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PREFACE

THE present extensive use of appliances in modern radio-
telegraphy and radiotelephony based on the thermionic
emission from an incandescent cathode in a vacuous bulb,
of which the Fleming oscillation valve was the first repre-
sentative, has given rise to much published information on
the subject in technical journals as well as to numerous
patent specifications.  Since most of the recent great
advances in wireless telegraphy and telephony are dependent
on the employment of these inventions it scemed desirable
to collect together in a single volume some of this literature
for the assistance of radio-engineers. The author, there-
fore, accepted the invitation of The Waireless Press, Limited,
to write a small book on the practical side of the subject.

It has not been deemed necessary to enter very fully into
the purely scientific researches on thermionic emission from
incandescent substances, because it has already been treated
very fully by Prof. O. W. Richardson in his excellent mono-
graph, The Emission of Electricity from Hot Bodies (Long-
mans, Green & Co., London).

The introductory chapter of the present volume, never-
theless, provides a brief sketch of the researches which led
up to the practical applications deseribed in subsequent
chapters. The author has, however, felt it necessary to
explain in rather full detail the history of this practical
application by himself and others, and of the patent litiga-
tion which has taken place in the United States and in Great
Britain in connection with it, on account of the efforts which
have been made to depreciate the Author’s work on this
subject. The legal judgments in these actions are printed
as an appendix, and will enable the reader to view the ques-
tions of priority of invention from the standpoint of unbiassed
and competent judges.

One other matter calls for remark, and that is the question
of nomenclature. The essential structure of all the devices
described in the following pages is a bulb of glass or other
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material more or less perfectly evacuated, and containing
a filament of carbon or metal which can be rendered incan-
descent, and also used as a cathode for an electric discharge,
the bulb also containing one or more cold metal anode
plates or grids. To various forms of this instrument a
very large number of names have been applied. The single
anode bulb was originally named by the author an oscillation
valve, and it has generally in Great Britain been since called
a valve detector, Fleming valve, or Thermionic valve, but in the
United States varieties of the two anode form of it have been
christened Awudion, Oscillion, Kenotron,” Pliotron, Dynatron,
Pliodynatron, Ultraaudion, Tungar, and by other trade names.
Such plenitude of appellation is puzzling to the uninitiated,
and the names are not very self-explanatory. °All the instru-
ments depend entirely for their radio use on the same physical
fact—viz., the emission from an incandescent cathode of 1ons
of some kind. Prof. O. W. Richardson has called these
bodies thermions. For the most part, and at high tempera-
tures, the thermions are the so-called electrons or ultimate
negative corpuscles or atoms of negative electricity.

Since these thermions are not different in nature from the
ions liberated by other agencies, such as ultra-violet light,
radio-active substances or X-rays, it is permissible to raice
the question whether a special name is really required for
the ions liberated from incandescent bodies. Appliances
depending upon this emission have, however, been rightly
named thermionic appliances. Thé author has accordingly
ventured to borrow Prof. Richardson’s term and to use the
word thermion occasionally as an abbreviated name for
any radiotelegraphic instrument depending upon this thermi-
onic emission, in place of the longer words thermionic valve,
amplifier or oscillator. It is easy and self-explanatory then
to speak of a high vacuum or low vacuum thermion, or of a
two-electrode or three-electrode thermion, and such phrases
are, perhaps, more descriptive than artificial words like
Kenotron, Pliotron, Dynatron, ete.

Some agreement on this question of nomenclature seems
desirable if only to prevent the too exuberant growth of
strange words which are merely trade names for modifications
of generically similar devices. The author submits, there-
fore, this suggestion tentatively to the radio-engineering
fraternity. ' ’
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RADIOTELEGRAPHY AND TELEPHONY

As considerations of the present cost of paper and printing
in time of war have imposed severe limitations upon the size
of the presert book, it has not been found necessary to
include detailed descriptions of every so-far devised circuit
or scheme for using thermionic instruments as detectors
or generators in radio work, nor mention of every patent
specification taken out in connection therewith. Sufficient
information has, perhaps, been given to enable the practical
or incipient radiotelegraphist to understand the principles
involved in the various stages of invention. The recent
advances in radiotelephony are entirely based on the utility
of the thermion as detector, amplifier, and generator of
electric oscillations, and are due to the large number of
inventive and scientific minds which have been brought to
bear on the subject since the author made the pioneer
invention (see Appendiz). It is hoped that justice has been
done to all contributors as well as to those authors on the
subject from whom the present writer has drawn information.

The author is indebted for the use of diagrams and blocks
to The Waireless Press, Limited, for illustrations taken from
articles in The Waireless World and in The Year Book of
Woareless Telegraphy and Telephony, many of them being
from an article by Dr. W. H. Eccles on ‘‘ Ionic Valves,”
and many others from excellent articles by Mr. J. Scott-
Taggart which have appeared in The Wireless World recently.
Also to the Editor and Proprietors: of the Proceedings
of the Institute of Radio Engineers of New York for many
diagrams taken from papers in this journal, and to the
Council of The Institution of Electrical Engineers, London.
The author desires to record his obligations to the editorial
staff of The Wireless Press, Ltd., and especially to Lieut. G. M.

/right, of the Marconi Company’s engineering staff for
assistance in collecting information, particularly that on the
thermionic apparatus made by Marconi’s Wireless Telegraph
Company, Ltd.

London, June, 1919. ~J AR
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THE THERMIONIC VALVE AND
ITS DEVELOPMENTS IN
RADIOTELEGRAPHY
AND TELEPHONY

CHAPTER 1.
HisToricaL INTRODUCTION.

1. The thermionic valve and its various derivatives,
such as the three-electrode amplifier and also the ther-
mionic oscillation generator, have become such valuable
appliances in wireless telegraphy that it would seem to be
an advantage to collect into a single volume a brief sum-
mary of knowledge and practice connected with them for
the assistance of practical radiotelegraphists. An additional
reason for endeavouring to present an unsophisticated
description of the nature and mode of operation of these
radiotelegraphic instruments is that much which has been
written on the subject, especially in patent specifica-
tions, has had the effect of obscuring rather than elucidating
the true scientific facts connected with the operation of
this type of detector or generator.

Small modifications of the original instruments have been
christened, especially in the United States, by many strange
and fanciful names, and a vocabulary has been developed
which makes it difficult for the uninitiated to discern' the
physical principles involved, although it may have some
advantages in inducing Patent Office Examiners to accept
as fresh contributions to invention 1mplements or arrange-
ments destitute of real novelty.

The statement of the various stages by which inventors
have produced appliances of great sensitivity for the
detection of electromagnetic waves forms a fascinating
chapter in the history of electrotechnics. Although Maxwell
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enunciated in 1865 his great epoch-making theory that
electromagnetic effects must be propagated through di-
electrics as a wave motion, and surmised that such electro-
magnetic radiation was identical in nature with light,
the acceptance of his views was retarded by the want of
experimental proof that such waves could be created and
detected by purely electromagnetic methods. Hertz’s
invention of the ring resonator with micro-spark gap
supplied the first means of detecting these space waves,
which G. F. Fitzgerald had previously suggested might
be created by the oscillatory discharge of a Leyden jar.
The employment of Maxwell’s electromagnetic waves to
effect radiotelegraphy, involving the propagation of such
waves over distances reckoned in miles, was fundamentally
dependent on Marconi’s key invention of the aerial wire
or antenna, but it necessitated as well the possession of far
more sensitive and certain means of detecting these waves
than the ring resonator of Hertz.

In radiotelegraphy we make use of electromagnetic waves
propagated over the earth’s surface to set up in a receiving
aerial wire feeble electric oscillations which are a copy on
a very reduced scale of the strong oscillations created in
the sending aerial wire. In modern radiotelegraphy the
oscillations are generated in the aerials either continuously
or else in uniformly time-spaced trains, the train or group
frequency agreeing with that frequency for which the Bell
- telephone receiver, acting on the human ear, is most sensitive
—viz., about 800-500 per second. These oscillations are
then cut up into short and long periods or groups of trains
to create the Morse-code signals.

In the ordinary language of wireless telegraphy we call
any instrument a detector which is employed to detect or
make evident by audible or visible means these groups or
iptermittencies of very feeble electric oscillations in the
receiving aerial wire and associated circuits which convey the
intelligible signals.

The signal-making instrument may be some form of
telegraphic printer, such as the Kelvin syphon recorder
or the Morse inker, or the more sensitive Einthoven gal-
vanometer with photographic tape record. On the other
hand it may be a Bell telephone receiver, making an audible
gound and appealing therefore directly to the ear. In
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any ocase the detector plays an intermediary part. It is
operated upon by the feeble oscillations in the receiving
aerial, and in turn it acts upon and operates the signal-
making instrument.

2. If we leave out of account certain not very sensitive
types of deteotor, such ag the thermo-electric, the electro-
dynamic or the vacuum tube, which have important uses
in the laboratory, but are not sufficiently sensitive for
radiotelegraphioc work, we may say that five great types of
detectors have so far been employed in radiotelegraphy.

These are, first, the imperfect contact or coherer type.
Starting with the early forms invented by Branly and
Lodge, and others, we have as the best representative of
this class the nickel-silver. filings coherer of Marconi.

The imperfect contact detectors are divisible into two
'sub-classes—viz., those which require tapping or moving
to continually restore them to the semsitive condition,
and those that are self-readjusting. The Marconi coherer
is one of the first kind, and the Italian Navy carbon-mercury -
or Castelli coherer, and also the Walter tantalum-mercury
coherer, represent the second or automatic sub-class.

In spite of the fact that the Marconi coherer did splendid
service for at least five years in establishing radiotelegraphy
on a practical basis, these contact detectors have all gone
out of use at present. The numerous and delicate adjust:
ments required in the tapper, relay, and Morse inker to
obtain the best results, and the too ready response of the
deteotor to atmospheric discharges, or to disturbances from
the neighbouring transmitter and consequent variable
sensitiveness, combined to bring about its antiquation and
retirement from active service.

The second type of detectors comprises the magnetic
detectors. Developed originally by Rutherford, E. Wilson
and Marconi, we find again that the best practical repre- .
sentative of this type is the rotating iron band magnetic
deteotor of Marconi.

This last detector employs a telephone receiver as the
signal-making instrument. It has many virtues. It is
robust, self-contained, and contains no supplementary or
local battery. It is not put out of adjustment by atmo-
spherio¥discharges or oscillations set up by the near-by
transmitter. It is more constant in operation than the
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capricious coherer, but it is not one of the most sensitive
detectors. Nevertheless, for military or ship work it is still
much valued, although not very light in weight.

The third class of detector comprises the electrolytic
detectors in which the electrical oscillations to be detected
are caused to alter the conductivity of an electrolytic cell
by varying the ionic films on the electrodes. These detectors
have never come into very extensive use in Great Britain.

The fourth type of detector, and until lately probably
the most extensively used, are the rectifying contact or
crystal detectors. Starting with Dunwoody’s discovery of
the rectifying property of certain crystals of carborundum
and with the discoveries of Pickard and G. W. Pierce on the
rectifying power of contacts between crystals of zincite and
chalcopyrite and molybdenite and copper, there has been an
immense amount of research on this type of detector, which
depends either upon a true unilateral conductivity in the
mass or at the contact or else upon sudden changes in
curvature in the volt-ampere or characteristic curve.

The simplest mode of use of such crystal detectors is as
rectifiers of the oscillation trains into gushes of eleotricity
in the same direction, thus enabling trains of electrical
oscillations to affect a telephone receiver. These detectors
are rather easily put out of adjustment by strong atmospheric
discharges, or by strong oscillations set up by the proximity
of the transmitter. They therefore require somewhat
frequent readjustment of contact to obtain the best results.
Nevertheless, their sensitiveness, simplicity and cheapness
made them very quickly a favourite detector. Their
introduction was followed at once by an outburst of irre-
sponsible radiotelegraphy at the hands of innumerable
electrical amateurs and students which required the firm
intervention of National and International legislation to
keep it within bounds of reason and safety. :

The fifth class of detector comprises those to the considera-
tion of which this book is limited—viz., the thermionic
detectors. These depend ultimately upon the emission from
incandescent bodies of ions or electrons. They are or can
be made highly sensitive and yet are not affected injuriously
by atmospherics or by neighbouring electric sparks. They
are easy of adjustment and always ready for use. The
original of all these detectors is the now well-known Fleming
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Valve. They have the remarkable property that they oan be
employed as generators of oscillations as well as detectors
and have important uses as telephone repeaters and ordinary
telegraph relays, in addition to services in wireless tele-
graphy. Hence their properties, construction and use have
been widely studied, and we may without risk of contra-
diction call them the master weapon of the radiotelegraphist.

8. It will be advisable to begin the study of these
thermionic detectors by a short historical sketch of certain
investigations and their results. About 1880 Mr. Edison
completed his solution of the problem of domestic electric
lighting by giving to the world the carbonised bamboo
filament incandescent electric glow lamp, and Sir Joseph
Swan, aided by Mr. C. H. Stearn, had evolved the parch-
mentised cotton thread lamp on similar lines. This simple
appliance, consisting of an hermetically closed and highly
exhausted glass bulb, having in it a carbon filament welded
to terminal platinum wires sealed through the glass, solved
the problem of ‘ dividing the electric-light ”’ which had
engaged the attention of numerous inventors for a quarter
of a century. In the early part of 1882 the public had the
opportunity of seeing at the first Crystal Palace Electrical
Exhibition incandescent lighting on a large scale. The
author of this book was at the beginning of that year
appointed scientific adviser to the Edison Electriec Light
Company of London, formed to operate Edison’s inventions
in Great Britain, and came therefore into a position to
investigate carefully some of the problems connected with
the physies of the incandescent lamp.

It was soon found that, apart from accidents, such lamps
had a certain “ life.”” The slightest inequality in resistance
of parts of the filament caused unequal production of heat,
and any minute crack or flaw in the filament caused local
superheating at that point and hence an exoessive rise of
temperature.

Even if the filament was extremely uniform there
appeared to be a slow volatilisation of the carbon, which in
time blackened the inside of the bulb and reduced the
candle power of the lamp.

Before long the author’s attention was drawn to the fact
that when a defect appeared at some point in the carbon
filament on one *“ leg "’ of the horseshoe carbon, which caused
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a great rise of temperature at that point, the blackening of
the interior of the bulb was less or absent along a certain line
in such fashion as to show that the scattered carbon
molecules had been shot off in straight lines from the point
of excessive heating. Thus was formed what the author
: termed a molecular shadow
on the bulb (see Fig. 1),
If, for instance, a scent-
gprayer is filled with ink
and the spray blown on
to a sheet of paper the
latter will be darkened
uniformly by minute
drops of ink spray, If,
however, a wire or rod is
held in the path of the
gpray the paper will be
protected from blackening
along a region which cor-
responds to the shadow of
. therod (see Fig. ), Hence
when we find in old carbon
Fia. l--'—-Inchand]esoeg:]lb!l;ﬁtr{;Laéng). filament incandescent
the dogisit af carbon or metal doy 10T a horseshoe filament
to molecular scattering from point broken at one spot and
u on tge ﬁls?ﬁ,ﬂf;’, “fz‘;;ﬁ%wame the bulb darkened all over
3ueni?o slﬁsloding eﬁegt of one leg of t!le inside Wlth, the excep-
the horseshoe filament. tion of a white or un-
: darkened line on the bulb
corresponding to the shadow of the unbroken part of the
filament relatively to the point of rupture or overheating
we can conclude that the chief part of the scattering
of the carbon particles has taken place in straight lines
proceeding from the point in the filament at which it has
ultimately burnt through. This phenomenon of ‘‘ mole-
cular shadows " in incandescent lamps was described by the
author in two papers read to the Physical Society of
London in 1888 and 1885.!
This effect clearly showed that from the incandescent

1 8ee Proc. Phys. Soc. Lond., vol. v., p. 283, 1883, “ On & Pheno-
menon of Molecular Radiation in Incandescent Lamps,” by J. A,
Fleming ; also Proc. Phys. Soc. Lond., vol, vii.,, p. 178, 1885, *“ On
Molecular Shadows in Incandescent Lamps,” by J. A. Fleming.
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filament there was a projection of matter in straight lines
which was deposited on the interior of the bulb, except in

those parts shielded by the
*“ shadow "' of the rest of the
filament, thus leaving a white
or unblackened line. This
effect is obviously due to the
fact that the residual air in
the bulb is at such a rarefied
condition that the mean free
path of a molecule is com-
parable in length with the
diameter of the bulb.

In air at ordinary tem-
perature and pressure the
mean free path of an oxygen
or nitrogen molecule is about
four one-millionths of an

F16.2.—A “ spray shadow ” of a
rod thrown on a cardboard
screen by ink spray to illustrate
the mode of formation of a mo-
lecular shadow in a glow lamp.

inch, but when the pressure is reduced in a bulb to one-
millionth of an atmosphere it becomes increased to about

F16. 3,—Incandescent I.amp with a Metal
Plate sealed into the bulb and a galvan.
ometor connected between the terminal
of the plate and positive terminal of the
filament to show the * Edison effeot.”

fourinches, This means
that a molecule of carbon
projected inanyway from
the filament might travel
on an average four in-
ches before colliding with
other residual air mole-
oules and being deflected
from its path.

The next important
observation on this sub-
ject was made by Mr.
Edison in 18881 He
was apparently examin-
ing the phenomena in-
volved when carbon
filament lamps are run-
ning at a high efficiency,
and for that purpose he

sealed into the bulb of a glow lamp a metal plate placed
between the legs of the horseshoe-shaped carbon filament, the
1 See Engineering, December 12th, 1884, p. 563.
7
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plate being carried on an insulated wire sealed through the
bulb (see Fig. 8). He found that, when the filament was
rendered incandescent by a direct ¥current of electricity, a
galvanometer connected between the middle plate and the
positive terminal of the filament indicated a current of & few
milliamperes, but little or no current when connected
between the negative terminal and the middle plate (see
Fig. 4). He did not furnish any explanation of this effect
at that time, but it
became known then
L ” and after as the
“Edison effeot ” in

glow lamps.
Mr. Edison gave to
. * - : . Sir William Preece in
October, 1884, certain
incandescent lamps
¢ c made with metal
(No current) (A current) plates sealed into their
F1o. 4.—Mode of connection of the gal- bulbs or into tubular
vanometer, G, to metal plate, M, and extensions of them,
to the terminals of the carbon filament and in the following

of the lamp (+and—) in the experi- .
ment of the * Edison effect.” year, in March, 1885,

Preece described to
the Royal Society of London experiments which he had
made with these lamps.! Preece made quantitative measure-
ments of the current flowing through the galvanometer
when connected in between the positive terminal of the
carbon filament and the middle plate at various voltages
applied to the filament. He found that this current was
independent of the nature of the metal of which the middle
plate was made, but that it increased very rapidly with
increase in the potential difference of the filament terminals.
He found that for a given lamp voltage the Edison effect
varied with the position of the plate in the bulb, but that
it was still sensible when this plate was placed at the closed
end of a tube opening out of the bulb, provided this tube
was straight, but thé current was found to vanish if that
side tube was bent up at right angles (see Figs. 5 and 6).

t See Proc. Roy. Soc. Lond., vol. xxxviii., p. 219, 1885, “ On a Peculiar
Behaviour of Glow Lamps when Raised to High Incandescence,” by
W. H. Preece.

. 8
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Preece considered that this Edison effect was connected
with the discharge or projection of carbon molecules or
particles from the filament in straight lines, but he gave

P1a. 5.—Collecting Plate placed at the end of a side tube opening
out of the bulb of an incandescent lamp.

no full theory of the phenomenon, nor did he make any
application of the facts. A year or two later the author of
this book took up the investigation, being convinced that

much yet remained
to be discovered
about it which had
not been unravel-
led by Edison or
Preece.

A number of
special carbon fila-
ment glow lamps
with middle plates
were made for the
author at the Lamp
Factory of the
Edison and Swan
United Electric
Light Company
and researches were

F1a. 6.—Collecting Plate placed at the end
of an elbow tube opening out of the bulb
of an incandescent lamp.

begun with them, and the results communicated to the
Royal Society of London in 1889.! and in a Friday evening

1 See Proc. Roy. Soc. Lond., vol. xlvii., p. 118, 1890, “ On Electric
Discharge between Electrodes at Different Temperatures in Air and
in High Vacua,” by J. A. Fleming.

9
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discourse on February 14th, 1890, to the Royal Institu-
tion

One of the first new facts the author discovered was that
the * Edison effect”’ was
. greatly diminished or en-
\ tirely annulled by surround-
N ing the negative leg of the
/ (S_) carbon filament by a glass
or metal tube, or by inter-
posing a mica shield be-
tween the negative leg of
’G the horseshoe-shaped car-
bon filament and that side
of the middle or insulated
plate facing the negative leg
(see Figs. 7, 8 and 9). By
- -\ negative leg is meant that
F1a. 7.—Incandescent Lamp having side of the _ca'rbon hor,se'
a mica shield placed between the shoe loop in connection
tniﬂ:ﬁ‘e ploaft‘:;mft;naﬂi ﬂé*]’a;:g’; with the negative pole of
t‘hembyg diminishing thg “Edison the battery which heats the
effect.” filament. It was not an-
nulled or much diminished

when the tube surrounded the positive leg. '
The author confirmed Preece’s observation that the effect

LAMP NO 9

NO CURRENT FLOWINC
CURRENT FLOWING

(P

F1a. 8.—Glass or Metal Tube surrounding one leg of horseskoe earbon
filament in a glow lamp to show the annulment of the * Edison
effect > when it surrounds the negative leg.

1% Problems in the Physics of an Electric Lamp,” Praceedings of
the Royal Institution, February 14th, 1890,

10
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was still visible when the collecting plate was placed at the
end of a long straight tube opening into the bulb, but
disappeared when the
plate was placed at the
end of a tube bent at
right angles (see Figs.
10 and 11), The next
fact discovered by the
author was that a
charged electric conduc-
tor or electric condenser
if charged with' positive
electricity is instantly
discharged when con-
nected to themiddleplate
when the lamp filament

igineandescent, If, how- Fn}?l- 9~—-1n08ndescglnt Lamp with
orseshoe carbon filament and metal

ever, the . conductor or cylinder surrounding one leg of fila-

condenseris charged with ~ ment to show the * Edison effect.”

negative eleotricity,

then it is not in the least discharged by so connecting.
On the contrary, it will be charged negatively by the incan-
descent filament.

LAMP NO
18 INCHES —mM8M >

This fact may be most elearly proved by the following
experiment. Connect a gold-leaf electroscope to the middle
plate of the lamp, the filament being cold. Then charge
the electroscope with positive electricity by means of a
rubbed glass rod. Next, switch on the lamp and incandesce

1
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the filament. The electroscope instantly loses its positive
charge. Then repeat the experiment, charging the gold
leaves negatively
, by means of a
rod of sealing
wax, and it will
be found that
switching on the
lamp does not
discharge the
electroscope.
These experi-
ments show that
the incandescent
filament is giv-
ing off negative
electricity in
Some manner.
Fia. 11. The next ex-
: periment was
arranged to prove that the space between the incandescent
filament and the middle plate was conductive for negative

/)

-

p & ] CLARK
CElL

= + <
5 \N No currenT 74 N CURRENT

Fia. 12.—Incandescent Lamp with metal plate in the hulb and gal-
vanometer, @, connecting plate and negative terminal. Clark
cell inserted in plate circnit to show the escape of negative elec-
tricity from the incandescent filament.

electricity from the filament to the plate, but not in the

opposite direction. For this purpose a single cell of a

battery was joined in series with a galvanometer and one
12
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terminal attached to the middle plate and the other (the
negative) terminal of the battery to the filament (see Fig. 12).
A current then flowed through the vacuous space between
the filament and the plate under this feeble E.M.F. of about
1-5 volts. If, however, the battery was reversed no current
flowed.

A variation of this experiment was then arranged as
follows :

A lamp was constructed, having four horseshoe carbon
filaments in it, two at each end (see Fig. 18). These pairs

F1e. 13.—Exhausted Glass Bulb having terminal electrodes formed
of carbon filaments kept incandescent by separate batteries to
show the conductivity of a highly rareied gas for curremts of
elec;rg:ity under low electromotive force with an incandescent
cathode.

could be joined in series outside the bulb, and each pair
incandesced by its own insulated battery. When both
sets of filaments were cold a small E.M.F., such as 8 or 10
volts or so, or even 100, would not send any measurable
current across the vacuous space. If, however, the fila-
ments at one end were made incandescent, then even a
single cell can send a current of a milliampere or so through
the vacuous space provided that this cell has its negative
terminal in connection with that carbon filament which
is incandescent. This fact had previously been discovered
in another way by W. Hittorf!—viz., that through a vacuum
tube a very small E.M.F. will send a measurable current,
provided the cathode terminal of the vacuum tube is incan-
descent or at a high temperature.

The author then discovered that the same effects exist
in the case of the electric arc.

18ee Annalen der Physik, vo. xxi., p. 90, 1884 ; see also Physical
Memoirs, vol.i., p. 180, issued by the Physical Society of London,
W. Hittorf, *“ On Conduction of Electricity in Gases.”

13
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If a direot current electric arc of some length is formed
between carbon electrodes, and if a third earbon elestrode

is 8o placed as just to dip
into the flame of the are,
or if the are is deflected
against it by a magnet,
it will be found that a
galvanometer or amme-
ter connected between
the positive carbon and
the third or lateral car-
bon indicates a current
-which may even be
strong enough to ring an
electric bell. If, how-

Fia. 14.-—1:n electric arc project;edh by ever, the ammeter or
means of a magnet against a third p
carbon to show the ‘‘ Edison effect bell is connected between

in the case of an electric arc.

the negative carbon of
the arc and the middle

carbon, then no current passes (see Fig. 14).
" Also, it can be shown by the same means that the space

between the mnegative
carbon of the arc and
the middle carbon pos-
gesses a unilateral con-
ductivity and will permit
negative electricity from
a battery to pass from
this negative carbon to
the middle carbon, but
not in the opposite direc-
tion (see Fig. 15).
Finally, the author dis-
covered that the same
phenomenon can be de-
monstrated in the air at
ordinary pressure. For
if a thick earbon filament
is rendered incandescent
in air by passing a strong

F1a. 15.—An experiment with the
electric arc having a third carbon to
show that a ourrent of negative
electricity oan pass under low E.M.F.
betwecn the negativo terminal of the
arc and the third carbon electrode.

current through it, and if an insulated metal plate is held
near to it, a galvanometer joined in between this metal

14
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plate and the positive terminal of the carbon indicates a
small current, but no current if joined in between the middle
plate and the negative terminal of the carbon loop (see
Fig. 16).

These same effeots were the subject of & more extended
investigation by the author, the results of which were
communicated to the Physical Society of London in 1896,
entitled, “ A Further Examination of the Edison Effect
in Glow Lamps.”* In this research quantitative measure-
ments were given showing

~ the relation between the
Edison effect current—
thatis, the current through
a galvanometer connected
between the collecting
plate and the positive
terminal of the lamp fila-
ment and the working
voltage of she lamp or

i i Tta. 16.—An experiment showing the
P otential difference of the * Ediaon eﬁeog? * with a carbon fila-

ends of the filament. ment rendered incandescent in the
The curve delineating  open air.
this ratio rises very steeply
as the P.D. on the terminals of the filament (called the lamp
voltage) increases (see Fig. 17).
The table below gives the results of one set of measure-
ments which are represented graphically in Fig. 17 :

mM

Thermionic Thermionic
Lamp Voltage. Current Lamp Voltage. Current
in Milliamperes. in Milliamperes.
30 0-085 38 2:36
32 0190 39 - 2:71
33 0-44 40 2:99
34 0-84 41 3:37
36 1-23 42 371
36 1-69 . 43 399
37 2-01 44 425

The galvanometer used to measure the current had a resistance of
6,372 ohms. .

It will be seen that the thermionic current through

1 See Philosophical Magazine, July, 1896; also Proc. Phys. Soc.
Lond., vol. xiv., p. 187, 1896.
15
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the galvanometer, when connected between the collecting
plate and the positive terminal of the filament, rises to
several milliamperes in value. If the galvanometer is

Current in milliamperes through galvanometer.

Working volts of lamp.
Fia. 17.

1

|

|

connected between the collecting plate and the negative '

terminal only a very small current of, perhaps, less than ‘
16
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‘001 of a milliampere is found in the case of carbon
filament lamps, but this current increases rapidly as the
lamp voltage is raised just as does the thermionic current
between the collecting plate and the positive lamp terminal.
One very curious fact was soon discovered—viz., that
the thermionic current may jump suddenly from one
value to a much higher one, even though the lamp voltage
or P.D. of ends of the filament is kept perfectly constant.

This is shown by the curve in Fig. 18, which -delineates
the result of one set of measurements of the thermionic
current of a carbon filament lamp, with horseshoe-shaped -
filament, and collecting plate placed midway between the
legs, as'in Fig. 8.

Another set of observations were made with an electro-
static voltmeter which had its terminals connected
respectively to the collecting plate and to the positive
terminal of the lamp. It was found in all cases, when the -
filament of carbon was brought to full incandescence
corresponding to 8'5 watts per candle-power, that the
metal collecting plate was brought down to the potential
of the negative terminal of the lamp so that the P.D.
between the collecting plate and positive terminal of the
filament was the same, or nearly the same, as the working
voltage on the filament. Later observations made with
lamps with tungsten wire filaments showed that the collect-
ing plate may even be of rather lower potential than the
negative terminal of the lamp, and hence a galvanometer
joined in between the collecting plate and the negative
lamp terminal may indicate in these cases a certain small
current.

Finally, the author tried some experiments with a vacuum
incandescent lamp having a filament made of platinum
wire, and proved that the same effects exist as in the case
of a carbon filament, though less in degree. The result of
all the research work, therefore, conducted on this matter
between 1888 and 1896 had made it perfectly clear that
in -the case of a carbon filament glow lamp, and also of an
incandescent metallic wire, there is a projection of atoms,
or molecules, from the incandescent filament, and also a
projection of negative electricity as well.

4. Before considering the explanation which modern
electrical theory gives of the above-mentioned facts with

17 c
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regard to the incandescent lamp, we must briefly review
certain earlier researches in connection with the loss of
electrioity from incandescent bodies,

Current in milliamperes through galvanometer.

Working Volts of Lamp.
Fra. 18,

It had become known to the investigators of electrical
phenomena in the middle of the eighteenth century that
heat and flame cause a leakage of electricity from charged
conductors. :

8
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In more modern times Beequerel discovered in 1853 that
air at a temperature of about 1500° C. would conduct
electricity even under an E.M.F. of a very few volts, and
this was confirmed by Blondlot in 1881 and 1887.

An important discovery was, however, made by F. Guthrie
in 18781 He first found that at a red heat an insulated
iron ball could retain a charge of negative electnclty
but not a charge of positive.

At a white heat it could retain neither a positive nor a
negative charge.

From certain measurements given by him we may roughly
estimate that at temperatures between about 750° C. and
1000° C. an iron ball rapidly loses a charge of positive
electricity, and at 1200° C. or 1300° C. and above it imme-
diately loses either a positive or negative charge. Guthrie
also showed that a platinum wire spiral heated to a dull red
heat by an electric current rapidly discharged a gold leaf
electroscope which had been given a negative charge when
held near it. If the said platinum wire was heated white
hot it discharged the electroscope whether the latter was
charged positively or negatively.

The same experiment can be carried out with an iron
poker the tip of which is heated to a very bright red heat in
a blacksmith’s forge. The red hot poker discharges imme-
diately a gold leaf electroscope which has received a
negative charge of electricity, but does not discharge it if it
has received a positive charge, when held near to it.

These researches were continued about the year 1880 on
rather different lines by Elster and Geitel, and their method
consisted in heating by an electric current either a metallic
wire or a carbon filament included in a glass vessel which
could be exhausted or filled with different gases. Near this
heated filament was fixed a metal plate carried on a wire
sealed through the glass (see Fig. 19). This plate was con-
nected to an electroscope. It was found that the plate became
charged to a certain potential when the wire was heated.

Generally speaking, it was found by Elster and Geitel that
a metallic wire gave off positive electricity at a temperature
near or below a red heat, but at higher temperatures it
evolved negative electricity, which inoreased rapidly in

1 8ee Phil. Mayg., 4th Series, vol. xlvi., p. 267, 1873, * On a Relation

between Heat and Static Electricity.”
19 c2
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quantity as the temperature was raised, and therefore gave
a negative charge to the insulated plate. Carbon filaments,
however, were found to give off negative electricity at all
temperatures.

As some references later on will be made to the published
papers of Elster and Geitel we give here the titles (in English)
and references to the principal papers which concern us in
this subject.

(1) “On the Electricity of Flames,” Wiedemann's
Annualen, vol. xvi., p. 198 (1882).

(2) *“ On the Generation of Electricity by the Contact of
Gases and Incandescent Bodies,” Wied. Ann., vol. xix.,
p. 588 (1888).

(8) ““On the Unipolar Conductivity of Heated Gases,”
Wred. Ann., vol. xxvi., p. 1
(1885).

This paper deals with the
unsymmetrical conductivity of
flames.

(4) ““ On the Electrification
of Rarefied Gases and Electri-
cally Heated Wires,” Wied.
Ann., vol. xxxi., p. 109 (1887).

In this paper Elster and
Geitel describe experiments
made with an exhausted glass
bulb having stretched acrossit
a platinum wire which could
Fic. 19.—-Exhausted bulb witn D@ heated electrically. Above

Lr:lc;.n::i:?nltl :::)re,P Atie:in ll)ty the .w(lire was al ?etal plate

, carried on a platinum wire

Binr o Sl o sl e L2l theonghthe lass (e

incandescent wires. Fig. 19). The bulb could be

exhausted or filled with vari-
ous gases. There is no mention of the use of a carbon
filament.

(6) “ On the Generation of Electricity by Contact of
Rarefied Gas and Electrically Heated Wires,” Wied. Ann.,
vol. xxxvii., p. 819 (1889).

In this paper (dated March, 1889) Elster and Geitel
mention the unilateral conductivity for direct currents of
rarefied gases in tubes with one hot and one cold electrode.

20
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They employed for some experiments a carbon filament
lamp with a plate sealed into the bulb, and mention that the
filament emits negative electricity. There is no mention
of the use of such a tube or lamp for rectification of alter-
nating currents.

This last paper of Elster and Geitel was only published a
few months before the paper sent (in December, 1889) by
the author to the Royal Society, to which reference has
already been made.

The work of Elster and Geitel was purely scientific and
had no technical application for the rectification of alter-
nating currents or the use for any practical purpose of a
carbon filament vacuum lamp having a metal plate sealed
into the bulb.

5. One characteristic of all the investigations on this
subject, as above mentioned, was that none of their authors
had been able to put forward any satisfactory explanation
of the facts thus discovered. The ordinary two-fluid or
single-fluid theory of electricity and likewise Maxwell’s
electromagnetic theory failed to give any reasons for these
striking differences between the behaviour of positive and
negative charges on hot bodies.

In 1897 8ir J. J. Thomson made the first publication of
the remarkable investigations which enabled him to demon-
strate that negative electricity is always associated with
masses at least 1,800 times smaller than the mass of an atom
of hydrogen and that under certain conditions these electrio
corpuseles are emitted from hot bodies.

Faraday long ago proved that in the electrolysis of liquid
conductors the passage of a certain quantity of electricity
through the liquid is always accompanied by the movement
to, or liberation upon, the electrodes of a fixed quantity of
matter or products of decomposition of the electrolyte.

It was then and after recognised that electricity is con-
veyed through electrolytes only in association with atoms,
or groups of atoms, called fons, in a fixed ratio, and that
every such ion carries with it an electric charge which is an
exact integer multiple of a certain unit charge.

In the case of the hydrogen atom or ion resulting from the
passage of electricity through aqueous solutions of salts the
quantity of electricity carried by the whole number of atoms
of hydrogen which together weigh 1 gram (called the gram-
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atom of bydrogen) is 96,600 coulombs, or very close to it.
Henoe, since one coulomb is equal to one-tenth of an electro-
magnetic unit (E.M.U.) of electrical quantity, we can say
that for the hydrogen ion or atom, the weight of which is
taken as unity, the ratio of charge (¢) to mass (m) is 9,650.

According to Faraday's Law of Electrolysis the same
quantity of eleotricity passed through various electrolytic
cells will liberate on the electrodes masses of ions which are
in the ratio of the chemical equivalents of these substanoes.

Exhaustive experiments have shown that a current of one
ampere flowing forone second—thatis, one coulomb—deposits
in a silver voltameter 0-001118 gram of silver on the cathode.
The atomic weight of silver is 108 and its valency is unity.
Hence 108 is its chemical equivalent, that of hydrogen being
unity. Accordingly a current of one ampere liberates from a
water voltameter in one second a mass of hydrogen equal to
0-00001085 gram. In other words, 96,500 coulombs, or
9,650 E.M.U. of eleotric quantity, liberates one gram of
hydrogen and 108 grams of silver at the cathodes of electro-

"~ lytie cells.

Now 8 x 10° units of electric quantity in electrostatic
measure (E.5.U.) are equivalent to the electromagnetic unit.
Accordingly 2895 x 10! =8 x 101° x 9,650 E.8.U. will
liberate at 0° C. and 760 mm. pressure 11,200 cubic centi-
metres of hydrogen gas which weighs one gram.

Modern researches on the kinetioc theory of gases have
shown that in one cubic centimetre of any gas at 0° C. and
760 mm. there are most probably 2-7 x 101® molecules. As
the molecule of hydrogen contains two atoms there are
11,200 x 5-4 x10% atoms of H. liberated by the passage of
2,895 x101 electrostatic units of electricity. Hence each
hydrogen ion or atom must be associated with

9,650 x8 x1010 10
| 11,200 x5 xq08 10 ¥107%
electrostatic units (E.S.U.) of electric quantity.

This charge of the hydrogen ion is denoted by e and is a
negative charge. Hence we have

e=4-T7 x 10719 glectrostatic units.
=1-59 x1072° electromagnetic units.

This very small quantity of eleotricity is Nature’s unit of
electricily and it is the quantity of negative electricity
22
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carried by one hydrogen ion in electrolysis. It is therefore
a very important unit and was named by Dr. G. Johnstone
Stoney in 1891 an electron, the importance of such design-
tion having been indicated by him as early as 1874.1

The mass of a hydrogen atom is 1:662 x10—24 gram, and
thérefore the ratio of charge to mass or e/m for the hydrogen
ion is 9,650 when e is measured in electromagnetio units.

The study of the phenomena of electrolysis had already
convinced some physicists that electricity, like matter, most
probably exists in small indivisible units which may be
called atoms of electricity. The charge of the hydrogen ion
is this electrie atom or electron, and all ions earry this unit
or else some exact integer multiple of it in electrolysis.

6. Meanwhile evidence had been acoumulating that in the
case of conduction through gases electricity was moved in
association with masses or matter of some kind.

The discharge or conduction of electricity through the
very rarefied gas in a high vacuum had been shown by Sir
William Crookes to be accompanied by the projection of
particles from the cathode or negative terminal which had
all the properties of material particles in motion. When
they impinged on small paddle wheels mounted in the
vacuum tube they caused these wheels to rotate and they
also produced intense phosphorescence when falling upon
certain substances, whilst other solid bodies placed in the
path of the discharge cast shadows in their wake.

These particles also behaved as if they carried charges of
negative electricity, being deflected by magnetic or electric
fields.

Approaching these known effects from a new point of view,
Sir J. J. Thomson devised experimental methods of extra-
ordinary ingenuity and power which enabled him to measure
the ratio of charge to mass in the case of these cathode ra
particles in a high vacuum tube. '

It will not be necessary to describe these methods in detail
because the reader can obtain all information about them
either from Thomson’s book, Conduction of Electricity
through Gases (see chap. v.), or from any advanced text-book
on modern physics. Suffice it to say that the method
depends upon the deflection of a cathode ray particle from

1 8ee Transactions of the Royal Society of Dublin, vol. 1., p. 682,
1891; also Phil. Mag., 1881, p. 3;3.
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its path by the simultaneous action of an electric field and
a magnetic field at right angles to each other and to the
direction of motion
of the particle (see
Fig. 20). The
charge carried by
the cathode particle
is denoted by e and
its mass by m and

Fia. 20.—Cathode ray tube, having internal the experiments
deflecting plates, E, and external deflecting give the ratio e /m
magnets, M, and phosphorescent screen, S, . d
to show the deflection of cathode rays by where eis measure

electric or magnetic force. usually in electro-

magnetic units. A

brief outline of the theory of theaction as given by Sir J. J.
Thomson is as follows :

Let a particle of mass m, carrying a charge of electricity e,
be moving in a straight line with velocity v, and let a mag-
netic force H act on it at right angles to its line of motion.
Let e be in electrostatic units and H in electromagnetic
units. Then the mechanical force acting on the particle is
wHev, where u is the magnetic permeability of the medium.
Hence if we take the dielectric constant K of thé medium
to be unity, since uK=1/c* where ¢c=38 x10'°, we have the
force f acting on the particle given by Hev/c® and the
acceleration=Hev/mc* and the space moved over in a
transverse direction in a time ¢is } %; 2,

Let this displacement be called 3. Then during the same
time the particle moves a distance ! in the original direction,

Hev 12 2.el
where l=vt. Hence 8=} 3 =} 5 Hm P Now 3§, 1

and H are capable of measurement, and hence ;n %:A,say,

becomes known.

Again, suppose we subject the particle to the action in a
transverse direction of an electric force E at right angles to
its line of motion. The mechanical force exerted on it is
Ee and its acceleration is ¢eE/m and its displacement in &

timetis 81=%@(1—>2=€}12 e 1
m \v 2 mo¥
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. » . 1
Hence, if 8%, land E are measured, we obtain e, , =B, 58y,
m v

If then we adjust matters so that the two displacements
- 8 and 8! are equal and observe E, H and | we have v=4/B
E e ¢ E

c? T andm—2 i 3.

If the particle carrying the charge is a cathode ray particle
then we can observe the deflections due to the electric and
magnetic forces by allowing the particle to strike against a
screen covered with phosphorescent material and there
causing the appearance of a bright spot of light. The
displacement of this spot enables us to measure 3 and 8.
The details of the apparatus required for this purpose will
be found described in Thomson’s book Conduction of Elec-
tricity Through Gases, chap. v., or in his book The Corpuscular
Theory of Matter (Constable & Co.).

Thomson’s most important experimental result was that
the ratio e/m was quite independent of the nature of the
residual gas in the high vacuum tube and of the material of
which the cathode was made. His early numerical measure-
ments were found subsequently to be rather too low, but the
measurements being repeated by him and many other
physicists have led to the conclusion that for the cathode
ray particle the ratio e/m is very nearly 1-77 x 107 when e is
measured in electromagnetic units, and is 5-81 x10%7 if e is
measured in electrostatic units. .

Now this number, 1-77 x107, is at once seen to be more
than 1,700 times greater than the ratio e/m=9,650 for a
hydrogen ion, and the question at once arose, is this due
to e being greater or m being less in the case of the cathode
particle ? To settle this question, Thomson devised other
experiments of very great ingenuity, based on the following
principles :

If air at ordinary temperature and pressure is saturated
with moisture any sudden expansion or enlargement of
the vessel containing it, which increases the volume in a
ratio of about 5 to 4, will not cause any cloudiness to appear
in the vessel, provided the air is quite free from dust. Dust
particles act as nuclei for condensation of water-vapour
into water particles forming clouds. Hence dust free from
air may be cooled by expansion to a certain degree, and
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will remain supersaturated with water-vapours uncondensed
into cloud.

It was, however, shown by C. T. R. Wilson, in 1897, that
gaseous ions in air—that is, atoms or groups of atoms
having a positive or negative electric charge—could act like
dust particles and cause precipitation of water vapour
into white clouds, when the air was suddenly increased in
volume in the ratio of not less than 4 to 5, or by about
20 to 25 per cent. It had also been found that Réntgen or
X-rays could create gaseous ions in air, and these, like
dust particles, have the property of condensing water
vapour round them so as to form a cloud of water spherules,
when air supersaturated with water and containing gaseous
ions is suddenly expanded in volume in about the ratio
5to 4.

7. J. J. Thomson applied this discovery of C. T. R. Wilson
in a highly-remarkable way to determine the electric charge
on a gaseous ion produced by the action of X-rays or any
other means.

A glass vessel has in it a tightly-fitting piston whwh can
be suddenly displaced so as to expand some air saturated
with water vapour. If this air is dust-free and expanded
to not more than 1-35 times its original volume, no cloud
will be formed.

If the air is ionised by exposing it to Réntgen or X-rays,
some of the air molecules will acquire a positive and some a
negative charge. These act as nuclei and condense round
them water molecules, so that when the air is expanded
suddenly a cloud forms in the vessel. If the expansion
ratio is between 1-25 and 1-8 only negative ions are caught,
and condense water vapour molecules round them. If
this cloud is left to itself it subsides in the vessel, because
each little droplet of water very slowly falls through the
air.

If the radius of each spherical droplet of water is a, and
if ¢ is the coefficient of viscosity of the air, then the drop
in falling soon attains a final constant velocity, v, which

Sir George Stokes had previously proved was given by
a?

v=g -9 where g is the acceleration of gravity.

The proof of Stokes’s formula is rather long, but it is
given in Lamb’s treatise on The Motion of Fluids (chap. ix.,
26
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p- 226), and also in Stokes’s original paper in the Cambridge
Phalosophical Society’s Transactions, vol. ix., p.48. Stokes
showed that the falling sphere is losing potential energy
at a rate 6 = acv?, and hence the moving force is 6 = acv.

But this must also be equal to g = a%¢ (6— p), where o is the

density of the sphere and p that of the medium. In the .
case of a water sphere falling in air, p is negligible compared

2
with o. Hence we have 'v=g ?.

Accordingly, when the cloud of vapour sinks, we can
observe the rate at which the upper surface, which is well
defined, falls, and this gives us the value of ».

Maxwell found that the viscosity (c) of air, not very highly
rarified, is independent of the density, but proportional to the
absolute temperature, and for air at ¢° the value of ¢ is

¢=0-0001878 (1 x 0-00366 t°).
A drop of rain of zth inch in diameter, therefore, falls
at the rate of only £ inch per second in still air. This
explains how it is that the white clouds of water particles
seen in the sky appear to float in the air. They are in
fact falling to earth but very slowly.

If, then, in the Thomson experiment there are n negative
ions in each cubic centimetre and each forms the nucleus of
a spherical drop of water cloud of radius a, the whole volume

of water per c.c. is g=n g = ad.

Let p, be the density of the water vapour after expansion,
but before condensation begins, and p the density at the
final temperature i°, then p,—p=q. If L is the latent
heat of water vapour, then Lq is the heat given out in this
condensation. During the sudden expansion the air will
be cooled from 7°C to t°C., but the evolution of the latent
heat by condensation raises the air to a temperature, ¢°.
If S is the specific heat of air and M the mass per unit
volume, we have

Lg=8M (t—1t,).

Hence p=p1— %M (t—1to).

In this equatidn p i8 a known funetion of the temperature,
t, and this is given in hygrometric tables. If T is the
27
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temperature at the beginning of the experiment, and P
the pressure of the gas in millimetres of mercury, then
since 1 o.c. of air at 0°C and 760 m.m. weighs 0-00129 gram,
we have
00129 278 P

z " 278+T " 760
where z is the ratio of final to the initial volume of the gas.

M=

1
A]SO, Pl——-%
where p! is the density of water vapour at T°C before
expansion. This can be obtained from the hygrometric
tables.

Now, in adiabatic or sudden expansion of air the relation
between volume v and pressure p is given by the equation
pv''=a constant; whilst for slow expansion we have
pv=R06, where R is the so-called gas constant, and 6 is the
absolute temperature. Therefore, for adiabatic expansion,

" x 6=a constant

or loge 6, =0-41 log
27 8+T_
or loge 37841, =0-41 log z.

From this equation we can find ¢,, when z and T are given.

Then we have :

! SM
o= -2 -ty

and we can substitute the value of ¢, and z from the previous
equatlon This last equation can be solved by substituting
various values for ¢, and finding the corresponding value of
e, until we reach values of ¢t and p, which agree with the
corresponding values in the hygrometric tables.

Having then found p and p; we know ¢, and also having
found a from Stokes formula we find n==38¢/4=a3, which gives
us the number of drops and therefore of negative ions in the
cloud.

By this very ingenious method Thomson weighed the
cloud of water spherules and counted the drops of water
forming the cloud and therefore determined the number of
ions round which the drops were formed. He had then to

28
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determine the whole electric charge contained in this
miniature thundercloud. To do this the cloud was formed
between a metal plate connected to one términal of an
electrometer, the other terminal being joined to the water
surface which supplied the water vapour. If the electro-
meter is charged to a potential difference V and if the
capacity of the whole system is C, then ('%’ denotes the rate
at which electricity is lost or gained by each terminal.

When so placed between two surfaces at potential
difference ¥ and distance apart d the ions are subject to an
electric force E=V/d, and if 4 is the area of the plate and
u the velocity of the ions per unit potential gradient or
electric force, then meuEA is a measure of the eleotric
current represented by the slow migration of all the ions
under the action of this electric foroe E.

Sir E. Rutherford had determined the velocity of a
negative ion in air at normal pressure to be 1-5 centimetres
per second per potential gradient of 1 volt per centimetre.

Hence in electrostatic units u=1-5 x 800=450.

Accordingly if we determine the loss of electricity per
second corresponding to a certain reduction in deflection of
the electrometer and so find the value of the decrease
expressed as & current in electrostatic units, we have the
value of neudE, and hence of e the ionic charge, when all
the other quantities are known.

In this way Thomson first found a value for e the electric
charge in a hydrogen ion to be e=6-5 x1071° electrostatic
units. But subsequent measurements by Thomson and
others, and especially recent work by Prof. R. A. Millikan,
have given a corrected value e=4-774 x107 (E.S.U.).

The above-described experiment repeated with various
moisture-saturated gases ionised in various ways, by Rontgen
rays or by radium, always gave the above value for the ionic
negative charge e, and it will be seen that it is exactly the
same as the charge of the hydrogen ion obtained from
electrolysis of aqueous solutions.

Hence it is more than probable that we are here concerned
in all cages with the same natural unit of electricity—viz.,
the electron.

We have, however, seen that in the cathode ray tube the
ratio of e/m for the cathode ray particle is 581 x10'?, when
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e i8 reckoned in electrostatic units, and accordingly the
mass m of the cathode ray particle must be

477 x107"
5-81 x10”

But we have seen that there are most probably in 1 o.c.
of hydrogen at 0° C. and 760 mm. 2-7 x10* molecules or
5-4 x 10" atoms, and this volume of gas weighs 1/11,200 gram.
Hence the weight of an atom of hydrogen is 1:66 x1072¢
gram. Therefore the cathode ray particle has a mass which
is 54/100,000, or about 75 th of that of a hydrogen atom.

This astonishing experimental achievement of Sir J. J.
Thomson revealed therefore that in these cathode ray
particles or corpuscles we have masses nearly 2,000 times
smaller in mass than atoms of hydrogen, up until then
supposed to be the smallest masses in Nature.

8. Sir J. J. Thomson then directed his attention to two
other cases in which electricity passes through gases, one of
which particularly concerns us here.

If an insulated plate of zinc is charged with negative
electricity and is illuminated by ultra-violet light the charge
rapidly leaks away to an earth-connected grid or grating
placed parallel in front of the zinc plate. Electricity must
therefore pass through the air from one surface to the other.

Suppose then that we have two metal plates placed
parallel to each other and that we bring them to different
potentials. There is then an electric force acting in- the
space normal to the plate surfaces. If a uniform magnetic
field of strength H is created with its lines parallel to the
plate surface we shall have electric and magretic forces
perpendicular and parallel respectively to the metal surfaces.

Let an ion start from one of the plates which we shall
suppose to be the negative plate and move towards the
other positively charged plate under the action of the
electric force E. Let d be the distance between the plates,
and let them be at a difference of potential ¥ ; then
E=V|/d. Let H be the magnetic force parallel to the plates
and let e be the ionic charge. Then FEe is the mechanical
force on the ion perpendicular to the plates. The ion,
however, experiences a deflecting force equal to the product
of He and its velocity at that instant and perpendicular to
the direction of that velocity.

80
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Suppose that the place from which the ion starts is taken
as the origin and that the axis of z is taken perpendicular to
the plates and that of y parallel to the plates. Then dz/dt
and dy/dt are the axial component velocities of the ion.

The resultant force on the ion along the z-axis 18 then

Ee—He gt , and that along the y-axis is He Z"v Accordingly

by the Second Law of Motion we have the equations

da: dy
m g =Be—He 3/
dy_ d
n g =He g

or using the Newtonian notation in which a dot over a letter
signifies differentiation with regard to time, and two dots
double differentiation, we have the equations,

e e .

j=H =&

These equatlons show that the path of the ion is a cycloid.

A cycloid is the curve described by a point on the ecir-
cumference of a circle which rolls on a straight line.

Let' OPQ be a circle (see Fig.
21) rolling on a straight line
OA.. Let P be any point on
the circle, and let the radius
of the circle OC=r. Let z
and y be the co-ordinates of P,
and 4 the origin or contact

C
place from which the circle (0 Q
starts to roll.
Then let AN=y and NP=z,

and let the angle through which /Y D
the circle has turned=0CP be
denoted by pt, where p is
angular velocity, and {=time
of rolling. It is then obvious
that

A
=11 cos.p t Fic. 21.— Generation of a
y=rpt —r 8in pt Cycloid.
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Differentiate these equations twice with regard to ¢, and
we obtain

E=rp*—py, j=p2.
If we compare these two last equations with the above

equations of motion of the ion, we see at once they are

identical provided we put p—H and r=- 52 —. This proves

that the path of the ion must be a cycloid.

Hence, if the ion starts from one plate under the action of
the two forces due to the electric and magnetic force, it will
curl round in a cycloidal path. If, then, the distance between
the two plates exceeds twice the radius of the cirele, or
2HE; , the particle will never reach the second plate.

Thomson applied the above theorem to the case of the
ions emitted by an incandescent carbon filament. He
stretched a filament close in front of a metal plate, and placed
at a certain distance, d, from it a second parallel metal plate.

“ These plates and filaments were included in a glass vessel
very highly exhausted. The filament was connected to the
plate just in contact with it, and a difference of potential, ¥,
made between the plates.

Hence the electric force E=V/d. Coils of. wire were
placed outside the tube, and through them a current was
sent, so a8 to make a magnetic force, H, of known and adjust-
able value parallel to the plates. When the carbon filament
was made incandescent it emits, as we have seen, negative
ions, and by adjusting the magnetic field it was possible
just to prevent these ions reaching the second plate. From
measurements of H, V, and d it was then possible to solve

the equation d=?EUL" s0 as to obtain the value of

H? ¢’
e/m.

Thomson’s experiments made by the above method in 1899
led to a value of ¢/m for the negative ions emitted by an
incandescent carbon filament which was not very different
from that obtained from experiments on the cathode ray
corpuscle, but in absolute value were too low. More recent
measurements by Professor O. W. Richardson gave values
e/m=1-45 x107 and 1-49 x 107, and more recent work still by
Bestelmeyer, who used an improved method, has given the
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value ¢/m=1-766 x107 in E.M. units, and this is very close
indeed to the best results for the cathode ray corpuscle,
which, as we have seen, gives e/m=1-T7 x10? in E.M.
units. For full details of the latest and best work
on this matter we may refer the reader to the book by
Professor O. W. Richardson, The Emission of Electricity
Jrom Hot Bodies (Longmans, Green & Co.), in which the
theoretical and physical side of the subject is most fully
treated.

Summing up the results of twenty years’ physical dis-
covery on this subject, we may say that an exceedingly
strong body of proof has been built up supporting the
following statements : '

1. The agency we call Negative or Resinous Electricity is
atomic in structure, and the atom or smallest indivisible
unit of it is called an electron (=e¢). The electron charge
is equal to 4774 x1071° of an electrostatic unit of quantity
of electricity, or to 1-591 x1072° of an electromagnetic unit,
or to 15-91 x10720 of a coulomb. It is the quantity of elec-
tricity conveyed by a hydrogen ion or atom of hydrogen in
electrolysis, and is Nature’s unit of electricity. A current
of 1 ampere flowing for one second is equivalent to the
passage of six million million million electrons across any
section of the circuit.

2. This electron has a certain mass (=m) which is approxi-
mately 1/1,800 of that of a hydrogen atom, and is close to
9 x1073 of a gram.

The question has been much discussed whether the
electron is anything else but a point-charge of electricity,
and whether its mass is due to anything but the electrical
properties of a moving charge of electricity.

- 7. If we consider a small sphere charged with electricity
to be at rest, it exerts radial electric force which at a point
at distance r from its centre is e/r?, where e is the electric
charge. When the sphere is at rest the lines of electric
force are everywhere radial to the sphere. If the sphere is
set in uniform motion with a velocity, v, then the moving
charge is equivalent to an electric current, and it creates in
surrounding space a magnetic force distributed in circles -
whose centres lie on the line of motion and planes are per-
pendicular to it. At a point at distance r, the radius
vector making an angle 6 with the line of motion, the
83 D
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magnetic force, H, due to the moving charge, has the
value
ev sin 0

. H=(1_Z:) 2 (1--'6’—:ssin2 e)3

where ¢=38 x10° cms. per second, and e is the charge of
the sphere. The proof of this formula is difficult, but has
been given by Sir J. J. Thomson in his book Recen! Re-
searches in Electricity and Magnetism, p. 19, and also by
Mr. Oliver Heaviside in his Electrical Papers.! It has
been somewhat simplified by the author for his own Univer-
sity lectures.

If the velocity of the sphere is small compared with that
of light (=c), then the above formula reduces to the formula

of Ampére: H _ev sm 8

element, ev, at a pomt r, 6. If the sphere moves quickly,
then the lines of electric force do not remain uniformly
distributed round the sphere, but crowd up towards the
equatorial plane, assuming that the direction cf motion is
that of the polar axis.

The sphere creates a magnetic field whilst it moves, and a
magnetic. field of strength, H, implies that there is energy
equal to H2/8r per unit of volume in that field.

If we congsider the velocity of the sphere is small, so that
v2/c? can be neglected in comparison with unity, then

H? e*?sin® 6
B 8mA

To obtain the energy of the whole magnetic field, we have
to integrate this expression throughout all space external
to the sphere, which latter we shall suppose has a radius a.
Calling this energy T, we have

2, . in2
ev//’fsm e21r'r2£;in 0drdo
0o

_i’”’; s e’v?
=%a/, " sin Ode—sa

1 8ee J. J. Thomson, Phil. Mag., 6th Series, vol. xi., p. 229, 1881 ;
also Oliver Heaviside, Phil. Mag., 5th Series, vol. xxvii.. p. 324, 1889.
34 )

for the magnetic force of a current
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Accordingly, the whole kinetic energy of the sphere is
2 e?

}mv2+—3——(m+ v?

The mass of the electrified moving sphere may therefore
be regarded as increased by an amount 2¢2/3a, due to its
electrification. In the case of the electron the question
which arises is, whether there is any other mass than that
due to the magnetic field ?

Kaufmann measured, in 1901, the ratio of ¢/m for certain
cathode ray corpuscles moving with high velocity and,
later on, of others emitted by radium and has found that
this ratio, e/m, is reduced in value as the velocity of the
particle is increased ; and from this Sir J. J. Thomson and
others conclude that the mass of the moving electron may
perhaps be wholly due to the energy stored up in its magnetic
field. If this is a fact, and if we assume a spherical form
for the corpuscle, we can find its radius, a, for we have
found the mass, m, of the corpuscle to be 9 x10™% gram,
and its charge, e, to be 1:59 x1072° E.M. units. Therefore,

9 26 2 (1592 -
108—3 g %' %oy -1612——_1.85 x 10713
Hence the radius-of an electron is of the order of one ten-
billionth of a centimetre. The radius of an atom of matter
i8 of the order of one hundred-millionth of a centimetre, and
therefore the electron has a diameter of about one hundred-
thousandth of that of a chemiocal atom.

The dome of St. Paul’s cathedral is about 110 feet in
diameter, and that of St. Peter’s at Rome about 170 feet.

The diameter of an ordinary small pin’s head is about
Tsth of an inch. If we imagine a great balloon having a
diameter five times that of the dome of St. Paul’s, or three
times that of St. Peter’s, then such a sphere would be as
much larger than an ordinary pin’s head as an atom of
hydrogen is possibly larger than an electron.

These conclusions as to the volume of an electron are
not, however, established with the same degree of certainty
as is the case with its mass. Mr. A. H. Compton (see Journal,
Washington Academy of Science, vol. viii., p. 1, Jan. 8rd,
1918 ; also Science Absiracts, vol. xxi.a, May, 1918, abs.
549) has given reasons for thinking that the electron cannot
be a charged sphere of so small a diameter as 10713, but
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may be a charged ring of a radius of about 2 x1071° cms.

" capable of rotating about any axis. If this is so, we may
come back to some kind of Vortex-ring theory of electron
structure as originally propounded by Lord Kelvin for the
chemical atom.

8. Then, as regards positive electricity, there is evidence
that this also is atomic in structure. The ratio e/m has
been measured for positively charged corpuscles in a high
vacuum tube, and it is found to be of the order of e/m for
a hydrogen ion in electrolysis—viz., about 104 Hence
positive electricity is associated with masses of the size of
atomic masses.

The generally-held view at present is that an atom is
a sort of solar system in miniature. The nucleus of the
atom is a charge of positive electricity concentrated in a very
small space, which may consist of one or more positive
electrons.

The gravitative mass of the atom is chiefly due to this
positive nucleus. Around this nucleus circulate a group
of negative electrons like planets round the sun. If the
number of negative electrons is sufficient to equilibrate the
positive charge, then the atom is in a neutral electrical
condition.

If the neutral atom is deprived of one or more negative
electrons it is positively charged and constitutes a positive
ion. If the neutral atom gains or takes up one or more
negative electrons it becomes negatively charged and forms
a negative ion. Chemical atoms have certain loosely-held
or detachable electrons, which are called the valency
electrons, and the view is very widely held that chemical
attractions and combinations are due to electric forces acting
between atoms, or groups of atoms, which have respectively
gained or lost electrons.

In a solid metallic conductor, or conductor such as carbon,
it is supposed that there is a continual exchange of negative
electrons between neighbouring atoms. Electrons are,
o0 to speak, jumping from atom to atom, and during their
time of passage they constitute what are called the ‘* free ’
electrons.

These motions take place in all directions, and the
temperature of the body is determined by the kinetic
energy of these free electrons. If an electromotive force
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acts on the conductor it applies a definite electric” force
to these free electrons, and over and above their indis-
criminate motions a certain steady drift of electrons in
one direction then takes place, which constitutes an electric
current. These free electrons may be regarded as the
molecules of a kind of gas existing in between the chemical
atoms of the conductor. It has been, therefore, assumed
that they obey the ordinary gas laws. The free electrons
have a certain ‘“ mean free path” and a certain ‘‘ mean
square velocity,” like gas molecules.

They do not at ordinary temperatures escape from the
conductor because if any did, it would leave the conductor
positively electrified, and this would tend to prevent the
escape of more electrons.

But if the temperature of the conductor is raised the
electrons may acquire such velocities that some are flung
out beyond the attractive range of the positive ions left
behind. This escape of the free electrons rises very rapidly
with temperature, and constitutes what is now called the
thermionic current from the incandescent wire. This
current is measured by the quantity of electricity escaping
per square centimetre per second from the surface of the
incandescent wire or body.

9. The study of the nature, variations and magnitude of
this thermionic emission has been the subject of much
investigation from a purely physical point of view.

As the chief purpose of the present volume is to direct
attention to the technical applications of this phenomenon,
we shall not occupy space with descriptions or discussions
of the physical problems more than is necessary to explain
the general principles involved. The experimental examina-
tion of the effect has been chiefly conducted by means of
a simple apparatus, consisting of a straight metallic wire
or carbon filament which is attached to platinum electrodes
and sealed into a glass cylindrical bulb in an axial position.

Surrounding the filament is a tubular electrode made of
metal, generally platinum, and this cylinder has a metallic
connection made to it by a platinum wire welded to the
cylinder and sealed through the glass (see Fig. 22).

The glass vessel can be exhausted to various pressures
through a side tube or filled with various gases. If the
surrounding metal cylinder is not employed, and if the wire
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or filament is heated by an electric current passed through
it, then the ions or electrons given off by the wire would
accumulate to a ocertain extent in the space, vacuous or
gas-filled, round the wire and create a space eleciric charge
which would soon prevent any further emission. This
explanation of the limitation to the increase of the thermionic
emission was first given by Mr. C. D. Child in 1911 (see
Physical Review, vol. xxxii., p. 498, 1911).

By employing the metal cylinder we can make a definite
difference of potential between the heated wire and the
cold cylinder, and, therefore, an electric force so directed
as to urge theions from the wire to the embracing cylinder.
The arrangement has also the convenience that we can
determine the temperature of the incandescent wire by
measuring its resistence or ratio of volt-drop down the

Fia. 22.—Exhausted tube having in it & metal eylinder and concentrie
incandescent tungsten wire to show the thermionic emission
from the wire.

filament to current through it, or else by making the
filament one arm of a Wheatstone’s Bridge arrangement.

If we have previously determined the resistence of the
filament at several standard temperatures we can by
interpolation or extrapolution determine its temperature
corresponding to other resistances.

Such an apparatus is a convenient modification of the
lamps used by the author or by Sir William Preece in
examining the Edison effect.

As soon as experiments began to be made with the above
apparatus it was found that the observed effects were
complicated and depended upon & great many factors,
such as (1) the material of the wire or filament heated,
(2) its temperature, (8) the gases or impurities occluded in it,
(4) the nature of the gas surrounding it, (5) the pressure of
this gas, and (6) the previous treatment of this wire as
regards heating and exhaustion.

Broadly speaking, we may say that when the pressure of

8
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the gas in the bulb is not extremely small—that is, when the
vaouum is not extremely high—the effects will be com-
plicated by the ionisation of this gas by the electrons emitted
by the wire or filament, and this will give rise to positive
and negative ions in the surrounding gas.

It soon became oclear that to simplify the phenomena the
removal of all gas round the heated wire and al<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>