of
these free electrons, due to their heat agitation, are sufficient to
project them outside the sphere of attraection of the stationary
nuclei, and we have what is known as thermionic emission.

Our information concerning the properties of the electron
has come largely from the researches of J. J. Thomson and his
students in the Cavendish Laboratory at Cambridge, England,
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and from the investigations of many other eminent physi-
cists, such as Townsend, Rutherford, Millikan, C. T, R. Wilson,
Langmuir, and K. T. Compton. Thomson was the first to
show that the electron possesses mass and that the ratio e/my,
where e is the charge and m, the mass at rest, has the same value
for all electrons. The value of ¢/my, corrected by more recent
investigation, is '
e

o= 1.758 X 107 absolute electromagnetic units
0

This value of e/m;, is about 1,840 times the value for the hydrogen
ion, the smallest known positive ion, consisting only of a single
charged hydrogen nucleus. Sinee it is an experimental fact
that the charge of the electron is the same as the charge of the
positive ion, the mass of the electron must be about 1/1,840
the mass of the smallest positive ion. The electrons, therefore,
contribute very little to the mass of the atom, confirming the
statement previously made that the mass of the atom i largely
agsociated with its nucleus.

The value of the charge on an electron has been measured by
several methods. The best value is probably that obtained by
Millikan? in & remarkably ingenious series of experiments begun
in 1908 and is

e = 4.770 X 10~ ghsolute electrostatic unit
e = 1,591 X 102 absolute electromagnetic unit

Knowing the value of the charge, the mass can be calculated
from the known ratio ¢/m,. The mass of a stationary electron is

me = 0.9035 X 10~% gram

According to the theory of relativity, the mass of an electron
moving rapidly with respect to the observer inereases as its
velocity approaches that of light and becomes infinite at the
velocity of light. The value of m for any velocity v is

Mo

m=\/--—.1:—-:___-—(2—)—2 1)

where ¢ is the velocity of light. This increase in mass has
been checked experimentally by Kaufmann?® Bucherer,’ and

" MiLtikaN, Phil. Mag., 19, 209 (1910).
8 KaurMaNN, Ann, d. Physik, 19, 487 (1906).
$ BUCHERER, Ann. d. Physik, 28, 513 (1909).
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others,’® and lately by the author.!® This change of mass of a
moving electron does not much concern us, however, for there is
very little change unless the voltage drop acting on the electron
is greater than about 10,000 volts.

11. Electric Field about an Electron.—Since a stationary
electron has a charge, there exists about the electron a radial
electrostatic field which extends indefinitely in all directions.
In faet it is only by this electrostatic field that the presence
of a stationary electron is made evident. About all we know of
the structure of the stationary eleetron is that it is the point
of convergence of its electrostatic field or lines of force.

12. Moving Electron and Its Magnetic Field.—A moving
electron is a moving charge and hence constitutes a transfer of
electricity, which is an electric current. Since an electric current
has an associated magnetic field, the motion of the electron with
its associated electrostatic field sets up a magnetic field. The
mass of the electron is directly assignable to the energy and inertia
of this magnetie field.

As already stated, another,a,ttribute of & moving electron is a
system of waves associated closely with the electron and having
a wave length dependent upon its velocity and given by the

relation )

A= po @
where & is Planck’s radiation constant, m the mass of the electron,
and » its velocity.

13. Forces Acting upon a Moving Electron.—An electron which
is acted upon by an electrostatic field moves in the opposite
direction to that of the field itself, beecause the conventional
direction of the field is taken as the direction in which a free
positive charge would move. The electron is urged by a force
whose magnitude is equal to the product of the strength of the
field and the electronic charge. Since the electron has a mass m,
it is accelerated and aecquires kinetic energy acecording to the
familiar mechanical laws for aceelerated motion. If, however, in
its flight through free space it collides with an atom, its energy
may be in part lost to the bombarded atom. If an electron
moves between two points having a difference of potential &, ag
between two electrodes of a vacuum tube, the work done on the

1 Porry and Cuarres, Phys. Rev., 86, 904 (1930). See bibliography for
other recent determinations of ¢/m.
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electron by the field caused by E, whether the field is uniform or
not, is, by definition of potential, Ee units of work. The work is
in ergs if E is expressed in absolute electrostatic or electro-
magnetic units and ¢ in terms of the corresponding absolute unit of
charge. If the electron encounters no atoms between the points
or electrodes, the electron acquires kinetic energy and hence a
veloeity v, given by the expression

Ee = f v d(mw). 3)
0 .
Substituting in Eq. (3) the value of m from Egq. (1),
1
E e 2 R —————————— 1 4
e [\/i‘— W ] @
If v/c is small, Eq. (4) becomes
Ee = Lomgp? (5)

If the eleetron is suddenly stopped after acquiring a velocity v,
the energy, expressed by Eq. (4) or Eq. (5), is given up by the
electron and usually appears as heat. The high temperature of
the plate of a power vacuum tube is due to the heat produced by
the impinging electrons.

A moving electron constitutes a current flow of magnitude
proportional to the charge of the electron and to its velocity.
If the electron moves a distance Al in time Af, the rate of
transfer of electricity is ¢/Af, which in proper units is the strength
of the current. The produet e/At - Alis therefore equivalent to a
eurrent ¢ = ¢/At flowing in a path of length Al. Hence

. Al
tAl = 57
or
1Al = ev (6)

From elementary prineiples of electricity, the force aeting on
a length dl of wire carrying a current ¢, when the wire makes an
angle 8 with a magnetic field H, is

Af = H¢ sin 6 Al (7N

The direction of the force is perpendicular to the plane containing
Al and H, as shown in Fig. 40. Using the equivalence given in
Eq. (8), the force on an electron is,

I

Jf = Hev sin ¢ (8)
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The direction of motion of the electron is opposite to the
conventional flow of a positive current (see Fig. 4b). If the
magnetie field is uniform and 6 is equal to #/2, the acceleration
perpendicular to the motion of the electron is constant and the
electron moves in & circular path. The path is helical if 9 is
not equal to =/2.

Positive and negative ions, being charged masses, follow the
above laws in electric and magnetic fields. Their masses being at
least 1,840 times greater than that of an electron, the velocities
which the ions acquire are much less than that acquired by an
electron under the same conditions.

of
Force ": o
on’ ;f?
" ‘gd;!
2
> ‘«9\
W— » -
e H
//
- (b)

¥1g. 4.—Force on an element of wire carrying a eurrent and on a moving electron,
both in a magnetic field.

14. Collisions between Electrons and Molecules.—An electron
moving in a space in which molecules are present is said to encoun-
ter or collide with a molecule when it comes into the force field
of the molecule to an extent sufficient to alter materially the
path of the electron, or to evoke some change in the molecule.

If the molecule is monatomic, such as those of the inert gases,
and the velocity of the electron is low, the encounter is analogous
to that between elastic spheres. Applying the conservation of
momentum and energy equations, the fraction of the initial
energy lost by the electron if the molecule is initially at rest,
as caleulated by ordinary laws of mechanics, is

W}oag . 4Mm . 2

Wit ~ OF + my? @5 @)
where M and m are the masses of the molecule and electron,
respectively, and 8 is the angle between the trajectory of the
electron and the radius of M to the point of impaet. Since a
large number of electrons distributed uniformly in space will
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strike molecules with all values of 6 between —=/2 and +x/2,
the average fractional loss of energy for all the electrons is

T’Vlost _ Mm -
Average Winitial 26%)2 (10)

If the molecule is in motion owing to the temperature of the gas,
the average loss of energy is less than that given by Eq. (10).
Since M is always more than 1,840 times greater than m, even
the maximum loss of energy, when 4 is equal to zero, as given by
Eq. (9),is very small. Therefore, a low-veloeity electron encoun-
tering only a few monatomic molecules loses a negligible amount
of energy. The electron, however, suffers a change in direction of
motion at each encounter.

If the gas molecule encountered by the slowly moving electron
is diatomic instead of monatomie, the electron may impart
to the molecule rotation as well as translation, with the result
that the colliding electron may lose much more energy than in the
case of the monatomic molecule.

8o far we have considered encounters between molecules and
slowly moving electrons. As the velocity of the electron is
increased, at a certain velocity, different for each kind of
molecule, the collision suddenly becomes inelastic, owing to a
change in the structure of the molecule induced by the collision.
At this critical velocity, the electron loses all of its energy, the
energy being spent in causing an electron in an atom of the
molecule to rotate in a larger orbit or to be completely detached
from the molecule. The first of these events is known as
resonance and the second as fonization.

15. Resonance.—As has been stated, the electrons in a normal
atom rotate in more or less definite orbits. Any electron in the
outer shell of the atom may be induced temporarily to rotate in
certain other orbits, larger than its normal orbit. So, too, there
is a group of other orbits, larger than the normal orbit, in which
any electron of the next innermost shell ean rotate, and so on, for
all of the shells of the atom. When an electron is in any other
than its normal orbit, it has associated with it energy greater
than that corresponding to its normal orbit. The atom ecan
absorb into its structure only parcels of energy just sufficient to
change an electron from one permitted orbit to another. In
other words, the energy absorbed can be only that equal to the
difference in energy corresponding to any temporary orbit and
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the normal orbit for that electron, or between only certain of
the temporary orbits.

When one or more than one electron is in a temporary orbit,
the atom is said to be in an excited state. The displaced electron
tends to return to its normal orbit. It may do so in one jump,
in which case the difference in energy is radiated as light or
X-rays, the frequency being given by the relation

hV = 9 — W]_ = AW (11)

where v is the frequency of the radiation, h is Planck’s constant
and equal to 6.547 X 10~?"erg sec.,and W, — W, is the difference
in energy corresponding to the two orbits. On the other hand,
the electron may return by way of one or more of the smaller
temporary orbits, thus making two or more energy jumps. Each
energy jump gives rise to a monochromatic radiation in accordance
with Eq. (11), in which AW is the change in energy. An atom
ordinarily remains in an excited state for a very short time, esti-
mated to be of the order of 108 sec. With some atoms, however,
certain temporary orbits seem to harbor an electron for a much
longer time, even as long as a tenth of a second in some cases.
These particular excited states are known as metastable states.

The energy required to excite an atom may be derived from
radiation, in which case Eq. (11) gives the frequency »; required
to cause an energy change AW in the atom, AW being the energy
difference corresponding to two permitted orbits. The term
resonance is applied to the excitation of an atom by radiation of
that frequency which would be emitted by the atom if the same
energy jump were made as occurs when the atom returns from
the excited state to the normal state. It is easy to see how
resonance radiation may “diffuse’” through a gas by the reversible
process of excitation and emission.

An atom may also be excited if an electron or positive ion col-
lides with it with sufficient energy. The exciting projectile
must possess at least an amount of kinetic energy equal to the
smallest energy jump between orbits. If the projectile is an
electron, the potential drop which would give this necessary
kinetic energy is known as the first resonance potential of the
atom. An atom may possess several resonance potentials given
by the relation

Ee = AW (12)

where E is the resonance potential, e is the electronic charge, and
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AW is a possible energy jump for the atom. As might be
expected, an atom may be not only excited from its normal state
but raised from one excited state to another, although the
probability that a colliding electron may find an atom in an
excited state is very small because of the short time of duration of
an excited state. Of course, the probability of such an event is
much greater if an atom is in a metastable state.

As examples of resonance potentials we shall cite only a few
for some of the common gases. Others can be found in the
“International Critical Tables’” and in many books on this
subject. The resonance potential for sodium vapor correspond-
ing to the first excited state is 2.1 volts, and the resonance radia-
tion is the familiar D line of the sodium spectrum. Mercury
vapor has several resonance potentials corresponding to various
excited states. These potentials are 4.66, 4.86, 5.43, 6.67, 7.69,
8.58 and 8.79 volts. The state corresponding to 4.66 volts is one
of the metastable states.

16. Ionization.—If the exciting energy acting upon an atom is
sufficient, an electron may be completely detached from the
atom. This event is known as ‘onization and may be thought
of as a limiting excited state for which the largest permitted
orbit is at infinity. The positively charged part of the atom that
remains is a positive ion. The potential which would impart to
the ionizing electron the necessary energy is known as the foniz-
ing potential and fits into Eq. (12), where AW is the difference
between the energy of an electron at infinity and an electron
in the normal orbit.

The simplest ionization act consists in the removal of a single
outer electron, although more than one electron may be removed;
and if the energy of the impacting electron is great, one of the
inner electrons may be removed.

The ionization potentials of the alkali metals, which have only
one or two electrons in the outer shell, are particularly low. For
sodium the ionizing potential ' is 5.12 volts, for potassium
4.32 volts, and for caesium 3.9 volts.. On the other hand, the
inert gases with complete outer shells have high ionization poten-
tials. For example, that for helium is 24.5 volts, for neon 21.5
volts, and for argon 15.7 volts.

An atom, by absorbing just the right amount of energy,
may be ionized from an excited state, particularly from a meta-~
stable state, instead of from the normal state.
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As an electron enters an ionized atom under the action of the
electrostatic force, it may reach its normal orbit by one jump or
by successive steps, stopping momentarily in one or more of the
temporary orbits. Light is emitted in accordance with Eq.
(11) for every energy jump executed. Hence, ionized gas is
continually recombining, and accompanying this recombination
there is luminosity, the light being the characteristic line spectrum
of the gas.

The probability that an electron will ionize a2 molecule increases
from zero, for velocities less than the ionizing velocity, up to a
maximum when the energy of the electron is two or three times
this ionizing energy. Thereafter the probability decreases for
electrons of greater velocities. Hence, high-velocity electrons
ionize less efficiently than those having velocities corresponding
to from 50 to 200 volts. The probability also depends upon the
pressure of the gas and the distance the electron travels. One
way of expressing this varying probability of ionization is by
plotting the number of positive ions produced by one electron
traveling 1 cm. in 2 gas at 1-mm. pressure. The result for other
pressures and lengths of path is proportional to the pressure and
length of path. Various measurements have been made of this
important quantity for several gases. Hughes!! was one of the
first to make these measurements. The plot given in Fig. 5is a
compilation of the results obtained by Compton and Van
Voorhis,'? Jones,'® Bleakney,'* and Buckmann.'®

Positive iong colliding with a molecule are very inefficient
in producing ionization. To produce the same number of ions
per centimeter of path, the positive ions must be moving with a
velocity comparable to that of an electron, which means that the
energy of a positive ion must be thousands of times greater
than that of an electron in order to ionize as efficiently.

17. Reflection of Electrons and Secondary Emission.—When
electrons strike the surface of a solid, some electrons are reflected.
The percentage reflected depends upon the angle, the kind of
matter bombarded, the condition of the surface, and the velocity
of the electron. Ordinarily the percentage reflected ranges

11 Hugaes, Washington University Studies, 1924.

12 Compron and VAN Vooruis, Phys. Rev., 26, 436 (1925); 27, 724 (1926).
13 Jongs, Phys. Rev., 29, 822 (1927).

14 BLeagNEY, Phys. Rev., 35, 139 (1930).

1 Bucrmany, Ann. d. Physik, 87, 509 (1918).
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from a few per cent up to perhaps 20 or 30 per cent, but in speeial
cases more may be reflected. One would hardly expect that the
reflection of electrons would be specular in nature eonsidering
the smallness of the electron in comparison with the surface
atoms. The fact is, as shown by the angular distribution curves
of Davisson and Kunsmann,’® that ordinarily the reflection is
diffuse, the actual distribution depending upon conditions of the
experiment. Davisson and Germer!” found that if the reflection
takes place at the surface of a erystal of nickel, a small fraction
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of high-velocity electrons are specularly reflected at a certain
angle which depends upon the velocity of the impinging electrons.
This type of reflection is explained if the reflection of these elec-
trons is determined by an associated system of waves of length
given by Eq. (2).

In addition to the reflection of electrons striking a solid,
something analogous to ionization also takes place; 7.e., elec-

16 Davisson and KuNsMaNN, Science, 64, 522 (1921); Phys. Rev., 22, 242
(1923).

7 DavissoN and GerMer, Phys, Rev., 30, 705 (1927); Proc. Nat. Acad.
Sci., 14, 317 (1928); Davisson, J. Franklin Inst., 205, 597 (1928).
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trons are knocked out of the surface, This phenomenon is
known as secondary emisston and the electrons derived from the
surface are known as secondary elecirons or delta rays. These
secondary electrons leave the surface with very low velocities
corresponding to only a few volts, and their number depends
greatly upon the material of the surface, its physical condition,
and the velocity of the primary electrons. Secondary emission
will be treated in greater detail in Chap. IV.
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CHAPTER III
CONDUCTION OF ELECTRICITY

The operation of all types of vacuum tubes is directly depend-
ent upon the characteristics of the conduction of the electric
current through the tube. The object of this chapter is to
give the reader a brief treatment of the principles of conduction
of electricity under various circumstances, but with special
emphasis on the two types of conduction which most concern
us in dealing with vacuum tubes, namely, conduction through a
high vacuum and conduction through a space containing an
appreciable amount of gas.

18. The Conventional Direction of an Electric Current.—
The motion of an unneutralized charge of electricity, whether
the charge is positive or negative, constitutes an electric current.
Since, however, the electrical effects of positive and negative
electricity are opposite, the motion of a negative charge in one
direction is equivalent to the motion of an equal positive charge
in the opposite direction.

When the terms plus and minus were originally allocated to
the two kinds of electric charge, the minus sign was given to
that charge which appears on sealing wax, hard rubber, and other
resinous substances, when rubbed with fur, silk, etc. The posi-
tive sign was given to the charge which appears on vitreous
substances like glass. This choice of signs was apparently
entirely arbitrary. With the signs of the two electric charges
thus defined, the charge of the electron is negative and the
charge of the atomic nucleus is positive.

For mathematical discussions a convention is necessary
for the direction of an electric current. The conventional
direction of a current is the direction of flow of positive electricity.
If a current of electricity is due to a motion of positive ions,
the conventional direction of the current and the actual
motion of the carriers of electricity are the same, but if, as is
usually the case, the electric current is due to the motion of
electrons, the conventional direction is opposite to the actual

35
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direction of motion of the electricity. In the study of vacuum
tubes, this difference between conventional direction and the
actual direction of flow is always before us, because the current
through a thermionic tube is practically all due to the flight of
electrons inside the tube from the hot cathode to the positive
electrodes, In order, however, to conform with the familiar
electrical principles of an electrie circuit, the arrows representing
the currents are usually placed to indicate the conventional
direction of flow.

19. Metallic Conduction.—The most familiar kind of electrical
conduection is metallic conduction. Because metals are the best
conductors of electricity, metallic wires are used for conveying
electricity and electrical energy.

A characteristic of the atoms of metallic solids or liquids is
that the outer electrons are loosely attached to the atom so
that these outer electrons temporarily drift away from the atoms
into the spaces between, giving rise to what are known as free
electrons in the metal. FElectricity flows through metals only
because of the motion of these free electrons which, urged by
the applied electric field, either pass between the atoms or
jump from atom to atom. The direction of motion of the nega-
tive electrons constituting the current is opposite to the con-
ventional direction of the current.

As the electrons move, urged by the electric field impressed
upon the conductor, they frequently collide with the closely
packed atoms, giving up at each collision or encounter a part
or all of the kinetic energy acquired between encounters. This
energy goes into heat known as joulean heal, and this heat
is get free throughout the conductor carrying the current. The
opposition to the flow of the current, due to these encounters
with the atoms of the conduetor, is known as electrieal resistance.
The quantitative measure of resistance is the ratio of the potential
difference to the current. One of the characteristic properties
of metallic conductors is that the electrical resistance is independ-
ent of the current, provided the temperature remains constant.

The rate of transfer of electricity, which is the magnitude
of the current, is determined by the number of electrons moving
and their mean velocity in the direction of the electric field.
The actual mean velocity of any electron is relatively very
small, being of the order of a few meters per second for a potential
gradient of a volt per centimeter. This velocity of the electron
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must not be confused with the velocity of an electrical impulse
through the conductor. The velocity of an eleetrical impulse
or signal is the velocity of an electric wave through or in the space
surrounding the conductor. It depends upon the configuration
of the conductor and may be the velocity of light. For example,
the velocity of an impulse in a cireuit consisting of two parallel
wires in free space is the velocity of light.

20. Electrolytic Conduction.—The conduction of electricity
through a class of liquids known as electrolytes is entirely different
from metallic conduction. Electrolytes are solutions of chemical
compounds some of whose molecules are split up in solution
into electrically charged parts known as electrolytic tons. The
positively charged ions travel through the liquid in the eon-
ventional direction of the current, while at the same time the
negatively charged electrolytic ions travel in the opposite diree-
tion. The velocities of the positive and negative ions for unit
potential gradient vary somewhat according to the electrolyte,
but are roughly the same. This type of conduction does not
concern us here.

21. Gaseous Conduction.—We now come to a very important
but very complex type of conduction of electricity, namely,
conduction through a space which contains gas in a sufficient
amount to play an important réle in the conduction process.
Much is still unknown concerning this type of conduction.
Still, so much is known about gaseous conduction that in the
space which is reasonably allotted to this subject we can give
only the briefest outline of those principles which are necessary
for the understanding of the operation of certain types of vacuum
tubes. For more information on this subject the reader may
consult the references at the end of this chapter.

Electricity ean flow between two electrodes in a gaseous
space only if there are carriers of electricity, i.e., electrons
or gaseous ions, present or produced in the space. The current
then consists of the drift of negative carriers in the direction
toward the positively charged electrode, accompanied by the drift
of positive ions, if they exist, in the opposite direction. The
electric current or discharge in the gas takes on different aspects
and has different properties according to the number of carriers
and the way in which they are produced and supplied to the
discharge space. The characteristics of the discharge also depend
greatly upon the pressure and kind of gas, the size, shape,
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and distance hetween electrodes, and the size and shape of the
enclosure,

Before describing the different types of discharge, we shall
consider briefly the source of the eleetrons and ions which are so
necessary for the initiation and maintenance of every gaseous
discharge. First, we should point out that normally there exist
in a gas very few ions, in number of the order of 1,000 per cubic
centimeter at atmospheric pressure, These ions may be produced
by small amounts of radioactive material in the neighborhood
or by the penetrating cosmic radiation. When an electric field
is impressed between electrodes, these stray ions are swept
to the electrode of opposite sign to their charge and give rise
to a very minute current, measurable only by the most sensitive
instruments. Owing to these stray ions, a charged electroscope
gradually loses its charge. The conductivity imparted to a
space by these ions is so small as to be of little importance,
except that this slight conduectivity may serve to start s more
powerful discharge such as a spark. Besides these stray ions,
other ions may be liberated in a discharge space by X-rays from
an external source, by the action of ultra-violet light upon
the gas, or by collision of electrons and ions with the gas mole-
cules. Electrons may also be supplied to the discharge space
by photoelectric effect at one of the electrodes, or by thermlomc
emission,

The discharges through a gaseous space are conveniently
divided into two general types:

1. Non-self-sustaining discharge.

2. Self-sustaining discharge.

The non-self-sustaining discharge is one which requires some
external agenecy to supply earriers to the discharge space. Ixam-
ples of this type of discharge are conduction through hot-cathode
rectifiers, through photoelectric cells, etc. The discharge
through high-vacuum thermionic tubes may be considered as a
speeial type of non-self-sustaining discharge because the amount
of gas is so small as to have no appreciable effect.

The self-sustaining discharge is one which maintains itself
without aid from external agencies other than the source of
applied potential and may or may not be self-starting. Usually
this type of discharge is started by the stray ions which normally
exist in a gas. In this type of discharge the carriers of electricity
are replenished by the action of the discharge itself. Exam-
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ples of this type of discharge are the glow, arc, and spark
discharges.

1. Non-self-sustaining Discharge.—This type is the sunpler
of the two types of discharge. We may suppose, for example,
that we have two electrodes in a glass enclosure containing gas
at greatly reduced pressure. Suppose, first, that X-rays pass
through the gas and produce, by ionization of the gas, a certain
number of ions and free electrons per cubic centimeter per second.
If the pressure is a few centimeters of mercury, the electrons
soon find a neutral molecule to which they adhere, forming nega-
tive ions. If the pressure is much lower, most of the electrons
remain free until they combine with positive ions. When an
electric field is impressed between the electrodes, the positive
and negative ions or electrons move in opposite directions, both
contributing to the current. If the potential difference is low,
the velocity of the carriers is small and considerable recombina-
tion of the electrons and ions takes place so that only a fraction
of the ions produced reach the electrodes. As the potential
difference is increased, the current increases up to a certain satura-
tion value when all of the ions are swept out so rapidly that an
inappreciable number are lost by recombination. The satura-
tion value of the current depends upon the strength of the
ionizing agent and is directly proportional to the volume of gas
between electrodes and to the pressure of the gas.

In a discharge such as just described, the velocities of the
positive and negative ionsg are roughly the same. When, how-
ever, the pressure of the gas is so low that free electrons exist and
migrate across the space, these free electrons acquire a very
large velocity compared to the velocity of the ions, because of the
relatively small mass of the electron. Therefore, the current
carried by the ions is generally only a few per cent of that carried
by free electrons.

A discharge of this type is often used to measure the 1nten81ty
of X-rays, or other ionizing radiation, by measuring the saturation
current. A chamber in which the discharge takes place is
known as an fonization chamber.

A discharge of the non-self-sustaining type, and similar in
some respects to the above-described discharge, takes place if,
instead of carriers being liberated throughout the gaseous space,
electrons are liberated at the cathode terminal by photoelectric
effect or by thermionic emission. In this case the applied poten-
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tial gradient between the electrodes urges the electrons aeross
the space and the current rises, as the potential difference increases,
up to a saturation value in which case all of the electrons are
swept across as fast as they are emitted.

In either of the above kinds of non-self-sustaining discharge,
the eleetrons and ions in their passage through the gas may make
frequent collisions with gas molecules if the pressure of the gas is
such that the mean free path is small in comparison with the
distance between electrodes. In such a case, if the maximum
velocity of the electrons and ions is below ionizing velocity, only
inelastic collisions, or collisions which excite resonance radiation,
can take place. Such collisions cause a decrease in eurrent only
when the collisions involve a loss of energy. If, however, the
velocity of the carriers is above ionizing velocity, additional
ions and electrons are produced, which results in an increase
in current. If the amount of gas between electrodes is small,
only a limited number of additional ions can be produced, and
the current, although increased, is still finite and stable and
the discharge is still non-self-sustaining. If, however, there is
considerable gas between electrodes, the mean free path of the
electron is so small that each electron can make several ionizing
collisions between electrodes, provided the potential difference is
high enough to impart sufficient energy to the electrons in a
distance equal to or less than the mean free path. Under these
conditions cumulative ionization takes place and the current may
build up to very high values and pass over to an arc or spark.

The potential difference across a non-self-sustaining discharge
usually rises with increasing current, as will be explained in a
later section of this chapter.

2. Self-sustaining Discharge—The self-sustaining type of
discharge may start as a non-self-sustaining discharge. When
the potential difference between electrodes is well above ioniza-
tion voltage and positive ions are produced in the gas and
move toward the cathode, these ions, on striking the negative
electrode, may knock out a sufficient number of electrons to
maintain the discharge. No outside agency is necessary, there-
fore, as is necessary with the non-self-sustaining type of discharge.
These electrons knocked out of the cathode move toward the
anode, producing more positive ions and electrons. The positive
ions thus produced move to the cathode to liberate more electrons.
Thus the discharge, under favorable conditions of gas pressure,
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geometry of the electrodes, and potential difference, becomes self-
sustaining through mutually dependent actions of electrons and
ions.

Positive ions are inefficient in liberating the necessary electrons
from the cathode. Metastable atoms, 7.e., atoms in which
one or more electrons are displaced from their normal orbits
to temporary orbits, seem to be more active in liberating elec-
trons from the eathode. Such metastable atoms are produced
in the discharge and may bombard the cathode and liberate
electrons. In addition, the light of short wave length emitted
by the excited atoms in the discharge may cause some of the
electrons to be emitted at the cathode by the photoelectric effect.
The bombardment of the cathode by the positive ions may be so
intense as to heat the cathode to incandescence, in which case
electrons are emitted by the thermionic effect. Such an action
is the principal source of electrons in an arc discharge and is the
main reason that the arc is self-sustaining. If the cathode
terminal of an arc is cooled, the are ceases. - Although in the are
discharge the current is large, the potential difference is relatively
small, ordinarily of the order of 10 to 100 volts. 'The current is
carried mainly by the electrons, and the larger the current the
more heat is produced at the cathode and hence the more electrons
are liberated. Such an action causes the potential difference
necessary to maintain the current to fall as the current increases.
Arcs may be maintained in a gas at atmospheric pressure; or in
gas at much reduced pressure as in the case of the familiar mer-
cury arc. It should be noted, however, that the reason for the
emission of electrons at the cathode of a mercury arc is still in
dispute. .

Self-sustaining discharges can be made to take place at reduced
pressure when there is no thermionic emission at the cathode
induced by the heat of the discharge. In such ecases the cathode
emission is induced by the other causes already given, 7.e., bom-
bardment and photoelectric effect of the light from the discharge.
Such discharges usually require much higher potential differences
than do arcs, 7.e., voltages of the order of several hundred
to many thousand volts according to the pressure of the gas
and the distance between electrodes. The discharges in the
familiar Geissler and Crookes tubes and in the old type of gas-
filled X-ray tube are examples of these high-voltage self-sustain-
ing discharges.
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In discussing this form of high-voltage self-sustaining dis-
charge, suppose that we have a eylindrical glass tube, three or
four centimeters in diameter and 50 e¢m. long, in the ends of
which are sealed disk-shaped aluminum electrodes, the planes
of the disks being perpendicular to the axis of the tube. Suppose
the tube to be connected to an exhaust pump and the electrodes
to a source of high potential. If the pressure of the gas is
atmospheric and the potential high enough, 7.e., of the order of
150,000 volts, a spark may take place between the electrodes.
As the pressure is reduced, the spark becomes more fuzzy and
requires less voltage to cause it to pass. Soon, as the pressure
becomes of the order of a few millimeters of mercury, the dis-
charge nearly fills the whole tube with a reddish glow and the

Cathode Crookes dark space .
glow "‘ilp(‘(;

Cothodes Flow : Faraday dark spce Pasitive columrs | JArode

F1a. 6.—FElectric discharge through a gas at reduced pressure.

potential difference required is only a few thousand volts. We
may also notice that the discharge at the negative terminal has
one or more nonluminous regions and exhibits a more bluish
color than the rest of the discharge. To be more exact, there
is a dark region close to the negative terminal, known as the
Crookes dark space, as shown in Fig. 6a. Then, proceeding
toward the anode, there is a bluish region, if the gas is air, sharply
defined at its limit toward the cathode, known as the negative
glow. The negative glow gradually fades into a second dark
space, known as the Faraday dark space, diagrammatically shown
in Fig. 6a. Finally, the rest of the discharge space is filled
with a reddish glow, known as the positive column, which may
be uniform or striated. Besides the characteristic portions
of the discharge as described, there is a violet-colored glow
which emanates from the cathode into the Crookes dark space
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and is called the cathode glow. This glow at high pressures
covers the surface of the cathode with a thin region of intense
luminosity. As the pressure decreases, the eathode glow expands
longitudinally but contracts laterally, so that at low pressures
it may emanate from a small region at the center of the cathode
as shown in Fig. 6b.

The potential gradient is very different- at various parts
of the discharge. Near the eathode and in the Crookes dark
space it is high and greater than at any other region in the
discharge. This large potential gradient is often called the
cathode fall of potential. On the other hand, the potential
gradient in the negative glow is very small but increases gradually
through the Faraday dark space, attaining a nearly constant
value in the positive column when it is uniform.

The negative glow is a region of ionization, The positive
ions produced therein fall through the Crookes dark space
where they acquire velocity sufficient to liberate electrons at the
surface of the eathode. The distance from the cathode to the
negative glow is largely dependent upon the mean free path
of the electrons in the gas and henece upon the pressure of the
gas. This distance is roughly inversely proportional to the
pressure.

As the pressure of the gas is reduced, the negative glow recedes
from the eathode and becomes fainter because of the lower
density of the gas. The positive column moves toward the anode
and appears to be swallowed by it until eventually it completely
disappears. At a pressure of the order of 0.05 mm. of mercury,
or 50 microns, the only glow evident in the gas is a faint negative
glow (much fainter than illustrated in Fig. 6b) and a purplish
beam which starts from the center of the cathode and extends
along the axis of the tube. The beam diverges somewhat as it
leaves the cathode and can be deflected by a magnetic field,
showing that the luminosity marks the path of negative charges
projected from the eathode in nearly straight lines. This beam
is known as cathode rays. It consists of the electrons which
are knocked out of the cathode and are then accelerated by the
electric field between the electrodes. The glass at the positive
or anode end of the tube usually shows a green fluorescence,
if the tube i3 of soft or lime glass, and a blue fluorescence, if
the tube is of lead glass or pyrex glass. This fluorescence is
due to the bombardment of the glass by the electrons of the
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cathode rays and takes place only when the gas pressure is so
low that the electrons reach the glass without many collisions
with gas molecules.

As the pressure of gas is further reduced, the voltage necessary
to maintain the discharge increases rapidly and the negative
glow becomes fainter and more remote from the eathode until
it fades out entirely. The beam of luminosity emanating from
the cathode becomes less visible. The fluorescence of the glass
due to the bombardment by the eathode rays becomes at first
more brilliant, because of reduced obstruction by gas molecules
to the flight of the electrons. At lower pressures, however, it also
fades because the current through the tube decreases and finally
ceases altogether when the amount of gas is insufficient to allow
a self-sustaining discharge to exist.

When the pressure of the gas is very low, 7., of the order
of from 1 to 10 microns, the mean free path of the electron is in
general much greater than the distance between electrodes.
For this reason, very few positive ions are produced in a self-
sustaining discharge at these pressures. In view of the ineffi-
cienecy of positive ions and metastable atoms in knocking electrons
out of a metal surface, it is difficult to see how these few positive
ions can knock out of the cathode a sufficient number of electrons
to maintain the discharge obtained in high-vacuum discharge
tubes, such as the old-type gas-filled X-ray tubes. Janitsky!
performed some interesting experiments which demonstrated
that at low pressures the discharge passes much more readily
to an anode which has not been degassed than to one which
had been strongly heated in a vacuum to rid it of oceluded gas.
Janitsky interpreted his experiments to indicate that positive
ions may be drawn out of the anode by the intense electric field
and thus increase the stream of positive ions which bombard
the cathode. He supposed that these ions drawn from the
anode were atoms of gas adsorbed on the anode surface as positive
ions,

The charges on the walls of the discharge tube often have
a great influence upon the discharge. If the pressure of the gas
is low, and consequently there are very few positive ions present
in the tube, the electrons lodge on the inside surface of the tube,
thus charging the walls negatively. This negative charge is
sufficient to repel even high-velocity electrons, thus preventing

1 Jantrsky, Zeits. f. Physik, 11, 22 (1922); 31, 277 (1925); 36, 27 (1925).
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any bombardment of the walls. When there is no bombardment
of the walls by electrons, there is no glass fluorescence. This is
the case in the modern Coolidge X-ray tube. The negative
charge on the walls may greatly inhibit the discharge through a
tube, especially if the tube is long and is small in diameter.

Oeccasionally, however, this negative charge may reverse to a
positive charge at certain spots on the glass. The reason for this
reversal is as follows: If, before any negative charge has become
established on the glass wall, a few high-velocity electrons
strike the glass in a spot, secondary emission from this spot may
then take place to such an extent that more electrons leave the
spot than reach it. This spot then becomes positively charged
and attracts more high-veloeity electrons to it. Thus a stable
condition is set up, in which the high-velocity electrons continue
to bombard the glass, and secondary emission maintaing the
positive charge. The bombardment of the glass by these high-
velocity electrons produces a great deal of heat which can easily
result in melting a hole in the glass tube.

When the gas pressure is of the order of a micron or more, there
are usually a sufficient number of positive ions present to neutral-
ize the negative charge on the walls. Although the electrons may
bombard the walls and lodge on the glass, the positive ions diffuse
to the walls and eombine with the electrons. In fact, a great
deal of the recombination takes place at the walls of the tube.
The continual bombardment of the walls, made possible by the
continual neutralization of the electrons, produces the glass
fluorescence already described.

22. Conduction in a High Vacuum.—The type of conduction
now to be considered briefly is really a special case of the non-
self-sustaining discharge described in the previous section as
taking place when the amount of gas is so small as to have a
negligible effect upon the characteristics of the discharge. Since
most of the vacuum tubes to be considered in this book are high-
vacuum devices, it seems pertinent to include a section at this
point on this type of conduction, although the characteristies
of the flow of electricity through a high vacuum are considered
in detail in Chaps. IV, V, and VIIL.

For this type of discharge, eleetrons must be supplied at the
cathode by the photoelectrie effect, by thermionic emission, or
by an equivalent means. The electric field impressed between
the electrodes accelerates the electrons so that, as they travel
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toward the anode, their veloecity continually increases. Since
there is no appreciable amount of gas, collisions of the electrons
with gas molecules play no part in the conduetion. There is no
visible glow in the tube, and the walls, if bombarded by electrons,
become highly charged negatively unless secondary emission is
started, in which case the sign of the charge on the glass may
reverse, as deseribed previously.

When the electrons reach the anode, they are traveling with
a velocity dependent upon the potential difference between elec-
trodes. ' The numerieal value of this velocity ean be obtained
from Eq. (4), or approximately from Eq. (5), page 27. The
kinetic energy imparted to the eleetron by the field is given up
to the anode, when the electron strikes it, and appears as
heat. Very high temperatures can be produced in this way and
may be sufficiently high to melt any metal.

Attention is again directed to the faet that the electrons move
in a direction opposite to the conventional direction of the
electric current. The same number of electrons pass every cross
section in the tube per second so that, where the velocity of the
electrons is large, their volume density in space is correspondingly
small.

23. Cathode Rays.—Those electrons which emanate from the
cathode and which normally travel in straight lines through the
tube when the gas pressure is low constitute the cathode rays.
The term is perhaps more descriptive of the phenomenon when the
eleetrons pass through a narrow orifice, thus limiting the stream of
electrons to a narrow beam.

The cathode rays cause many substances struck by them to
fluoresce. The fluorescenee of the various kinds of glass has
already been described. Many gem crystals, such as ruby and
diamond, are caused to fluoresce brilliantly by impact of eathode
rays. Many salts, notably caleium tungstate, zine silicate or
willemite, platinobarium ecyanide, ete., also exhibit very bril-
liant fluorescence under the action of these fast-moving electrons.
Secreens made by eovering a flat surface with a thin layer of one
of these salts are often used to show the place where cathode
rays strike,

The Braun tube, a most useful device, consists essentially of a
long glass tube having at one end a suitable cathode and limiting
orifice which gives a narrow beam of ecathode rays along the axis
of the tube. A sereen of fluorescent salt is placed at the other
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end of the tube to show the point of impact of the electrons.
Since the beam of electrons is equivalent to a current, it can be
deflected by either a magnetic or electrie field, and the amount of
deflection is shown by the motion of the fluorescent spot on the
screen. The Braun tube will depict very rapid changes in the
deflecting fields because the cathode beam, being without inertia,
is practically instantaneous in its response. For this reason the
Braun tube .is a most valuable oscillograph for high-frequency
work.

The point of impact of high-speed cathode rays is the source
of X-rays. In the X-ray tube, the eathode rays are focused by
the eleetrostatic field about the properly designed cathode so
that they strike the piece of metal known as the target in a small
area from which the X-rays emanate. The X-ray tube is not
within the seope of this book, so no further discussion of it will
be given.

When a small amount of gas, insufficient to support a self-
sustaining discharge, is present in a discharge tube in which a
narrow beam of cathode rays is produced, enough ionization
takes place along the path of the rays to render the path visible as
a purplish-blue streak. Very instructive and beautiful experi-
ments can be performed with such a tube by deflecting the beam
by magnetie fields, or by electrostatic fields produced by charged
electrodes within the tube.?

High-speed cathode rays can be projected through a thin film
of metal, such as aluminum or molybdenum, used as a window
of the tube, so that the electrons are obtained outside the tube.
Their velocity is rapidly reduced by collisions in the dense gas
of the outer space. Lcnard?® first projected cathode rays outside
a tube, but his rays had only a small velocity. These rays out-
side the tube were called Lenard rays. More recently Coolidge*
has projected 750,000-volt electrons outside the tube. A blue
haze outside and near the window of Coolidge’s tube marks the
region of intense ionization. Crystals placed in this region
fluoresce brilliantly owing to bombardment by the electrons.

24. Canal or Positive Rays.—Not only is it possible to pro-
duce a beam of rapidly moving electrons, but it is also possible

? Bricke, Phys. Zeits., 31, 1011 (1930).

3 LeNARD, Ann. d. Phystk, b1, 229 (1894).

4 Cooranar, J. Franklin Inst., 202, 693, 722 (1926); Gen. Elec. Rev., 31,
184 (1928).
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to produce a beam of rapidly moving positive ions. A beam of
positive ions was first recognized by Goldstein® in 1898 and called
by him cenal rays. Canal rays ean conveniently be observed
if a perforated cathode is used in a tube carrying a self-sustaining
discharge at low pressure and high voltage. Some of the positive
ions which move toward the cathode pass through the holes
into the region back of the eathode and their path in the tube
is visible, owing to the ionization of the gas. -When these
positive ions fall upon glass or some other materials, they produce
fluorescence, though the color of the fluorescence is different in
general from that produced by cathode rays.

The positive rays can be deflected by electric and magnetic
fields, but because of the much greater mass of the positive
ions, the amount of deflection is very much less than in the case
of cathode rays.

25. Positive-ion Current.—It should be noted that, although
conduction through a gas comprises a transfer of electricity by
both positive and negative carriers, the two kinds of carrier do
not necessarily contribute equally to the eurrent.

The mass of the electron is only about 1/1,840 that of an atom
of hydrogen, so that in hydrogen the positive-ion ecarrier has a
mass about 1,840 times greater than the mass of the negative
carrier having the same magnitude of charge. In other gases the
ratio of mass of the positive and negative carriers is much greater,
Making use of the simple laws of aceelerated motion, if the mean
free path is large compared with the distance between the
electrodes, the velocities acquired by the positive and negative
carriers in traversing the distance between electrodes are to
each other as the reeiproeals of the square roots of their masses.
In the case of hydrogen, the ratio of velocities of the positive
and negative carriers is about 1/4/1,840 = 1/42.9. Since the
amount of electricity transferred in a given time by carriers
having the same charge is proportional to their veloeities, the
current carried by the positive ions in hydrogen is about Lg,
of the current carried by the negative electrons. In other gases
having positive ions of greater mass, the ratio of currents is less.
In other words, the positive-ion current is seldom greater than
143 of the negative-electron eurrent and is usually muech less,

26. The Current-voltage Characteristics of Conductors.—In
the preceding sections, the various physical aspects of the several

5 GoupsTEIN, Ann. d. Physik, 64, 38 (1898}.



CONDUCTION OF ELECTRICITY . 49

types of conduetion have been considered. We shall now
discuss conduction quantitatively in terms of the potential
difference across the conductor and the current which flows
through the conductor.

For many conductors the current is a funetion only of the
impressed potential difference, This may be expressed in
mathematical form by

¢ = fle) (13)
where ¢ and e represent the instantaneous current and the
difference of potential. In many cases, however, relation (13),
although very general in its form, is inadequate to express the
characteristic of the conductor. The current may depend upon
the length of time the potential e is applied. In such a case the
additional factor, time, must be included, and

i=fle, 1) (14)

First, consider those conductors whose characteristics are
expressed by relation (13). A mefal maintained at constant
temperature has so many free electrons that, for ordinary values
of current, the current is directly proportional to the potential

difference. This is expressed mathematically by the following
simple form of Eq. (13):

i = Ke (15)

where K ig a constant known as the conductance of the particular
piece of metal. The reciprocal of K is the resistance, R, so

e = Ry (16) -
Equations (15) and (16) are known as Ohm’s law and the resist-
ance of the conductor is known as an ohmic resistance.

Many types of conduction, however, for example, gaseous con-
duction as just described, do not follow Ohm’s law but have more
complicated forms of the relation (13). In general, the relation
(13) cannot be expressed in mathematical form, and it is neces-
sary to express the relation graphieally by what is known as an
e-i characteristic curve. Several such curves are given in Fig. 7,
the type of conduction to which each eurve applies being
noted on the ecurve. The secales of voltage and current are
not necessarily the same for the several curves.

Figure 7a is the graph of an ohmic resistance, as given by Eq.
(15). The conductance K is represented by the slope of the
resistance line,



50 THEORY OF THERMIONIC VACUUM TUBES

In none of the other types of conduction illustrated in Fig.
7 is there a constant such as K or R, but instead, the ratio of the
instantaneous current to the corresponding instantaneous voltage,
i.e., the instantaneous conductance, is a variable and a function
of the eurrent or potential difference. The are, illustrated by the
curve of Fig. 7b, exhibits a diminishing voltage as the current
increases, which gives an increasing conduetance with inereasing
current. Such a characteristie is often termed a falling character-
istic because its slope is always negative. The curve shown in
Fig. 7c¢ illustrates, in general form, the course of the e-7 curve
for gaseous conduction. The exact shape of this curve depends
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Fig. 7-—Forms of e-i characteristic curves.

upon various faectors, such as gas pressure and kind of gas, and
the final rapid rise of current may be entirely absent. The flat
region is the saturation value of current. It oceurs when
all of the earriers are swept out as rapidly as they are produced.
The rapid rise at the end is due to cumulative ionization. The
eurve of Fig. 7d is typical of the electronic conduetion in a high-
vacuum thermionie tube. The flat portion shows the saturation
value of the current when all of the electrons are drawn to the
positive electrode as rapidly as they are emitted by the heated
cathode. The curves of Fig, 7, ¢ and d, are rising characteristics
beeause the slope of the curves is always positive. The instan-
taneous eonductance in certain regions may increase with increas-
ing eurrent, while in other regions it may deerease with increasing
current.
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A common example of a type of conduction in which time enters
is conduction through the filament of a tungsten lamp. Owing
to the rise of temperature with increasing current, the con-
ductance of the filament decreases by a factor of about ten from
zero to normal current. The e-¢ characteristic for slowly chang-
ing current is shown by the curve so marked in Fig. 8. If,
however, the increase and deerease of the current take place
in so short a time that the femperature of the filament does
not change appreeiably, the e~ characteristie is given by the
straight line marked “very rapid current change.” If the current
rigses fairly rapidly and then decreases more slowly, some such
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¥1a. 8.—Current-voltage characteristic curve of a tungsten-lamp filament.

characteristic as is shown by the dotted line may be obtained.
It is evident that for such a conduetor there is no unique e-2
characteristic, except for the limiting cases of very slow change
and very rapid change of current, In the first case the tempera-
ture follows the change in current. In the second case the
changes of current are so rapid that the temperature cannot
follow them and assumes some mean value.

Actually, the conduction through a gas, illustrated in Fig.
7, b and ¢, is of the type in which the eurrent-voltage curve
depends upon the rate of change of the current. Time enters not
only because the temperature changes as the current changes but
also because the positive ions, which influence the conductance,
move much more slowly than the electrons do and hence cause a
lag in the effects when the current changes at a high rate, If the
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rate of current change is increased to such values that the time of
flight of the electron between electrodes becomes appreciable
compared to the period of change of the current, even conduction
through a high-vacuum thermionic tube is of the type involving
time as expressed in Eq. (14). The conduction through a metal
at constant temperature is also of the type containing time, for
very rapid current changes, so that all eonduction in the final
analysis is of the type shown in Eq. (14). For some types of
conduction the time factor can be neglected for very slow changes
of current only, while for other types of conduction the time
factor is negligible for fairly rapid current changes,

27. Variational or Incremental Conductance and Resistance.—
Whenever an ohmic resistance of the type illustrated by Fig.
7a is an element of a cireuit, which may also contain inductance
and capacitance, it is a simple matter to caleulate the current
which flows in the circuit under a given impressed electromotive
force. The resistance is the same whether the applied e.m f. is
constant or alternating, or if an alternating e.m.f. is superimposed
on a constant e.m.f. When the type of conduction does not
follow Ohm’s law, complexities arise which will now be considered.

A type of conduction which does not follow Ohm’s law is shown
in Fig. 7b, also given in Fig. 9. If the instantaneous e.m.f. is
e; (Fig. 9), the instantaneous current is 7, and, by analogy with
Ohm’s law, the instantaneous conductance is the ratio of
i1/e; = ky. If e, changes to another value e, the instantaneous
conductance changes to a new value %, If e; — e;, a small
change in the e.m.f., is A¢, and the corresponding change i» — 17,
in 4, is A4, then

- At di

hmlt,ggzoA—e = (76-
is called the variational or incremental conductance k. This new
quantity is the slope of the characteristic curve and, in the case
shown in Fig. 9, is a negative quantity. The quantity & is the
conductance offered to a small variation of e.m.f. as, for example,
for a small alternating potential superimposed upon a steady
e.m.f.

Since the reeiprocal of the conductance is the resistance, de/di
is the variational resistance. In the work that follows, condue-
tance is used instead of resistance, when simpler expressions resulf
therefrom.
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Referring again to the example given in Fig. 9, let P be the
center point about which a small alternating variation of poten-
tial and current takes place. The voltage and current corre-
sponding to P are E and I. E is a steady potential upon which is
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Fic. 10.—Path of operation for a small high-frequency alternating variation.

superimposed a small alternating potential of amplitude ¢; — E.
To the steady current I, the arc offers a positive resistance given
by E/I or a positive conductance given by the slope of the line
joining O with P. To the alternating variation, the arc offers a
negative resistance or conductance,
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In the example of Fig. 9 just described, the conduction follows
the simple law given in ¥q. (13}, in which case the variational
conductance is simply the slope of the e-¢ characteristic curve.
If, however, the alternating variation is so rapid that the time fac-
tor enters, the variational conductance is not the slope of the char-
acteristic curve but of some other line ,P,, as shown in Fig. 10.

A condition similar to that deseribed for the arc obtains if a
small alternating e.m.f. is superimposed upon a steady e.m.f. E,
applied to a metal-filament lamp. This case is illustrated by the
a-¢. line PP, in Fig. 8. The conductance for a small alternating
current of high frequency is constant and of a value determined
by the steady current I.

Sometimes the condition is even more complex than is illus-
trated in Fig. 10. The a-c. path P.P; for increasing current
may not be the same as the path for decreasing current and a
small ellipse or other figure may be traced between P; and P,.
In such a case the conduction not only offers resistance but acts
as though it possesses inductance also.

If the a-c. variations are small, all of these cases can be handled
mathematically by solving the steady-current and a-c. parts
of the problem separately. As already stated, the wvalue of
resistance or conductance for steady current is different, in
general, from the value for alternating current. The method of
solution of this type of problems will be more fully described
in a later chapter.
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CHAPTER IV
EMISSION OF ELECTRONS

28. Three Sources of Electron Emission.—By the emission
of electrons is meant the evolution or giving off of eleetrons by
solid or liquid bodies, usually not spontanecusly but as an accom-
paniment and result of the action of certain definite physical
agencies. There are three important means by which electrons
are caused to be emitted;

a. Elevation of temperature of body.

b. Bombardment of body by rapidly moving ions, electrons,
or metastable atoms.

¢. Electromagnetic radiation of sufficiently short wave length
falling upon body.

Electrons are spontaneously emitted from radioactive sub-
stances, but this form of emission is so weak as to be of little
importance as a source of electrons for electron tubes and will not
be considered further.

The three types of emission elassified above aecording to the
causes of emission are called thermionic emission, secondary emis-
ston, and photoelectric emission, respectively. The first of these
types of emission is the most important and will be considered in
detail.

I. THERMIONIC EMISSION

29. Maxwell’s Distribution of Velocities.—The heat energy
that a body contains, which determines its temperature, resides
in the kinetic energy of motion of its atoms or molecules, which
are in constant random to-and-fro motion, as briefly explained
in Chap. II. The greater the heat energy, the higher the
temperature and the higher the velocities of motion of the
particles. The velocities of motion are not the same for all
the partieles. Some particles have a relatively low velocity
while others have a very high velocity, but the majority have
velocities which are not very different from a certain velocity
known as the most probable velocity. Maxwell calculated, by
the theory of probability, the distribution of velocities of the

56
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particles of a gas and obtained the curve shown in Fig. 11. In
this figure, any ordinate y represents the probability that a
particle has a velocity « times the most probable velocity,
where z is the abscissa of the ordinate y. The ordinate y is a
funetion of z given by the relation

y = %xze"’zz (17)

™

The ratio of the area under the curve between any two ordinates,
at z; and zs, to the total area under the curve, gives the fraction
of the total number of particles which have velocities ranging
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Fia. 11.—Maxwell's law of distribution of velocities of gas molecules.

between z:; and z; times the most probable veloeity. For
example, only 3.1 per cent of the particles have velocities greater
than 2.5 times the most probable velocity. If the ordinates
are Ax apart, then yAz/A = An,/N, where An, is the number of
particles having velocities ranging between x and = + Az times
the most probable velocity, N is the total number of particles,

and A is the total area under the curve. A4 = j; ydr = 1.

The most probable velocity changes with the lemperature and is
proportional to the square rool of the absolule temperature.

30. Work Function.—The free electrons within a conducting
body are assumed also to have random motion somewhat similar
in kind to the motion of the atoms. The elassical theory, devel-
oped by Richardson, postulated that the electrons share with the
atoms the heat energy and hence that the velocities of the
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electrons follow Maxwell’s distribution law. Modern theories,
based on the statistical mechanics of Fermi and Dirae, and
developed by A. Sommerfeld and others, give to the electrons a
velocity distribution which is very different from that of Maxwell.

It is sufficient for our purpose at this point, without going into a
discussion of the several theories, to picture the electrons within
the conductor as having some sort of velocity distribution. If
there were no restraint at the surface, all eleetrons meeting the
boundary of the conductor and having a normal component of
velocity would escape, thus giving enormous emission of electrons
even at ordinary temperatures. It is, therefore, necessary, in
order to explain experimental results in terms of this picture,*
to postulate a surface restraint or barrier which only those
electrons that have a normal component of velocity greater than
a certain value can surmount. This surface restraint may
be due mostly to the electrical attraction of the surface for the
emerging electron but is most conveniently expressed in terms of a
definite amount of work w. An electron must possess kinetic
energy at least as great as w in order to pass out through the
surface. This work w is known as the thermionic work function.

The following simple analogy may aid in the understanding of
the physical meaning of the work function. Imagine a number
of marbles contained in a box, the sides of which have a height
h. Suppose the marbles are jostled about by some means such
a8 a hopper at the bottom of the box. The random motion
of the marbles is roughly analogous to the motion of electrons.
Some of the marbles may possess sufficient kinetic energy to
carry them over the side of the box and out. If m is the mass
of a marble, the minimum kinetic energy necessary is 14mpl, =
mgh, where mgh is analogous to the thermionic work funetion
w. A marble which is projected free from the box has lost no
energy; the kinetic energy which it possessed has been trans-
formed wholly or partly into potential energy when it is elevated
to a height A above its normal position.

Returning now to the electrical case, only those electrons can
escape whose velocities are equal toor greater than v, given by
the equation

* The picture described above and in the following sections should be
considered in some respects as a very crude picture. It is difficult to describe
the quantum mechanics of the electrons inside a conductor in terms of an
accurate and at the same time simple picture.
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Yomv,, = w (18)

The energy of an escaped electron is not lost but merely trans-
- formed in part into potential energy.

The work w is ordinarily expressed in terms of a potential
@ such that & times the electronic charge e is'equal to the work w,
or

Fe = w (in absolute units)
If ¢ is in volts and ¢ in absolute electrostatic units,
®e = 300w (19)

The equivalent voltage $ is often called the eleciron affinity and is
different for different substances. The quantity & is of the
greatest importance because it indicates the comparative diffi-
culty that electrons experience in escaping from different sub-
stances. Usually, the substances having small eleetron affinities
are better emitters of electrons at any given temperature than the
substances having larger values of ®. This important constant is
treated more in detail in Sec. 33 of this chapter.

31. Mechanism of Emission.—As the temperature of a eon-
ductor is inereased, the distribution of velocities of the free
electrons inside the conduector changes in such a way that more
electrons possess a velocity sufficient to carry them through the
surface restraint, The electrons which are emitted charge the
space outside negatively and leave the body positively charged.
Hence, there exists an electrostatic field outside the body urging
the emitted electrons back into the body. At any given temper-
ature, equilibrium is established when just as many electrons
return to the body as escape in any given interval of time. Thus,
a cloud of electrons exists outside the body, having a density
dependent upon the temperature and upon the distance from the
surface., There is,however, a definite rate of emission of electrons
at each temperature, probably independent of the density of the
electron cloud outside the body. If an external electric field is
applied whieh is sufficient to draw off the electrons as fast as
they are emitted, a certain saturation current per unit area of
" surface of the emitting body is obtained at each temperature.

32. Emission vs. Temperature.—In 1901, O. W. Richardson,!
applying the classical kinetic theory, deduced an equation for

1 Rieaarpson, Camb, Phil. Proc., 11, 286 (1901).



EMISSION OF ELECTRONS 59

the saturation emission current per unit area of emitting surface
as a function of temperature. This equation is

I, = ATV < (20)

where A, is a constant; w is the work per electron necessary for
it to pass through the surface restraint and is assumed to be a
constant for any substance T is the absolute temperature; ¢ is
the Napierian base; and « is Boltzmann’s gas constant for a single
electron, or two-thirds the average kinetic energy possessed by
an electron at 1° abs. (¢ = 1.3709 X 10~% erg per degree}. In
deducing this equation, Richardson assumed that the electrons
inside the conductor obey the laws of a perfect gas and share with
the atoms the heat energy in the body. The velocities of the
electrons inside the body were therefore assumed to follow Max-
well’s distribution law.

Richardson’s theory just referred to is now held to be incorrect
beeause of discrepancies between the theory and certain experi-
mental facts. For example, if the large number of free electrons
which exist in a conductor share in the heat energy, the specific
heat of the body should be much larger than is actually observed.

Later, Richardson,? using the reasoning of thermodynamies
applied to the electrons outside the conductor and making no
agsumptions as to the velocity distribution of the electrons inside
the conduetor, arrived at the expression given in Eq. (21)

I = o (21)
where A is a quantity independent of 7. Rlchardson pointed out
that if the work funetion w is a funetion of temperature, given by
the approximate relation

w = wy + 34«7, (22)

which is deduced by further thermodynamical reasoning con-
cerning the electrons inside the metal, Eq. (21) reduces to

wa bo
I, = AT% T = AT%"T (23)

where w, is the value of the work function at absolute zero.
Equation (23) can be deduced from the quantum theory,
using the statistical mechanies of Fermi and Dirac, as shown by

2 RicaarpsoN, Phil. Mag., 28, 633 (1914); “Emission of Electricity from
Hot Bodies,” Longmans, Green & Co., New York, 1916, rev. 1921.
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Sommerfeld.* Equation (23), therefore, has a much stronger
theoretical backing and is now universally adopted as the correct
form of the emission equation.

Equation (23) has another point in its favor. As pointed out
first by Riehardson,* 4 comes out experimentally to have about
the same value for many common metals. Later Richardson?
and then Dushman® showed theoretically that A is a universal
constant for pure metals.

Bridgman,® in & rigorous theoretical treatment of the emission
equation, shows that, if the difference between the specific heat
of the neutral metal and the specific heat of the electric charge on
its surface is zero, A has the universal constant value given
by Dushman’s theory. There is, however, some slight evidence
that 4 may be a function of ®,, where &, is the value of ® at
absolute zero, and possibly also of the reflection coefficient of
electrons at the anode.”

It might seem that it would be easy to decide by experiment
between the two possible expressions for the emission current
given in Egs. (20) and (23), but the exponential factor varies so
much more rapidly with T than does the 7% or 7" term that it
is practically impossible to decide from the experimental results
which equation is the correct one. However, the experimental
results of Dushman,® Schlichter,® Davisson and Germer,®
Waterman,'® and Dushman et ¢l.,'* are in support of Eq. (23).

Dushman, Rowe, Ewald, and Kidner** have found by experi-
ment that the value of A for tungsten, tantalum, molybdenum,

and thorium agrees well with the theoretical value of
60.20—~—-ma;nd%—3- The value of A is vastly different from this if
there is a film of another element on the surface of the metal. A
monatomic layer of an element more electropositive than the
metal, such as a layer of caesium or thorium on tungsten,

3 SOMMERYFELD, Zeits. f. Physik, 47, 1 (1928).

4 Ricuarpson, Proc. Roy. Soc. (London), A 91, 530 (1915); “ Emission of
Electricity from Hot Bodies,” p. 42, Longmans, Green & Co., New York,
1916.

& Dusaman, Phys. Rev. 21, 623 (1923).

¢ Brivaman, Phys. Rev., 14, 306 (1919); 27, 173 (1926).

" Compron and Lanemuir, Rev. Modern Phys., 2, 137 (1930).

# ScrLicnTER, Ann. d. Physik, 47, 625 (1915).

? Davisson and GerMER, Phys. Rev., 20, 300 (1922).

10 WarerMaNR, Phys. Rev., 24, 366 (1924).

1 DusaMaN, Rows, Ewarp, Kipner, Phys. Rev., 25, 338 (1925).
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decreases the value of A, while a monatomic layer of a more
electronegative element, such as oxygen or phosphorus, increases
the value of 4. .

Equation (23) is shown plotted in Fig. 12 for tungsten and
logarithmically in Fig. 13 for tungsten, tantalum, molybdenum,
platinum, and thorium. With the exception of platinum, the
differences in emission for the several metals are due to the differ-

400
%00
| § g g
3 g 3 <
_§ 200 § §
&
100
/
/
/ /
/
o / //
1000 3000 5500

2000
T in Degrees Kelvin
Fro. 12.—Saturation current for tungsten. E = .

ent values of by in Eq. (23). (The values of b, for these metals
are given below in Table I1.) The melting points of the several
pure metals are indicated by the termini of the lines in Fig. 13.
It is evident from the figure that at any temperature below about
2500°K. the emission from tantalum is at least ten times the
emission from tungsten. The measurements of the emission
constants of platinum vary widely, probably beeause of the
impossibility of obtaining a clean surface uncontaminated with
adsorbed oxygen.
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It should be remembered that the saturation current given
by Eq. (23) is obtained only when an electric field is impressed
of sufficient infensity to draw all eleetrons away from the emitter
as fast as they emerge. This condition prevailed in obtaining
the results of Figs. 12 and 13. The manner in which the emission
current varies with temperature, when the impressed voltage is
small, is considered in See. 42 of this chapter.
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33. Further Considerations Concerning the Work Function.—
We return to further consideration of the work function 1w, or
the electron affinity ®,. The value of w, for tungsten is approxi-
mately 7.20 X 107* erg, or the equivalent voltage &, is 4.52
volts. The value of w or ® at room temperature is only slightly
greater than the value of w, or &, as shown by Eq. (22).

If it is assumed in accordance with the classical theory that
the thermal energy of the electrons inside the metal is the same
as that of the electrons just outside, w is the work done against
electrical forces when an electron leaves the surface., This state-
ment and the eonclusions that follow are not materially altered
when the modern theory of emisgion is used.

Schottky?? has shown that if certain rather rough assumptions
are made, the caleulation of this electrieal work comes out to be

12 ScuorrkyY, Phys. Zeils., 12, 872 (1914); 20, 220 (1919); Ann. d.
Physik, 44, 1011 (1914); Zeits. f. Physik, 14, 63 (1923).
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about equal to the observed value for the work function. Ana-
lytically, the expression for the electrical work is

Work = ﬂ “F(z)ds (24)

where F(z) is the force on an electron distant z from the surface.
Schottky assumed that F(z) is the ordinary image force ¢2/42?
for values of z which are large compared with the diameter of
a surface atom. When the electron is near the surface, the
atoms being so large in comparison with the electron, the image
theory is obviously incorrect and some other form for F(x)
must be used. He assumed that for small values of z, the force
is constant and equal to e?/4x? up to a critical distance .
Langmuir'® assumed a parabolic form for the force near the
surface, starting with zero at the surface and merging into the
image force at a certain small distance from the surface. Experi-
ment cannot determine the form of F{z)
for small distances, but it does indicate
that the foree is the image force for
distances greater than a few atom
diameters, unless the surface is very
rough, when the i