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PREFACE.

IT will be seen from the following pages that the subject of
the emission of electricity from hot bodies is one which has
made rapid strides in recent years. It will also be clear that
this field of inquiry still suggests for investigation many in-
teresting questions which are either of theoretical or of prac-
tical importance. In dealing with the theory of the emission

1 in i se
of a satisfactory and comprehensive theory of conduction for
conductors of the metallic type. For this reason I have tried
to make the treatment of this part of the subject as general as
possible, and to reduce the part played by special theories to
a minimum. Another difficulty lies in ghe interpretation of
the facts bearing on the true nature of the contact potential
difference between metals. In spite of a conflict lasting over
a century, there still seems to be much room for difference of
opinion here. This question is of fundamental importance in
the interpretation of the theory of the emission of electricity
from hot bodies.

It has seemed undesirable to include in the book an ac-
count of the numerous and important technical developments
of the subject. Readers who are interested in these may,
however, find useful the following list of references, arranged
according to subjects :— Wireless Telegraphy and Telephony -
Fleming, “ Instrument for converting alternating currents into
continuous currents,” British Patent, No. 803,684, 7 November,

1905 ; De Forest, “The audion detector and amplifier,”
“ Electrician,” Vol. LXXII, p. 285 (1913); Reisz, “ A new

v
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method of magnifying electric currents,” 767d., Vol. LXXII, p.
726 (1914); Langmuir, “ The pure electron discharge and its

»

LXXV, p. 240 (1915); Armstrong, * Some recent develop-

ments in the audion receiver,” 764, Vol. LXXVI, p. 798
(1916).  Production of X-Rays: Coolidge, “A powerful
Roentgen ray tube with a pure electron discharge,” “Phys.
Rev.,” Vol. 11, p. 409 (1913). Rectification of Alternating
Currents : Langmuir, loc. cit.; Hull, “A powerful source of
constant high potential,” ‘Phys. Rev.,” Vol. VII, p. 405
(1916). The Electric Arc: MacKay and Ferguson, ¢ Arcs in
gases between non-vaporizing electrodes,” #6:d., Vol. VII, p.
410 (1916).

In the last chapter I have included a brief account of the
results of some experiments 1 have recently made on the
electrons liberated by chemical action. Part of the cost of

this investigation has been defrayed by a Government grant
through the Royal Society.

For permission to publish certain of the figures I am in-
debted to the Royal Society, to the Cambridge Philosophical
Society, to the American Physical Society, and to the Pub-
lishers of the “ Philosophical Magazine”.

Finally, I wish to express my thanks to Professor Newall
for information bearing on the question of solar electricity
considered on page 47, and to my wife and to Professor
Horton for assistance with the proofs.

O. W. RICHARDSON.

KinG’s COLLEGE, LONDON,
1 May, 1916.
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CHAPTER L
MAINLY CONSIDERATIONS OF A GENERAL CHARACTER.

NATURE OF THE PIIENOMENA.

IT is not intended in this book to give an account of all the
electrical properties of bodies which depend upon temperature.
In fact, the scope of the book is almost restricted to those
phenomena which I have ventured to describe by the term
thermionic. As is well known(all substances become con-
only is this the case, but solid and liquid substances have the
power of conferring the property of electrical conductivity on
the space which surrounds them. In other words, a charge of
electricity tends to leak away from the surfaces of bodies at
high temperatures. In general this happens in a vacuum as
well as when the bodies are surrounded by a gaseous atmos-
phere. The study of these thermionic effects has led to many
results of an interesting character, as we shall see. In prac-
tice it is often wellnigh impossible to separate the purely
thermal effects from those caused indirectly by other actions
which are conditioned by temperature. In this category
effects due to chemical action are conspicuous. Chiefly for
this reason I have added a chapter on Ionization by Chemical
Action. At the same time I have omitted to describe the
interesting electrical properties of flames, a subject which
might perhaps have been expected to fall within the scope
of the book. Those who are interested in flames will find
an excellent account of their electrical properties in a recent
work by H. A. Wilson.!

1 ¢ Electrical Properties of Flames. and of Incandescent Solids,” by H. A,

Wilson (London University Press, 1912).
1



2 EMISSION OF ELECTRICITY FROM HOT BODIES

EARLY EXPERIMENTS.

The subject under consideration is not entirely of recent
origin. In fact, it has been known for nearly 200 years that
air in the neighbourhood of hot solids has the power of con-
ducting electricity. Experiments on the subject were made
by a number of physicists of the seventeenth century, includ-
ing Du Fay,! Du Tour,? Watson,? Canton,* Priestley,® and
Cavallo.® The phenomena appear to have attracted little
further attention until the middle of the nineteenth century,
when Becquerel 7 showed that air at a white heat was unable
to insulate under a potential difference of a few volts. Some-
what later Blondlot ® showed that the same was true even
with a potential difference of 0'001 volt; he also found that
the currents did not obey Ohm’s law. An important dis-
covery was made by Guthrie,® who showed that a red-hot
iron ball in air could retain a negative charge but could not
retain a positive charge. At higher temperatures this differ-
ence disappeared, electrifications of either sign being con-
ducted away rapidly. This difference in the character of the
discharge, according to the sign of the electrification, is some-
times described by the term unipolar and is of fundamental
importance.

A systematic investigation of the electrical effects produced
by incandescent solids was begun by Elster and Geitel'® about
1880. Their method consisted in heating various metal wires
by means of an electric current and examining the potential
acquired by a neighbouring electrode under different circums-
stances. The hot wire was as a rule connected to the earthed

1 ¢ Mémoires de I’Acad.” (1733).

2 ¢ Mém. de Math. et de Physique,” XI, p. 246 (1755).

3 ¢ Phil. Trans.,” abridge. Vol. X, p. 296 (1746).

4 I'bid., Vol. L1I, p. 457 (1762).

5 ¢¢ History of Electricity,” p. 57g.

8¢ Treatise on Electricity,” Vol. I, p, 324.

7 Ann. de Chimie et de Physique,” iii. Vol. XXXIX, p. 355 (1853).

84 C. R.,” Vol. XCII, p. 870 (1881); Vol. CIV, p. 283 (1887).

9 ¢ Phil. Mag.,” iv. Vol. XLVI, p. 257 (1873).

10¢¢ Ann, der Phys.,” Vol. XVI, p. 193 (x882); Vol, XIX, p. 588 (1883); Vol.
XXII, p. 123 (1884); Vol. XXVI, p. 1 (1885); Vol. XXXI, p. 109 (1887); Vol
XXXVII, p. 315 (1889) ; * Wien. Ber.,” Vol. XCVII, p. 1175 (1889).



— CONSIDERATIONS OF A GENERAL CHARACTER 3

pair of quadrants of an electrometer, the other pair being con-
nected to the electrode. Let us suppose that the wire is
maintained at a constant potential, and that all the quadrants
of the electrometer are connected together initially. In
—general, an electric current is then flowing either from the
hot wire to the electrode or vice versa, and when the quadrants
are separated this current will give rise to a deflection of the
electrometer. The deflection will not increase indefinitely,
however, since the charging up of the electrode gives rise to
a back electromotive force which tends to stop the current.
Ultimately a limiting potential is reached which is sufficient
either completely to stop the current or to stop so much of it
that the rest just makes up for any small losses which may
arise from faulty insulation. The determination of this limit-
ing potential under a great variety of conditions was the chief
object of most of Elster and Geitel’s experiments. They
found that the magnitude and sign of the limiting potential
varied greatly in different circumstances. With a platinum
wire in air at atmospheric pressure this potential was positive
at low temperatures and increased in magnitude as the tem-
perature was raised to a red heat, when a maximum value
was reached. After passing this point the potential fell al-
most to zero at a white heat. At lower pressures the results
were similar, except that the limiting potential, after passing
the temperature at which it reached zero, was found to change
sign and to acquire progressively increasing negative values as
higher temperatures were reached. The wires thus behaved
as though they had a tendency to give off positive electricity
at low temperatures and negative at high temperatures. At
some intermediate temperature equal amounts of each sign
would be given off; so that the potential acquired by the
electrode would be the same as that of the hot wire. The
temperature at which the change from positive to negative
took place was higher the higher the pressure of the air, and
it was also higher for new wires than for wires which had
been heated for a long time. It depended also on the nature
of the gas and on the material of the wire. With platinum

wires the phenomena in water vapour and the vapours of
1 *




4 EMISSION OF ELECTRICITY FROM HOT BODIES

sulphur and phosphorus were similar to those in air, but
in hydrogen the electrode acquired a negative charge at all
wire in hydrogen, on the other hand, the electrode received
a positive charge except when the pressure was quite low.
Carbon filaments apparently gave rise to negative potentials
under all circumstances.

Branly ! used a method which is in some ways the opposite
of that of Elster and Geitel. He measured the rate of leakage
of electricity from an insulated conductor when placed in the
neighbourhood of a hot body. In this way he obtained results
in confirmation of those given by Elster and Geitel for pla-
tinum. He also found that the oxides of lead, aluminium,
and bismuth, exhibited the opposite behaviour to that of
various metals which had been tested; since in air at a red
heat they lost a negative charge but not a positive charge.
observed by Edison is related to these phenomena. If an
independent electrode is mounted in an incandescent lamp
and arranged so that it can be connected through a galvano-
meter to either of the outside terminals of the lamp, a current
is found to flow through the galvanometer when the connexion
is made to the positive terminal but not when it is made to
the negative terminal. A large number of experiments bear-
ing on the question were made by Preece? and Fleming.?
Fleming showed that the effects could be explained on the
view that there was a vigorous emission of electricity from
the negative end of a carbon filament even in the best possible
vacuum. This conclusion was also in agreement with the
earlier observations made by Elster and Geitel in their ex-
periments on carbon filaments.

THE THEORY OF IONS.

During the period which has just been under consideration
the development of the subject was seriously handicapped by
14 C, R.,” Vol. CXIV, p. 1531 (1892).

3¢ Roy. Soc. Proc.,” Vol. XXXVIII, p. 219 (1885).
3 Ibid., Vol. XLVII, p. 118 (18g90); ¢ Phil. Mag.,” Vol. XLII, p. 52 (18g6).
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the absence of any satisfactory theory to indicate the im-
portant lines of experimental investigation. This want was
ial] ’ he cl £ the ni | by tl
hypothesis which attributed the conduction of electricity by
gases to the motion, under the influence of the electric field,
of minute electrically charged particles or 7oms. Stimulated
by the discovery of the Roentgen and Becquerel rays this
hypothesis in the hands of Sir J. J. Thomson rapidly de-
veloped into a coherent theory capable of embracing all the
known facts of gaseous discharges and of predicting many new
phenomena hitherto unsuspected. Those who had studied
the question felt that there was a definite connexion between
the phenomena exhibited by gases when ionized, or made
to conduct, under the influence of the Roentgen rays and
other agencies, on the one hand, and the effects described in
the last section on the other. In fact, the view of those
e hicl | ved hi
time was somewhat as follows: It was supposed that there
was some kind of interaction between the metal and the sur-
rounding gas which resulted in the ionization of the latter.
The unipolarity of the currents was explicable as arising
either from the difference in velocity of the ions of opposite
sign or from a difference in their chemical affinity for the hot
metal or, possibly, from a combination of these causes. On
such a view the detailed investigation of the mechanism of the
electrical conductivity and the determination of the nature of
the ions became of the utmost importance.

PROPERTIES OF THE GASES DRAWN AWAY FROM THE
NEIGHBOURHOOD OF INCANDESCENT BODIES.

The nature of the electrical conductivity exhibited by gases
drawn from the neighbourhood of hot wires was investigated
by McClelland.! In many respects the phenomena were found
to be similar to those exhibited by gases which had been
exposed to the action of Roentgen or Becquerel rays. Thus,
in examining the relation between the current and the applied

L¢ Phil, Mag.,” Vol. XLVI, p. 2g (189g9); ** Camb. Phil, Proc.,” Vol. X,
p- 241 (x899); Vol. II, p. 296 (1902).



6 EMISSION OF ELECTRICITY FROM HOT BODIES

electromotive force, between suitable electrodes immersed in
such gases, McClelland found that for sufficiently small dif-
—ferences of potential the currents were proportional to the
applied potential differences. As the potential differences
increased, the rate of increase of the current fell off until finally
a stage was reached when the current acquired a constant
maximum value independent of further increase in the potential
difference. In these experiments the gases were allowed to
stream at a constant rate through the testing vessel, and the
maximum or safuration current was interpreted as indicat-
ing that all the ions present in the gas at entering the vessel
were drawn to the electrodes by the electric field. This in-
ference was established by allowing the gas to pass into a
second testing vessel, when its conductivity was found to have
disappeared. In these respects the gases resembled those
which had been exposed to Roentgen rays and other ionizing
example, the properties of the gas depended to a very large
extent on the temperature of the hot wire. With the wire
at a dull red heat the gas drawn away would discharge a
negatively charged conductor but not one which was positively
charged. At sufficiently high temperatures charges of either
sign were discharged with about equal facility. It thus
appears that at low temperatures the ions drawn away from
the hot metal are all positive, whereas at higher temperatures
ions of both signs are present in amounts which, if not equal,
are at any rate comparable with one another, These observa-
tions are at once seen to be in agreement with those recorded
by Elster and Geitel. McClelland observed the excess of
positive ionization at low temperatures with wires of platinum,
iron, German silver, and brass, and with carbon dioxide as
well as air,

McClelland also measured the mobility of the ions, i.e.
their velocity of drift under a unit electric field. The gas
was allowed to flow at a known rate down the annular region
between two coaxial circular cylinders maintained at a given
difference of potential. The fraction of the total number of ions
present collected by a known length of one of the cylinders was
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measured. From a knowledge of this fraction, which obviously
increases with the mobility of the ions, the value of the mo-

) L dll DE QEeq Ed —Was ound 0-DE POV 2 PE S¢

greater for the negative than for the positive ions. The abso-
Iute values were comparable with "04 cm. per sec, per volt/cm.,
and were thus much smaller than those for the ions generated
by Roentgen rays (about 1-5 cm. sec. ~! per volt cm. 1)
Moreover, they were not constant but diminished as the dis-
tance travelled by the gas from the hot body increased ; that
is to say, the mobilities diminished with lapse of time and as
the gas became cooler. The mobilities were also found to be
diminished when the temperature of the wire was increased,
The last effect is usually attributed to the loading up of the
ions by the particles sputtered from the hot metal, as sputter-
ing is known to increase rapidly with rising temperature,
Cooling the gas will tend to facilitate the condensation of

Aapours o1l NC OIS a1 ADPOLUTS C DPICSCl al1C A DSE
of time will diminish the average mobility of the ions owing
to recombination, since the slower ions also recombine more
slowly.

These experiments showed that the currents through gases
drawn away from the neighbourhood of hot bodies were
carried by ions, They did not, however, throw much light
on the processes by which the ions originated in the first
instance, nor, since the properties of the ions under examina-
tion were clearly changing as they were carried away from the
hot body, could the nature of the ions first formed easily be
inferred from those of the ions under investigation. These
problems were solved by experiments of a different character.

THE SPECIFIC CHARGE (e/#) OF THE IONS.

The nature of the negative ions emitted by hot bodies in a
gas at a low pressure was discovered by J. J. Thomson,! who
measured the ratio ¢/7 of their electric charge e to their mass
m. Thomson'’s experiments were made with carbon filaments
and the method employed was as follows: A straight filament
arranged to be heated by an electric current was mounted

“ Phil. Mag.,” Vol, XLVIII, p. 547 (1899).
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parallel to and immediately in front of a metal plate A with
which one end of the filament was electrically connected. A

[ o
3 N ) N a N - - ] Mo nteg ap e 0. NG

connected to the insulated quadrants of an electrometer, The
filament was thus in the space between the two plates, which
were maintained at a difference of potential V = Xd, where
X is the electric intensity and & the distance between the
plates. The plates and filament were enclosed in a glass tube
which was exhausted until the pressure of the enclosed gas
was so low that the mean free path of the gas molecules was
greater than the distance between the plates. Under these
conditions the influence of the gas molecules on the motion of
the ions can be disregarded. The tube was placed between
coils carrying an electric current, so that the plates lay in a
uniform magnetic field H whose direction was parallel to that
of the length of the filament. The ions starting from the

_ filament were thus subjected to the action of a uniform electric
field perpendicular to the plates, and of a uniform magnetic
field parallel to the length of the filament. If the plate A lies
in the plane # = 0 and the axis of z is taken to be parallel to
the magnetic intensity H, then Thomson! showed that the
x and y co-ordinates at time # of an electrified particle, start-
ing with zero velocity from the plane x = o at the instant
¢ = 0, would be given by

m X €
mX (e . (€
Y = ;I’F{;;l Ht — Sln(EHt>} . B (2)

where 2 is the mass and ¢ the charge of one of the particles,
By eliminating ¢ the equation to the path can be obtained. It
is found to be a cycloid in the plane perpendicular to the
magnetic force. The greatest distance 4 which the particles
are able to travel from the plane x = o is determined by the
equation

d=2 ?% . . . . (3)

1Cf. J. J. Thomson, * Conduction of Electricity through Gases,” p. 112.
Second edition.
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Under these conditions, i.e. if the wire is taken to be coinci-
dent with the front of the plate A, the current received by the
. R g s
than ed/2m, none of the ions emitted by the filament will
reach the plate B, whereas if X/H? exceeds ed/2m all of
them will arrive at B. There is thus a critical value of
X/H? for which the current from A to B jumps from zero to
the maximum value. If (X/H?)c denotes this critical value
evidently

€ 2/X
7;7=ZZ<H*5)C' N C)

In actual practice the current does not jump with the
suddenness required by this theory. With very small values
of X/H? the current is practically zero. In fact, recent ex-
periments by Owen and Halsall' and by the writer 2 show
that with a number of metals and under the best conditions
the current at this stage is well under one-thousandth part of
the maximum value. This state of affairs persists until at a
certain stage the value of the current begins to rise with in-
creasing X/H? The rate of increase of the current is small
at first, rapidly becomes greater, and then falls off again; so
that ultimately the current exhibits a slow asymptotic ap-
proach to the final maximum value appropriate to large
values of X/H? This divergence between theory and ex-
periment is probably to be attributed to the fact that the
ions do not set out from the hot body with zero velocity.
We shall see later that at the moment of liberation the dif-
ferent ions set out with velocities which extend over a wide
range of values.

Although this lack of sharpness rather restricts the ac-
curacy of this method of measuring e/m, the values given
by it were quite exact enough to settle the nature of the
negative ions. The value given by Thomson’s experiments
was e/m = 87 x 10% in E.M. units. This number agreed
quite well with the values which had been obtained shortly

L+ Phil. Mag.,” Vol. XXV, p. 735 (1913).
2Ibid,, Vol, XXVI, p. 458 (1913).
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before by Thomson and by Wiechert for the cathode rays,
by Lenard for the Lenard rays, and by Thomson for the

violet light. Before these experiments were made, the
greatest value of e/ with which we were familiar was that
for hydrogen, the lightest chemical atom, in electrolysis. The
value for hydrogen is 9649 x 10® in E.M. units. The value
found for the negative ions coming from the carbon filament
was thus about 9oo times as large. The importance of these
experiments can hardly be over-estimated. Taken in con-
junction with other experiments which served to establish the
view that the charge e carried by these ions was the same as
that carried by a monovalent atom in electrolysis, they showed
that the negative ions now under consideration were particles
of much smaller mass than the chemical atoms. In other
words, they proved that the carriers of negative electricity

believed to form an important part of the structure of all
chemical atoms.

Later experiments have confirmed these conclusions and
extended the list of substances investigated. Owen?! using
a method similar to Thomson’s found the value ¢/ = 565
x 10% for the negative ions coming from a Nernst filament.
Wehnelt? found that for the negative ions emitted by a
speck of lime on a hot platinum cathode the value of e/m
was 1'4 x 10". His method was different from Thomson’s.
He showed that when a speck of lime was placed on a hot
platinum cathode it formed the source of an intense beam of
negative ions. The path of this beam was made visible by
the luminosity it caused in the surrounding gas. The ex-
periment was arranged so that practically all the fall of po-
tential in the tube occurred close to the cathode, the rest of
the track of the ions being almost free from the influence of
the electric field. A uniform magnetic field H was then ap-
plied, so that the lines of force were parallel to the surface of
the cathode and thus perpendicular to the direction of pro-

1¢¢ Phil. Mag.,” vi. Vol. VIII, p. 230 (1g04).
2¢ Ann. der Phys.,” Vol. XIV, p. 425 (1904).



~  CONSIDERATIONS OF A GENERAL CHARACTER 11

jection of the ions. Under these conditions the path of the
ions is a circle of radius

2
77

A

T

- (5

€

in a plane perpendicular to the magnetic intensity. v the
velocity of projection of the ions is given by the equation
mv? = Ve, where V is the applied potential difference; so

that
€ 2V
/m= e - - ©

The radius » of the path of the ions was measured by photo-
graphing the luminous track. The writer,! using a method
which will be described later,? found the following values of
¢/m for the negative ions emitted by hot bodies : for platinum
145 x 107 and for carbon 1°49 x 10". It is probable that
the differences between the values of ¢/ found by all the
foregoing observers are due to errors of experiment and that
all the values are too low.

More recently a very accurate investigation has been
published by Bestelmeyer,® who used an improved form of
Wehnelt’s method. He found ¢/ = 1:766 x 107 E.M. units.
This result is to be regarded as of a far higher order of ac-
curacy than any of the preceding ones. It is unlikely to be
in error by as much as 0’5 per cent. An entirely different
method which preliminary experiments indicate to be capable
of high accuracy has recently been developed by Langmuir
and Dushman.*

The value of ¢/m for the positive ions emitted by hot
bodies also was first measured by Thomson.® The results
of the researches in this direction will be considered at length
later.® At present we shall content ourselves with the general
statement that for the positive ions the values of ¢/ have

14 Phil, Mag.,” vi. Vol. XVI, p. 740 (1908). ? P. 196, chap. vI.

8 « Ann, der Physik,” iv. Vol. XXXV, p, gog (1911).

4 ¢ Phys. Rev.,” ii. Vol. III, p. 65 (1914).

s « Conduction of Electricity through Gases,” p. 217. Second edition
(Cambridge, 1906).

8 Chap. vi. p. 194 ; chap. viL p, 261,
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always been found to be as small as those occurring in elec-
trolysis. This shows that the positive ions liberated by hot

mensions.

GENERAL EXPERIMENTAL METHODS.

The methods used in investigating the dependence of
thermionic currents on various physical conditions, such as
the temperature of the hot body, and the pressure and nature
of the surrounding gaseous atmosphere, naturally depend to a
considerable extent on the properties of the substance under
examination. For those substances which are available in the
form of wires or filaments, and which conduct electricity, as
well as for numerous other substances which, owing to the
magnitude of the effects to which they give rise, can be tested
in the presence of a hot metal on whose surface they are de-

Numerous experiments made on different substances, and by
various investigators, show that there is no considerable differ-
ence in the observed effects which arise from the employment
of an electric current as the heating agent, as compared with
those which arise when other methods of heating are used;
provided the same temperature is attained, and the other
physical conditions are identical. Perhaps the most convincing
evidence in this connexion is furnished by some experiments
made with lime-covered cathodes by Fredenhagen,! who, after
setting out to prove the contrary proposition, finally concluded
that the method of heating made no difference. No doubt the
electric and magnetic fields due to the heating current do influ-
ence the motion of the ions to some extent, but the effects
thereby arising are usually not of serious importance unless
very large currents are employed.?

The essential features of the type of apparatus most gener-
ally serviceable are exhibited in Fig. 1. The filament A to be
tested is welded to stouter leads B and C. These in turn are

14 Phys. Zeits.,” Jahrg. 13, p. 539 (1912); * Leipzige. Ber.,” Vol. LXV,

p- 55 (r913).
2See, however, p. 61.
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welded or hard soldered to platinum wires sealed into the
glass bulb D A lies on the axis of a cylmdncal electrode E

lead F The tube H enables the bulb to be exhausted and

sealed oft or connected to the apparatus for supplying various
gases, measuring the pressure, etc. The precise construction
of such a bulb depends on the nature of the substance A ex-
perimented with. If A is a platinum wire then all the metal
parts inside the bulb are best made entirely of platinum. The
whole apparatus can then be thoroughly cleaned with boiling
nitric acid and distilled water. Tungsten

filaments require to be electrically welded, 8
in an atmosphere of hydrogen, to the stout

leads which may be of iron or copper. \
Carbon filaments have to be joined with /
paste as in constructing incandescent lamps.

Most nfhnr mofpﬂa!s are to hp nrp]ded to A

<

the supports if possible, otherwise hard E

soldering may be employed. In experi-

ments of this character it is often of the

utmost importance not merely to secure

the chemical purity of the materials used,

but to make sure that not even the smallest ‘
¢y

traces of gases are liberated in the bulb
during the course of the experiments. The
best way of accomplishing this is to heat the
tube D to a high temperature whilst it is exhausted by a
Gaede pump, assisted by a liquid air and charcoal condenser.
Meanwhile the wire A is glowed out electrically, and, in order
to drive every trace of gas out of the cylindrical electrode E,
it is desirable that this should be heavily bombarded by
cathode rays, obtained by applying a high negative potential
to A. To maintain the tube D at a high temperature without
its collapsing under the external pressure during the exhaustion,
it should be heated in a vacuum furnace. A suitable form of
furnace may be constructed with a heavy water jacketed brass
base provided with holes for the tube H and the leads B, C,
and F. The holes can be made airtight with glass and seal-

Fic. 1.
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ing-wax, and an additional hole for the insertion of a
platinum thermometer or thermocouple is desirable. On the
I I lindrical 1 bell jar. the li [
being made airtight with a rubber gasket. The brass cylinder
is balanced by weights attached to ropes passing over pulleys
so that it can easily be moved up and down. The furnace
itself is inside the brass cylinder, and rigidly attached to it.
It consists, starting from the inside, of a vertical cylinder of
some non-oxidizable metal such as monel metal or nickel;
this is insulated by a layer of mica, over which is a winding
of nichrome strip having a suitable resistance and current-
carrying capacity. Between the nichrome winding and the
outer brass cylinder is a thick packing of fireclay and asbestos.
The leads to the nichrome strip and the exhaust can be let
in through the cover of the brass cylinder. This, as well as
the brass base, should be water cooled. With such an arrange-

the experimental bulbs can be exhausted for several days at a
temperature of about §70° C. without collapsing. A vacuum
furnace of this type in actual operation is shown in Fig. 2.
Many experiments can be made without taking these
elaborate precautions, but we shall see later! that if we wish
to be sure of obtaining the effects which are characteristic
of the pure metals in the absence of a gaseous atmosphere we
cannot afford to dispense with the manipulation just described.
Almost all the phenomena under consideration are very
sensitive to small changes in temperature ; so that even when
it is not necessary to know the actual temperature of the
filament A it is essential that it should not vary. A very
sensitive temperature control is provided by a method which
involves the measurement of the resistance of the filament.
For this purpose, in carrying out the experiments, the filament
is made to form one arm of a Wheatstone’s bridge which is
actuated by the battery supplying the heating current. The
arrangement of apparatus for measuring the thermionic current
which flows from the filament A to the cylinder E is shown
diagrammatically in Fig. 3. K, L, and M are the three other

1 See chaps, 1. and 1v,
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resistances which form the arms of the Wheatstone’s bridge,
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the bridge galvanometer G being provided with the key N.
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The main heating current is supplied by the battery P and
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regulated by the system of rheostats ), R, S. In these ex-
periments a very fine adjustment of the current is necessary.
This i lied by placi f the rheost R 1S i
parallel. Then if, for example, the total resistance of R is
very much larger than that of S a displacement of the slide
wire of R will make very little difference to the total resistance
of the combination R, S. In this way any degree of fineness
of regulation is obtainable. Since A is to be heated to a high
temperature it is necessary that a large current should flow
through it. Thus M must be a resistance comparable in
magnitude with A, and capable of carrying a large current
without heating. If then K and L are both large compared
with M and A, practically all the current will flow down the
arms M, A, and the arms K, L will not be in danger of over-
heating even when the bridge is adjusted. Although there
is a great disparity in the resistances of adjacent arms of
he brid hi . ors )
ture indicator on account of the very large currents which
flow down the arms A, M. In making observations at a
constant temperature the bridge is adjusted initially and the
galvanometer spot is kept on the zero subsequently by altering
the controlling resistances Q), R, S. It is desirable to provide
a shunt for the bridge galvanometer G as the currents through
it may be quite large before the final adjustments are made.
In order to measure the thermionic current the cylinder E
is connected to a point V in the heating circuit through the
battery U, the switch T,and the current-measuring instrument
C. The battery U is required, in general, to drive the ions
across the gap AE. The nature of C depends on the mag-
nitude of the currents to be measured. If these are large an
ordinary galvanometer or even a millammeter may be used,
but for the small currents obtainable at low temperatures an
electrometer has to be employed. The writer has found! a
very convenient and universal arrangement to consist of a
quadrant electrometer set up so that various capacities or
resistances can be thrown in across the quadrants. For the
smaller currents the time rate of deflections are then measured

14 Phil. Mag.,” Vol. XXII, p. 675 (1911).
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either with or without additional capacity across the quadrants.
For the larger currents the steady deflections across the re-
sistance are observed.

For measuring the temperatures of the filaments various
— methods have heen employed. For those materials, such as—
platinum and tungsten, whose resistance as a function of
temperature is known with sufficient accuracy it is most con-
venient to deduce the temperatures directly from the measured
values of the resistance. For exact work it is necessary to
take account of the fact that the temperature falls off towards
the ends of the filament, and is uniform only in the middle.
This difficulty can be overcome if the cylinder E is divided by
horizontal sections into three separate parts, the upper and
lower cylinders then functioning as guard rings. It is also
important that the resistance-temperature calibration should
be made under the conditions of temperature distribution
obtaining in the experiments. This can be secured by placing
minute fragments of salts of known melting-point on the
central portion of the wire or filament after it has been removed
from the experimental tube. The wire is then heated electri-
cally in a suitable atmosphere and the resistance at which the
salts melt determined. The observation of the melting of the
salts is made with a low-power microscope. It is desirable
that some of the salts chosen should have their melting-points
in the temperature region under investigation. The pieces of
salt should be very minute, otherwise their temperature will
not be the same as that of the filament on which they are
placed. In some cases small bits of fine metal wire or foil can
be used instead of salts. A list of fixed temperatures which
are often useful in this kind of work is given in the following
table, The melting-point of tungsten is the result of an ac-
curate determination by Langmuir.! The remaining tempera-
tures above the melting-point of iron (1503° C.) are taken
from the “Recueil de Constantes Physiques,” published by
the French Physical Society in 1913, the others are taken
from a list of reliable fixed points supplied by Dr. J. A,
Harker to the Cambridge Scientific Instrument Company :—

1¢¢ Phys. Rev,,” Vol. VI, p. 138 (1915).
2
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Temperature of— Degrees Centigrade.

Liquid hydrogen . . . . . . . - 253

» OXygen . . . . . . . . =182

——— Meltingiee—— ; ; : . . s . ©

Boiling-point of water at 760 mms. pressure . . 100
- of naphfhalpnp at 75n mms, pressure . 220

Melting-point of tin. . . . . , . 232

" of lead . . . N . . 327

' of zinc . . . . . 419

Boiling-point of sulphur at 760 mms. pressure ., . 445

Melting-point of aluminium . . . . . 657

v of sodium chloride . . . . 800

” of silver (in air) . . . . . 955

” of silver (in reducing atmosphere . 962

’ of gold . . . . . . 1064

' of K,SO, . . . . . . 1070

" of nickel . . . . . . 1427

" of iron . . . . . . 1503

" of palladium . . . . . 1542

. of platinum . . . . . 1755

' of zirconium . . . . . 2350

. of iridium . . . . . . 2360

' of tantalum . . . . . 2798

» of tungsten . . . . . 3267 + 30

The resistance method of deducing the temperature has
the advantage that it does not introduce any complications
into the experimental bulbs. On the other hand, it often
involves a separate research into the resistance-temperature
relations of each substance investigated, and moreover, the
resistance of some substances is not a sufficiently definite
or sensitive function of temperature. The method of most
general applicability is the thermocouple, but this is difficult
to employ in the case of fine filaments on account of the local
reduction of temperature caused by its presence. In any
event the thermocouple should be made of very fine wire,
and a calibration under conditions as near as possible to the
experimental should be carried out, as with the resistance
method, The couple should be welded to the centre of the
hot wire if this is possible, or it may be cemented with pla-
tinum chloride solution, afterwards converted into platinum
by heating.,! For temperatures up to about 1500° C. couples
of platinum and the alloy 9o per cent platinum + 10 per cent

1 Deininger, ‘* Ann, der Phys.,” iv. Vol, XXV, p. 292 (1908).
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rhodium are satisfactory. For still higher temperatures it is
probable that tungsten-molybdenum couples could be used.
methods may be employed. The easiest of these methods
is to compare the intrinsic brightness of the filament with
that of a second filament, used as an intermediate standard,
whose brightness is regulated by controlling the power sup-
plied to it. The intermediate standard is finally calibrated
against a surface of the same material heated in a furnace
to known temperatures. Up to the present optical methods
have not been much used in this kind of work.

The writer ! has pointed out that some of the thermionic
properties of bodies are well adapted for development into
thermometric methods at high temperatures, but the de-
velopment of the technique has not been sufficiently rapid
for such methods to be considered practical at the present
time,

As an illustration of the application of the thermocouple
method reference may be made to an apparatus used by Dein-
inger.? This apparatus represents several variations from
Fig. 1, which are of advantage for special purposes. The
upper lead B of Fig. 1 is bent round inside the bulb so as
to pass downwards outside the cylinder E and come out of
the bottom of the bulb alongside C. The two leads of the
thermocouple are also brought down to the bottom of the
bulb. All four leads are mounted in a stopper which is
fitted to the bulb by a mercury-sealed ground glass joint.
The cylinder E is provided with a vertical slit through which
the wire A can pass. Thus the whole system of filament
and thermocouple can be withdrawn from the apparatus.
In order readily to interchange the filaments the welded
joints between A and B and A and C respectively are
replaced by small screw clamps. This type of arrangement
has obvious advantages where it is desired rapidly to change
the material under investigation. On the other hand, it has
not been found feasible, up to the present time, completely

14 Phys. Rev.,” i. Vol. XXVII, p. 183 (1908).
2 ¢ Ann, der Phys.,” iv. Vol. XXV, p. 288 (1908).
2 *
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to eliminate traces of gas from apparatus containing ground
glass joints; so that this type of apparatus is useful only

— when the effects of such traces of gas are relatively un-
important.

A convenient arrangement for making rapid qualitative
tests of the sign of the ions emitted by hot wires has re-
cently been described by Hopwood.! This consists in bring-
ing an electrically-charged rod near a long loop of the
electrically-heated wire which is connected to earth. The
loop will only be deflected provided it does not emit ions
of the sign opposite to the charge on the rod.

RELATION BETWEEN THE CURRENTS AND ELECTRO-MOTIVE
FORCE AND GAS PRESSURE,

The first experimental investigation of this question was
made by McClelland ? with an arrangement similar to Fig. 1
in its main features. In all these experiments the tempera-
ture of the filament is kept constant and the general character
of the results to be described is independent of the nature of
the material used, provided that the filaments have been
heated for a considerable length of time (see pp. 60 and 182).
At pressures comparable with atmospheric the relation between
the current and the difference of potential maintained be-
tween the filament and the cylinder is similar to the left-hand
half of the curve shown in Fig. 4, although this figure actu-
ally refers to another case. With low voltages the current
is proportional to the applied potential difference, but as the
potential difference increases, the rate of increase of the
current gradually falls off until finally saturation is attained.
There is thus a definite limit to the number of ions liberated
by the glowing filament in unit time. In air at low tempera-
tures this description applies only when the filament is posi-
tively charged ; there is no appreciable current when the wire
is charged negatively. At higher temperatures similar results
are obtained whether the filament is charged positively or ne-

1+ Phil. Mag.,” Vol. XXIX, p. 362 (1915).
3¢ Camb. Phil, Proc.,” Vol. XVI, p. 2g6 (1go1).
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gatively, the ratio between the saturation current with the wire
negative and that with the wire positive increasing continuously

With pressures of the order of I millimetre of mercury the
current-E.M.F. curves were found to be entirely different.
With the filament negatively charged there was no indication
of saturation. The current in general increased more rapidly
than the first power of the potential difference. The effects
observed with a posztively charged wire at these pressures are
exhibited in Fig. 4, which actually refers to this case. At
intermediate voltages there is evidence of saturation, but this

100

80
7 70

Current.

0 0 80 120 160 200 240 280 928 ¥
Volts.
Fic. 4.
stage is succeeded by a stage in which the current again in-
creases with rising potential difference.

McClelland showed that these phenomena could be ex-
plained in a general way on the hypothesis that the ions
liberated at or near the surface of the filament were able,
under the accelerating influence of the electric field, to produce
new ions by impact with the neutral molecules with which
they collided. In the case of the positive ions this increase
in the current due to ionization by impact did not begin to
make itself felt, in the example shown in Fig. 4, until there
was a difference of potential of over 200 volts between the
electrodes. The existence of saturation with lower potentials
showed that all the ions initially liberated were being collected
by the cylinder, and, as the current was independent of the
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electromotive force in this region, there was no additional
current depending on the energy of the impacts, The absence
wire makes it necessary to suppose that ionization by col-
Iision sets in before the stage at which saturation is reached.
Thus the part @, é of the curve in Fig. 4 is missing when the
wires are charged negatively. Another consequence of this
interpretation is that ionization by impact is effective with a
smaller fall of potential for negative than for positive ions.
The hypothesis of ionization by impact had previously been
put forward by Townsend and J. J. Thomson to account for
somewhat similar phenomena exhibited by other sources of
ionization. McClelland’s experiments seem, however, to have
first indicated definitely that positive ions could give rise to
new ions by collision.

A more detailed examination of the relation between cur-

: ! el e f » ivelv f ]
wires has been made by H. A. Wilson.! Some of the results
obtained by Wilson at pressures ranging from 070036 mm. to
760 mm. are shown in Figs. 5 and 6. If the increase of cur-
rent beyond the horizontal line corresponding to the lowest
pressure (0'0036 mm.) is due to ionization by collision, Wil-
son showed that, according to Townsend’s theory,

\Vs _ (NEpa/V)log®/a
E Tc‘;g'"%{“"

provided V/palog?/, is greater than 200. In this equation
n, is the number of negative ions which reach the cylinder in
unit time, #, is the number emitted by the hot wire (of circular
section) in the same time, V is the applied potential difference,
p the gas pressure, 4 the radius of the cylinder, @ that of the
wire, N the number of ionizing impacts per moving ion per
cm., and E the potential fall necessary to acquire the ionizing
energy (ionizing potential). This formula was found to re-
present the experimental results satisfactorily, with N = 3-04
and E = 177 (volts). The values of the constants are in
satisfactory agreement with those deduced by Townsend from

_ (Npr}V)logb/a}

log ny/n, = —e

(7)

14 Phil, Trans., A.,” Vol. CCIl, p. 243 (1903).
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experiments with ionized air at ordinary temperatures, when
allowance is made for the difference in the number of mole-
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cules in unit volume of a gas at a definite pressure due to
change in temperature. The results point to the rather im-
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portant conclusion that ionization by impact depends solely
on the nature of the molecules, and their distance apart, and
has nothing directly to do with the temperature of the gas.
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Referring to Figs. 5 and 6, we see that both at very high
and at very low pressures the current is independent of the

former case the molecules are so crowded together that the

ions never move freely long enough to acquire the energy
necessary for impact ionization: in the latter case there are no
molecules to collide with. Thus ionization by collision will
occur only over an intermediate range of pressures whose ex-
tent is determined by the magnitude of the applied potential
difference. In fact, if we maintain a constant potential on the
filament, and gradually increase the pressure, starting from
zero, the current will increase to a maximum value, and then
fall off again. This experiment was made by Wilson, who
showed that the pressure for the maximum current agreed
with the value calculated from equation (7).

A series of observations of the relation between the currents,
different pressures, was made by the writer,! using a platinum
wire in an atmosphere of oxygen. The curves are similar to
those shown in Figs. 5 and 6, except that, at a given pressure,
the potential difference at which ionization by collision begins
to make itself felt is much higher than when the wire is charged
negatively.  The increase of the current to a maximum
value at intermediate pressures when the applied potential dif-
ference was kept constant was also observed when the wire
was charged positively. These results could be explained by
the theory of ionization by collisions on the assumption that
positive ions, as well as negative, were effective, and led to an
estimate of the magnitude of the ionizing energy for the posi-
tive ions from hot bodies similar to that which had been de-
duced by Townsend for the positive ions set free in gases by
other agencies.

Recent experiments by Pawlow? and by E. v. Bahr and
J. Franck,® using a more direct method, have led to more de-
finite information as to the impact ionization caused by the

14 Phil. Trans., A.,” Vol, CCVII, p. 8 (1906).
14 Roy. Soc. Proc., A.,”” Vol. XC, p. 398 (1g914).
8¢ Verh. der Deutsch. Physik., Ges. Jahrg.,” 1914.
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positive ions from hot bodies. These researches show that
ionization by impact sets in at ionizing potentials which are

ne ame both O DO e_and neoea p ons. A

these low potentials, however, the positive ions are compara-
tively inefficient, and their ionizing power only becomes com-
parable with that possessed by the negative ions at much
higher potentials. It is this last-named property which ac-
counts for the observations recorded by McClelland and the
writer.

THE ELECTRON THEORY.

We have seen that in 1899 Thomson showed that the
negative ions liberated from a hot carbon filament at a low
pressure were electrons. About that time a considerable
amount of evidence had been accumulated which indicated that
with progressively increasing temperatures and diminishing
pressures, the proportion of the number of negative to the
number of positive ions liberated at the surface of hot metals
became increasingly greater. McClelland! showed further
that at fairly low pressures the currents from a negatively
charged platinum wire were influenced little, if at all, by
changes in the nature and pressure of the surrounding gas.
At the same time the electron theory of metallic conduction
had made considerable advances owing to the researches of
Thomson,? Riecke,® and Drude.* According to this theory the
conductivity of metals arises from the presence in them of an
atmosphere of electrons. These are supposed to be in violent
motion like the molecules of a gas according to the kinetic
theory of gases. The effect of an applied electric field is to
superpose on the haphazard heat motion of these electrons a
definite average velocity of drift in the direction of the electric
potential gradient. This drifting of the electrons constitutes
the electric current. The energy of the heat motion of these

14 Camb, Phil. Proc.,” Vol. X, p. 241 (1900).

34 Applications of Dynamics to Physics and Chemistry,” p. 2g6. London
(1888) ; Congres Int. de Physique, Paris (1goo); * Rapports,” Vol. III, p. 138.

3¢ Ann, der Phys.,” Vol. LXVI, pp. 353, 545, 1199 (1898); Vol. II, p. 835
(1900).

$Ibid,, Vol. 1, p. 566 ; Vol. III, p. 369 (1g900).



26 EMISSION OF ELECTRICITY FROM HOT BODIES——

internal “free electrons,” as they are often called, will increase
with rising temperature; and one might expect that at suffi-
ciently high temperatures this energy would be great enough
to carry them out through the surface of the hot body. Under

negative but not positive electricity and the expected pheno-
mena would be similar to those which appeared to characterize
the discharge of negative electricity from hot bodies, so far as
they were then known. The probability of such a view ulti-
mately proving correct was pointed out by Thomson! in 1900.
From this standpoint the escape of negative electricity from
hot bodies is closely analogous to the escape of the molecules
of a vapour from a solid or liquid during evaporation. It is,
in fact, a kind of evaporation of electricity. The first calcula-
tions of the thermionic currents to be expected at different
temperatures, on the view that the discharge from a negatively
charged conductor was carried by electrons shot out owing to

who also adduced fresh experimental evidence in support of
his conclusions. The theory of these effects will be considered
at length in the next chapter; but for the sake of brevity and
clearness the historical order of development will no longer be
strictly followed.

1¢ Paris Rapports,” Vol. 111, p. 148.
2¢ Camb. Phil. Proc.,” Vol II, p. 286 (xgor); * Phil, Trans., A.,”’ Vol. CCI,

pP- 497 (1903).



CHAPTER 1L
THEORY OF THE EMISSION OF ELECTRONS FROM HOT BODIES.

THERMODYNAMICAL CONSIDERATIONS.

THE experiments recorded in the last chapter, and others to
be described later, show that@ectrons are continually being
emitted by hot solids even in a good vacuum., Consider the
case of a hot solid or liquid, whose vapour pressure is negli-
gible, contained in an exhausted vessel whose walls are in-

sulators of electricity, the whole system being maintained at a
uniform temperature T. Then there will be an accumulation
of electrons in the vacuous space arising from the emission re-
ferred to. This accumulation will not go on indefinitely be-
cause some of the electrons, on account of their heat motion,
will always be returning to the hot body from which they
started. In consequence of these two processes a balance will
ultimately be established when as many electrons return to the
hot body as are emitted from it in any given interval, In this
steady state there will be a definite number ~ per unit volume,
on the average, in the vacuous enclosure, and they will exert
a definite pressure p. If the enclosure is provided with a
cylindrical extension in which an insulating piston can move
backwards and forwards, this pressure p can be made to do
work against an external force. For simplicity we may sup-
pose that the walls of the enclosure and the cylinder and
piston do not emit any appreciable number of electrons at the
temperature under consideration. They are to be regarded
simply as geometrical boundaries impervious to electrons.

The relation between the pressure of these electrons and
the temperature of the enclosure can be found by an applica-
tion of the second law of thermodynamics. The advantages

27
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of this method are that the results are independent of any
suppositions about the condition of the electrons inside the

degree of certamty attamable in no other way, inasmuch as

the second law of thermodynamics is one of the very few
principles in physics to which there are no exceptions,

We know that it follows from the second law of thermo-
dynamics that the entropy S of any system is a complete dif-
ferential when T and p or T and v, where v is the volume of
the system, are taken, respectively, as pairs of independent
variables. For our present purpose a knowledge of the total
entropy S of the system is not required. All we need is an
expression for S, the increment in the entropy caused by a
motion of the piston. If ¢ is the change in the energy of the
system which accompanies the transference of each electron
from the hot body to the surrounding enclosure, then

dS = ff { d(nvd) + pa’v}

H

1 {(o+ e o NGy + o Pt

Thus( ) (p+n¢+vb<n¢))//r . . . (2
R

20

By equating the values of 2 :?I‘ given by (2) and (3), we find

gf-=z>+n¢ . Y

D . . s
since <;zj) = o unless the piston is quite close to the emitting

surface. Now the pressure p exerted by the electrons
on the piston will be the same as that exerted at the
same temperature by a perfect gas having the same number of
molecules in unit volume. In the case that we are considering
it is to be remembered that the concentration # is so small that
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effects arising from the mutual repulsions of the electrons are
negligible. Thus

p = nkT (s)
where # is the gas constant reckoned for a single electron. By
substituting the value (5) in (4) we find

an o)

n  FI?
T
¢ T

or 7 = Aef kT ¢ . . . - 0

where A is independent of T, We have thus found a relation
between the number, per unit volume, of the electrons which
are in equilibrium with the hot body at a point not too near
its surface, and the change of energy which occurs when an
electron is emitted by the hot body.

In the experiments on thermionic currents we do not
_ measure the number z of electrons in equilibrium witha hot
body but the number N emitted by unit area of its surface in
unit time. There is, however, a simple relation between these
two quantities. We shall assume as a sufficiently close ap-
proximation to the truth for our present purpose that all the
electrons which return to the hot body from the surrounding
space are absorbed by it. The limitations thus introduced
will be considered later.! According to the principles of the
kinetic theory of gases, which there is every reason to believe
will apply with exactness to the behaviour of the external
atmosphere of electrons, the number N’ which reach unit area

in unit time is

AT . . . ..

, £T

N =mn '2—7"_—1; . . . . (8)
where m is the mass of an electron. But in the state of
equilibrium contemplated the number of electrons emitted by
the hot body in unit time is equal to the number which return

toit. Thus
T
¢

N=N=AJi_ﬂeﬂ? (9)
27Tm

1Cf, p. 48
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If ¢ is the electronic charge, the saturation current ¢/ per
unit area of the hot body is

Py /v ~\
= INe . . . - (10)

So that if we knew the relation | . and T. equati

(9) would completely determine the relation between the
saturation current and the temperature at all temperatures if
its value at a single temperature were given.

THE RELATION BETWEEN ¢ AND T.

An approximate idea of the way in which ¢ varies with T
may be obtained by a rather different thermodynamic argu-
ment. We consider! two conductors A and A’ of the same
material, each of sufficiently large size. A and A’ are main-
tained respectively at the temperatures T and T’ and are con-
nected by a thin conductor of the same substance covered with
an insulating material impervious to electrons. Each con-
ductor is surrounded by an evacuated chamber with insulating
walls, and by means of a suitable arrangement of pistons and
cylinders electrons can be transferred reversibly from one
chamber to another in the manner described below.

In general, although the parts A and A’ are connected by
a conductor their surfaces will not necessarily be at the same
potential on account of the difference of temperature. Such
a difference of potential may arise, for example, if the contact
difference of potential of metals depends upon temperature.
Let us suppose that the potentials of A and A’ when connected
together are V and V' respectively, and that V is greater than
V’.  Surround A by a surface maintained at the potential V',
The effect of this will be to reduce the pressure of the electrons
from the equilibrium value p characteristic of A at temperature
T to the value g, outside the equipotential surface referred to,
where

vV -V
log p, = logp - e—(—*‘%jl:”—'“) . . (11)

Equation (11) follows from the supposition that the pres-

1 Cf. O. W. Richardson, * Phil. Mag.,” Vol. XXIII, p. 602 (1912) ; ** Electron
Theory of Matter,” p. 448. Cambridge (1914).
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sure of the electrons obeys the law of a perfect gas p = n£T.

No work against the electrical forces will now be done if we
—remove some of the electrons which—have passed throughthe ———
equipotential surface from the chamber surrounding A to that

surrounding A’,

Now suppose that N, electrons are taken out of A (Fig. 7)
by means of the piston and cylinder working in the walls of
the surrounding chamber, at temperature T, potential V’, and
pressure p,. They are then caused to expand adiabatically
to the temperature T’. The expansion is continued iso-
thermally at T’ to the pressure p’, which is the equilibrium
pressure of the electrons outside A’. They are then allowed

Fra. 7.

to condense in A’ and finally to run down the connecting

conductor to A, Since the conductor varies in temperature

from point to point they will absorb heat in it to the amount
T

Noej odT, where o is the quantity of heat liberated when
Tl

unit quantity of electricity flows down unit difference of tem-

perature under these conditions. If we apply the equation

j‘fTQ = 0 to this reversible cycle, we find after calculating the

amount of work in each of the processes already indicated,
and substituting from (11), that, if ¢ is the ratio of the specific
heats of the electrons at constant pressure and at constant
volume,
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- —fié, + k{log/ﬁ - logp - ';—{-!_—I (log T - log T')}

/T
+€/T,TdT=O N ¢ )

7 toeT+ 2o oaT -
or 1ogp-7_llog'1+“.+kfo,rd1“ A . (13)

where A is independent of T. Differentiating this equation
by T and substituting from (5) we find

o) _I_ch €0

L on 1 I
Adf 1T T ER AT aT o U9
But from (6)
Lo
ndT = AT:
d k
hence j’(ii = T . . . (13)

The value of ¢ in these expressions will not in general be
quite the same thing as the specific heat of electricity measured
with voltaic currents, The reason for this is that ¢ refers toa
virtual displacement of the electrons, and the conditions of
motion affecting such a virtual displacement will not in general
be the same as those for a steady flow.! However, the dif-
ferences arising in this way are negligible unless the conditions
affecting the motion of the electrons vary very rapidly with
temperature, and, in any event, there are good reasons for
believing that such differences are only capable of giving rise
at the most to effects of the same order of magnitude as those
arising from the specific heat of electricity. Without being able
to enter into the details of the conditions, about which nothing
is known definitely, affecting the motion of the electrons inside
the conductor, we may conclude that ¢ is a quantity com-
parable with the measured value o, of the specific heat of
electricity.

Among the substances where Thomson effects have been
investigated the value of ¢, is greatest for bismuth. For this
substance the value of eg, is about one-tenth of Z/(y — 1), if

1 Cf. N. Bohr, ¢ Phil. Mag.,” Vol, XXIII, p. 984 (1912).
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we take y = §/3. As regards the other metals o is positive for
some and negative for others. It is evident that es will in
_ general be much less than %/(y = 1); so that the greater part
of the variation of ¢ with T will be determined by the first
term on the right-hand side of (15). As a first approximation
then we may put ec = 0 and

% _ k& _3
D—T—v—l—zk’or
b=+ IET . . . . (6

To this degree of approximation we see from (9) that
f = Ne = AT~ ¢lFT | . . (1)

where both A and ¢, are independent of T.
The first application of the principles of thermodynamics
to the formation of ions by hot bodies was made by H. A.

SOT] OO0T. o aeveropme are gtv 1T PDa S DV

Wilson 2 and the writer.?

THE Crassical KINETIC THEORY.

According to a well-known theorem of the kinetic theory
of gases, there is a simple relation between the number of
molecules per unit volume at any two points of a system at
a uniform temperature and the work required to displace a
molecule from one point to the other. Applying this theorem
to the case now under consideration, it follows that if », is the
number of free electrons in unit volume of the interior of the
hot body, the notation being otherwise as before,

n = ne— ST . . . (18)

Combining this result with the relation already obtained be-
tween the number N emitted in unit time and the number
in unit volume of the space outside the hot body in the state

1« Phil. Trans., A.,” Vol. CXCVI], p. 429 (1901).

2 Ibid., Vol. CCI1I, p. 258 (1903) ; * Phil. Mag.,” Vol. XXIV, p. 196 (1912).

3 « Jahrbuch der Radioaktivitaet,”” Vol. I, p. 302 (1904); * Phil. Mag.,” Vol.
XXIII, pp. 601, 619 (1912); ibid., Vol. XXIV, p. 740 (1912) ; sbid., Vol. XXVIII,

p. 633 (1914).
3
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of equilibrium, the saturation current per unit area is given by

k
= ne »\/ The — ¢4T (19)
N2mm N
I and 1 lent of T-this is of the f
= ATle— ¢ rr, . . . (20)

and if n; is proportional to T32 and ¢ is independent of T,
7= AyT?% — ¢ T . . . (21)

In these equations A; A, and ¢, are, under the suppositions
named, independent of T. Equation (21) is of the same form
as (17). Equation (19) can readily be deduced?! by a direct
calculation of the number of electrons which escape from unit
area of a metal in unit time, under the supposition that the »,
free electrons present in unit volume of the interior have a
velocity distribution in accordance with Maxwell's law, and
that each has to do an amount of work ¢ before it can escape
from the surface.

The various calculations which have been referred to in
this section all assume that the behaviour of the electrons in
metals is governed by the laws of the classical dynamics.
This assumption is found to lead to difficulties in other ap-
plications of the electron theory of metallic conduction. For
example, the optical properties of metals lead us to conclude
that the number of free electrons present in them is quite large,
and if this large number of electrons possessed the kinetic
energy which the classical dynamics endows them with, the
specific heats of metals would be very much larger than those
actually observed. The general course of the specific heats of
metals quite precludes the view that there is any considerable
number of free electrons present if the behaviour of the elec-
trons is governed by the laws of the classical dynamics. These
are only a few of the difficulties presented by the application
of the classical dynamics in this field. It would take us too
much out of our course to discuss this question at all fully.
But it appears that a way of escape from most, if not all, of
these difficulties opens up if we reject the classical dynamics

10. W. Richardson, “ Camb. Phil. Proc.,” Vol. XI, p. 286 (1go1).
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and substitute for it the group of hypotheses, conveniently
termed the quantum theory, which has recently been so suc-

. . . . os
of bodies at very low temperatures, the photo-electric effect,
and the theory of the structure of atoms.

THE QUANTUM THEORY.

The bearing of the quantum theory on the emission of
electrons by hot bodies has recently been considered at some
length by the writer.! It appears that, according to the
quantum theory, equation (18) is not universally true, as it is
according to the classical dynamics, but is only a limit to which
a more general expression approaches when the temperature
becomes sufficiently high. The quantum theory is not yet
completely developed, and there is a certain amount of disagree-
ment as to the subsidiary hypotheses to be made in connexion
with it. The nature of these hypotheses will affect the ex-
pression found for the general form of which (18) is a limit.
The calculations are therefore to be regarded as of a provi-
sional character, subject to possible modification as the quantum
theory is developed. In the paper referred to, a calculation of
the general expression corresponding to (18) has been made
on the following assumptions :—

(1) That the heat energy of a gas can be analysed into the
vibrations in its elastic spectrum and that the entropy of this
system of vibrations can be calculated according to the method
given by Planck in developing the theory of radiation ;

(2) That the elastic spectrum is limited by the number of
molecules according to the principles successfully used by
Debye in calculating the specific heats of solids;

(3) That Planck’s hypothesis of zero point energy has to
be taken into consideration;

(4) That the interchange of energy between gas and radia-
tion takes place by quanta, the corresponding frequencies
being twice as great in the gas as in the radiation, in accord-
ance with the principle that the pressure exerted by a given

1« Phil. Mag.,” Vol. XXVIII, p. 633 (1914).
3*
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electro-magnetic radiation has twice the frequency of that radia-
tion; and

') That t! locity of ion of the elastic vibrati
is proportional to the square root of the energy of the cor-
responding vibration.

The first four assumptions have been made by various
writers on the quantum theory, and, so far as the writer is able
to judge, have led to results in different directions which are
in agreement with experience. The fifth hypothesis appears
to be required to make the energy of the molecules take the
equipartition value at high temperatures, and although at first
sight it appears to contradict the known properties of sound
waves, it is not at all certain that the contradiction is a real one.
These hypotheses have been used by W. H. Keesom! to calcu-
late the equations of state of gases and the thermoelectric pro-
perties of metals at very low temperatures. The results have
I found { with the behayi  heli ] ]
peratures and with the general course of thermoelectric
phenomena in the same region of temperature. Moreover, a
form of electron theory of metallic conduction developed by
Wien? along similar lines has been successful in removing a
number of difficulties which the theories based on the classical
dynamics were unable to overcome.

Working from the assumptions just considered, instead of
arriving at (18), which may be written

o n,
¢ = £T log /n2 . . . (22)
we are led to
(w, — wy)/kT =
15, .9 L[5y o1 iy 1-e™
~ 16" %)*“leafozy‘:’i 233 o - 1 3108 mm (23)

where w, and v, are the potential energies of an electron at
the points in the system indicated by the suffixes 1 and 2 re-
spectively, and x, and x, satisfy the equations :—

Fe) =G - gand S = Coy - g5 . (24)

14 Comm, Phys. Lab. Leiden.,” Supp. No. 30 to Nos, 133-144 (1913).
2t Columbia University Lectures,” p. 29. New York (rgr3).
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in which

1 (¥ ¥ 2 MET [4mv)\t
S = ;Ju j _}’!‘: 1= gw <4 ”rl> !

~ 2 MET (4mv,)\8 N

\/2"5Nll2 \QN/’ . . - (<3)
M is the molecular weight of the gas, % is Planck’s constant,
N is the number of molecules in one gram molecule of a gas
(Avogadro’s number), v, and v, are the volumes which would
be occupied by one gram molecule of the gas under the con-
centration which it has at the points 1 and 2 respectively.
The respective numbers of molecules per c.c. at these points
therefore are

Q
> Al

n = %1 and 7, = N/vz'

It is clear that the right-hand side of (23) when considered
as a function of T, », and #», will in general be quite compli-
cated. It simplifies very considerably, however, when the
quantities #, and #, are either both very small or both very
large, or when one of them is very small and the other very
large. It will be seen from (24) and (25) that when C is small
x is large, and vice versa, and that the value of x is completely
determined by that of C. The quantities N, £, and /% ‘entering
into C are universal constants; so that the value of C is de-
termined by that of the product MT#5. It is evidently greater
the greater the molecular weight of the gas, the higher the
temperature and the lower the concentration. We infer from
this that the behaviour of (23) appropriate to small values of
C will at a given temperature occur at much smaller concentra-
tions for an atmosphere of electrons than for an atmosphere of
an ordinary gas, on account of the smallness of the mass of
an electron compared with that of an atom.

When C, and C, are both large, and hence #;, and #, are
both small, (23) reduces, after making use of (24) and (25), to

w, - wy = kT 1og?‘1;; - #T log%’; .. (26)

This agrees with (22), since w, - w, is equal to ¢ for this case.
Thus (22) is seen to be a limit approached by (23) for high
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temperatures, large molecular weights, and small concentra-
tions. These conditions are those in which, from the point of
.  this f £ 4] ” _the_behavi ¢
gases conforms to the requirements of the classical dynamics.
When C, and C; are both small and x, and x, both large
(23) again reduces to a comparatively simple expression, which,
although of importance from the standpoint of the electron
theory of the behaviour of metallic conductors, has no im-
mediate application to the question now under consideration.
According to the electron theory of the optical properties
of metals, the number of free electrons present in the interior
of a metal is comparable with the number of atoms, and is
therefore of the order 10%%. This conclusion is also supported
by a number of other lines of argument. Now the largest
thermionic currents which have been observed in a vacuum
are of the order of a few amperes per square centimetre, which

ole esNONG O_an edqu brium- - numbe 2 O 1 DOU 12 he

temperature of the experiments. As a rule, » would be very
much less than this. In any event, the concentrations of the
external and internal electrons are seen to be of entirely dif-
ferent orders of magnitude. For the internal electrons in fact,
C is small and x large, or at any rate approximates closely
to this condition for the metals which are good conductors;
whereas for the external electrons C is large and x small.
We see, therefore, that it is the third of the alternatives con-
sidered above which is of interest from the standpoint of the
theory of the emission of electrons from hot conductors.

In this case (23) can be shown to reduce to

ny = a3 g(C, x e ~ (w2 - wIT : . (27)
where
4 (3eMEA\3/
a = é—ﬁ?‘(WSN ) (28)
and
£Cm) = (1 - emmpem=on | (ag)

or, using (8),

: 2z /3e\3B ME2 .,
7 = Ne = 5 <-5-—> N7 e1g(C, x))e — wa- walkT, (30)
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A numerical computation shows that over the range
1000° K. to 2000° K., g{C, x,) can be replaced without serious
error by the expression @eT, where a, = 473 and &
is about % as large as the values of the factor (w, - w))/%
which would be deduced if the equation (30) were applied to
the experimental results given by platinum, In interpreting
the results of this computation it is assumed that, over the
range referred to, 7, = N/v, can be considered to be independ-
ent of the temperature, At the higher temperatures this as-
sumption may not be correct, and the value of @, would thereby
be modified. In any event, 2, does depend on the temperature
(it is sensibly equal to unity at all temperatures below 1000’
K.), and the variation of v, with T is not likely to affect the
general character of the conclusions to be drawn. Neglecting
the variation of v, with T it follows that the relation between
the saturation current and the temperature is of the form

7= A2T9e-"2.'1‘ (51)
where
2 /27 (3e\3% MA?
A, = “NZT (36T A . . :
2 9 <5> Nllge x 473’ (32)
over a range from 1000° K. to 2000° K. approximately, and
by = (w, — wy — Gk . . . (33)

It will be noticed that (32) is of the same form as (17) which
was given as a very close approximation by the thermodyna-
mic theory. Since the thermodynamic theory rests on con-
siderations involving a high order of certainty, this agreement
is to be regarded as a point in favour of the quantum theory.
It will also be noticed that according to (32) the constant A,
has the same value for all substances except for the compara-
tively small differences in the quantity a, which has the
numerical value 0'473 in the particular case considered.

CONTACT DIFFERENCE OF POTENTIAL.

There is an intimate connexion between the rate of emis-
sion of electrons from different substances and their contact
differences of potential. This can be shown very simply by
considering the case of an insulating evacuated enclosure con-
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taining two bodies A and B of different materials maintained
at the uniform temperature T. The electrons emitted by A
Now suppose that both A and B are uncharged initially, and
that A emits electrons at a faster rate than B. The greater
rate of loss of negative electrons by A will cause A to acquire
a positive potential relative to that of B. This difference
of potential will not increase indefinitely because the electric
field thus set up will tend to stop the transference of electrons
from A to B. A steady condition will finally be established
in which each of the bodies A and B receives in a given time
as many electrons as it emits in that time, This condition is
also characterized by the occurrence of a constant difference of
potential V between any two points close to the surfaces of A
and B respectively, The number of electrons in unit volume
of the space will then vary from point to point, but will not
of the variables entering into the equations governing the
equilibrium of the electrons! shows that V is independent of
the size, shape, and relative position of the bodies A and B,
and depends only on their nature and the temperature T,
This result holds true both on the basis of the classical dyna-
mics and on that of the quantum theory, The difference of
potential V is, therefore, the intrinsic contact potential differ-
ence of the bodies A and B at the temperature T.

We have seen in the last section that on account of the
small concentration of the electrons in the vacuous space out-
side of the emitting bodies their equilibrium will always be
governed by equation (18). Thus if, in the state of equili-
brium, #, is the number of electrons per unit volume just out-
side A and 7, the corresponding number just outside B,

", _ ~ eVIRT
/n2 ¢ . . . . (34)

since €V is the work done in taking an electron from a point
outside B to a point outside A. If N; and N, are the numbers
of electrons emitted by unit areas of the surfaces of A and B

1Cf. O. W, Richardson, ** Phil. Mag.,” Vol, XXI1II, p, 265 (1912).
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respectively in unit time, we see from equation (8), which
holds true on all the theories we have considered, that

N,/ - [ VAT
/N9 = /n2 = . . . (35)
kT N,/
V="= 2 . . . 6
o € log /Nl (36)

Thus the logarithm of the ratio of the saturation currents per
unit area for any two substances should vary directly as their
contact difference of potential and inversely as the absolute
temperature.

The contact difference of potential is also closely related
to the difference in the values of ¢, the work necessary for an
electron to escape from each of the substances under considera-
tion. Referring to equation (9), which is based on thermo-
dynamics and therefore is inderendent of assumptions about
the conditions affecting the electrons inside the substances,

let N, A,, and ¢, refer to the substance A, and N,, A,, and ¢,
to the substance B, in equilibrium at the temperature T.
Then by taking logarithms of the equations corresponding to
(9) for each substance and subtracting we see that

T
Wl 230 AR T U T G A PO
Y4 dI = log N, log A T log A, (37)
and since A, and A, are independent of T,
AV
¢1‘¢2=‘5V"‘3T‘3T- . . (38)

A similar result may be obtained by a simple application of
the principle of the conservation of energy. Consider the
bodies A and B to be in contact at some portion of their
surface and calculate the work done in taking an element of
electric charge, for example an electron, round a closed circuit
partly inside and partly outside the two bodies, and passing
through the part of the surface where they are in contact. The
work along the part of the path outside the bodies is €V, the
work in crossing the outside surfaces is ¢, in the case of B
and - ¢, in the case of A. The only work done in the part of
the path inside the bodies occurs in crossing the interface
and is equal to - eP, where P is the electromotive force corre-
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sponding to the Peltier effect at the junction. Since the work
in traversing such a closed reversible cycle at constant tem-

-~ perature must be zero it follows that

(bi - g = GV - GP . . . (20)

)
L3 L

Thus we see that the second term of the right-hand side of
(38) corresponds to an electromotive force equivalent to the
Peltier effect at the junction between A and B. Unless the
substances are very close together in the Volta series, P is
small compared with V; so that the differences of ¢, and ¢,
will be almost equal to the contact difference of potential.

To the extent to which equations (16) and (17) are valid
approximations the differences of ¢ at a given temperature
are equal to the differences of ¢,; so that to the same degree
of approximation £T times the difference of the indices of the
exponential in equation (17), which determines the tempera-
ture variation of the emission, will also be equal to the contact
potential difference. By taking logarithms of (17) and sub-
tracting we also notice that the differences of ¢, are equal to
eV - £T log A)/A,; so thatto the same degree of approxima-
tion it is necessary that log Ay/A; = o, or that A should have
the same value for all substances. In dealing with the
quantum theory we saw that this result was to be expected
only when dealing with good conductors like the metals.
This is to be expected also in the present connexion because
it is unlikely that with the poorer electronic conductors such
as the oxides that the thermoelectric effects can be regarded
as negligible. In fact S. L. Brown! has recorded that a copper-
copper oxide couple whose junctions are at 20° C. and
530° C. respectively exhibits a thermoelectromotive force

WV

which exceeds half a volt. This means that the term T —

T

is of the same order as V in such cases.

The reader who wishes further to pursue the relation
between the effects under consideration and thermoelectric
phenomena may be referred to a book by the writer on the
“Electron Theory of Matter,” Chapter XVIII (Cambridge

14 Phys. Rev.,” Vol. III, p. 239 (1q14).
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University Press, 1914). The development there given is
from the standpoint of thermodynamics and the classical

theory can be seen in a general way from the discussion in
this and the preceding sections.

It follows from equation (35) that the relative powers of
electronic emission of different bodies at a given temperature
will be determined by their contact differences of potential ;
so that whether bodies show much or little difference one from
another in the former respect will depend on the magnitude of
the latter quantity, There is still a great difference of opinion
as to the magnitude of the contact difference of potential be-
tween metals whose surfaces are free from gas and in a good
vacuum. The school which attributes these differences of
potential to chemical action between metals and the surround-
ing atmosphere holds that under the conditions referred to the
is correct we should expect all hot metals to give nearly equal
thermionic currents per unit area at any given temperature, pro-
vided they were in a perfect vacuum and their surfaces were un-
contaminated. The opposite school regards these potential
differences as an intrinsic property of the metals affected and
considers the changes caused by gases and other contaminating
agents to be of a secondary character. From this standpoint
we should expect to find potential differences between metals
in a good vacuum of the same order of magnitude as those
observed in a gaseous atmosphere. The advocates of these
opposing views have waged an intermittent warfare for a
century without coming to a definite settlement.

Until recently most investigators who have attempted to
decide this question experimentally have concluded that their
results favoured the chemical theory. In 1912 the writer!
pointed out that none of these experiments were conclusive,
all the observed phenomena being explicable on the intrinsic
theory when due account was taken of various secondary
actions which were bound to occur under the conditions of the
experiments, Quite recently a considerable amount of evi-

1+ Phil. Mag.,” Vol. XXIII, p. 268 (1912).
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dence favouring the intrinsic theory has accumulated, Thus
Richardson and Compton ! examined the photoelectric currents
obtained when monochromatic light fell on small discs of vari-
ous metals placed at the centre of a large spherical electrode.
With_thi | . | £ ¢

should be reached when there is no difference of potential be-
tween the two electrodes. This was found to be the case if
the contact potentials were included among the potential dif-
ferences operative. Somewhat similar experiments have been
made by Page? In all these experiments good vacuum
conditions were attained, In addition, in Richardson and
Compton’s experiments with sodium, and in all Page’s experi-
ments, the metal surfaces tested were cut mechanically 7z
vacuo. Still more recently the contact difference of potential
has been measured directly under the best vacuum conditions
with surfaces machined 7z vacxo by A. E. Hennings,® who
finds that the potential differences are still of the order usually
observed, the metals being more electropositive when freshly
cut. All these experiments support the intrinsic potential
theory, although there is abundant evidence that gases pro-
duce definite and complicated changes in the observed values.
On the other hand, Hughes,* working with surfaces of metals
freshly distilled 7%z vacuo, found the metals to be initially most
electronegative and to become more electropositive under the
action of small quantities of air. Millikan and Souder,’ also,
have found that surfaces of sodium are most electronegative
when freshly cut and become more electropositive on oxida-
tion, It is clear that the experimental evidence as to the
origin of contact potential differences is still conflicting, and we
are still uncertain as to the magnitude of the contact potential
between uncontaminated metal surfaces in a vacuous en-
closure.

1¢4¢ Phil. Mag.,” Vol. XXIV, p. 575 (1912); cf. also K. T. Compton, ** Phil.
Mag.," Vol. XXIII, p. 579 (1912).

2¢¢ Amer. Jour. Sci.,"” Vol. XXXVI, p. 501 (1913).

3« Phys. Rev.,” Vol. IV, p. 228 (1914).

44 Phil Mag.,”” Vol. XXVIII, p. 337 (x914).

54 Phys. Rev.,” Vol. 1V, p. 73 (1914).
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taining two bodies A and B of different materials maintained
at the uniform temperature T. The electrons emitted by A
Now suppose that both A and B are uncharged initially, and
that A emits electrons at a faster rate than B. The greater
rate of loss of negative electrons by A will cause A to acquire
a positive potential relative to that of B. This difference
of potential will not increase indefinitely because the electric
field thus set up will tend to stop the transference of electrons
from A to B. A steady condition will finally be established
in which each of the bodies A and B receives in a given time
as many electrons as it emits in that time, This condition is
also characterized by the occurrence of a constant difference of
potential V between any two points close to the surfaces of A
and B respectively. The number of electrons in unit volume
of the space will then vary from point to point, but will not

11oe h Mme A On deration o h nature-and numape

of the variables entering into the equations governing the
equilibrium of the electrons! shows that V is independent of
the size, shape, and relative position of the bodies A and B,
and depends only on their nature and the temperature T.
This result holds true both on the basis of the classical dyna-
mics and on that of the quantum theory. The difference of
potential V is, therefore, the intrinsic contact potential differ-
ence of the bodies A and B at the temperature T.

We have seen in the last section that on account of the
small concentration of the electrons in the vacuous space out-
side of the emitting bodies their equilibrium will always be
governed by equation (18). Thus if, in the state of equili-
brium, #, is the number of electrons per unit volume just out-
side A and #, the corresponding number just outside B,

” - - ¢V/RT
%”2 e L (G

since €V is the work done in taking an electron from a point
outside B to a point outside A. If N; and N, are the numbers
of electrons emitted by unit areas of the surfaces of A and B

1Cf. O. W. Richardson, * Phil, Mag.,” Vol, XXIII, p. 265 (1912).
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Thus EdivE+* L ¢E=0 . . . @)
€

since rot.

general, then, the distribution of electric intensity will be
governed by the differential equation (41). If this is solved,
the solution being subject to the boundary conditions of the
problem, the distribution of » may be obtained from the ad-
ditional differential equation

grad. log 7 = ,;TE . . . (42)

which is seen to follow from (40).

As an illustration we shall consider only the one dimen-
sional case of the equilibrium of electrons in front of an emit-
ting plane surface infinite in extent. In this case the writer!
has shown that if v is the volume occupied by unit mass of the

— electronsatany point, then ——
2 2
gzz-f}<%>+C=o .. 43
where C = 47N 2/RT, » is the perpendicular distance from
the emitting plane, N, is the number of electrons in unit mass
(i.e. Ny = 1/m if m is the mass of an electron), and R/N, = 4.
The integral of (43) subject to

dlogv= o when v = ® ]
dx
v=oo whenx = } . . (44)
and V=1, = g—" e?RT when r = 0
7 J
/2 12
is i = %) N ex + (g-f) eiiRT . (45)

By comparing with equation (7), p. 29, it is seen that

ne ~WIRT = Aeﬁf%'dT
in the notation there used. Since
RT dv dV
f—;}-*d——“x-*' NOG}—E:O . . . (46)

1 0. W. Richardson, * Phil. Trans., A.,” Vol. CCI, p. 503 (1903).
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we have if V = V, when ¥ = o

V=V,-2 RT 1og { 4 (PN me\r . (47)
N K1/ J

Nge L
The electric_intensi o
_dv_ (87RT7,/N )" ¢~ whRT | (48)

dr 1 + (2mmN,JRT) ec - “iRT

The charge on unit area of the emitting plane is given

by o = - L (ﬁ) and the volume density at any point
47r dx X=0
3 00
xisp = - Z};g It is clear that Jopdx:asince(g=o

for x = w. Thus the charge on the surface is equal and
opposite to the total charge in the space outside.

It does not seem likely that the effects which arise in this
way can be of sufficient magnitude directly to account for any
which develop are comparatively small. Thus, taking the
case of platinum at 1500° K., if the experimental values
are substituted in (47), it appears that when x = 10 cms.
V - V, is approximately 1'5 volts, and when x =1 cm.
V - V,is 12 volts, the greatest potential gradient being at
the emitting surface. These potential differences do not vary
very rapidly with temperature in spite of the enormous varia-
tion of the rate of thermionic emission. Thus with platinum
at 6000° C. the potential difference at a distance of 1 cm. is
about sixteen times as great as at 1300° C. There is a very
much more rapid change in the density of the charge on the
surface which increases by a factor of about 108 in this interval.
At 6000° C. the surface density may be of the order of 500
e.s.u. per sq. cm., and there will be an equal and opposite
total charge in the overlying space.

It is not supposed that the conditions here contemplated
bear any very close resemblance to those at the surface of the
sun, where there is a very dense atmosphere of highly conduct-
ing hot vapours. But it would seem that the presence of this
conducting atmosphere would tend further to reduce the dif-
ferences of potential which arise directly from thermionic effects






























































































































































































































































































































































































































































































































































































































































































































































































































