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PREFACE.

Ir one compares the present state of our knowledge of therm-
ionic phenomena with that of ten to fifteen years ago, one
cannot fail to be impressed by the progress that has been
achieved in the intervening period. On the experimental
side, thanks mainly to the employment of modern high-
vacuum technique, there has been a considerable increase
in the quantity and accuracy of the data available. On the
theoretical side there have been developments of a quite funda-
mental nature. The most important of these have been due,
on the one hand, to the replacement of the classical by the
quantum statistics in the theory of electrons in metals and in
a vacuum, and on the other, to the application to the thermionic
problem of the wave-mechanical theory of the transmission
of electrons through potential barriers. Modern thermionic
theory has been found to be in very satisfactory agreement
with the great bulk of acceptable experimental data.

Not only specialists in the field of thermionics, but also
to some extent students of physics generally, have now for
some time felt the need for a comprehensive work on the
subject which gives -an account, from the modern viewpoint,
both of the older and of the more recent developments. The
present book is an attempt to supply this need.

Apart from a brief introduction, the book is divided into
six chapters. A general survey of the whole field is given
in Chapter I. Chapters II, TIT and IV deal with electron
emission from clean metals, contaminated metals and oxide
cathodes respectively. In Chapter V an account is given of
the modern theory of electron emission. Finally, Chapter VI
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deals with the emission of ions, (1) from electrolytes, and (2)
from metals. Lists of references to the original literature are
appended at the ends of the chapters.

In accounts of experimental work, I have, wherever pos-
sible, given some sort of indication of the probable accuracy
and reliability of the results obtained, or else given sufficient
information to enable the reader to judge for himself. I hope
that the general enhancement of the value of the data derived
from their critical presentation may be deemed to outweigh
any ecrrors of judgement I may have committed, and that the
latter may therefore be excused. Incidentally, I hope that
the discussion of experimental details may in certain cases be
of use in drawing the attention of those who are planning
researches of their own to some of the pitfalls to be avoided.

The theory has everywhere been presented in as simple
a form as could be contrived, and should be fairly casily read-
able by anyone who has attained a degree standard in physics
and mathematics. Naturally it has not been possible to dis-
cuss in any detail such branches of physics as quantum statistics
and the modern electron theory of metals, some of whose
results are of fundamental importance in the theory of therm-
ionic emission. I have, however, given qualitative accounts
of these theories, and have tried to show by what processes
of reasoning the resulls used in thermionic theory have been
arrived at. These results are then stated, without, in general,
being actually derived. For their mathematical derivations
the reader must be referred to books dealing specifically with the
branches of physics in question, or to the original literature.

My best thanks are due to my colleagues of the Research
Laboratories of the General Electric Company, Mr. J. W. Ryde
and Mr. N. L. Harris, for placing at my disposal the results
of their unpublished work on the emission of electrons from
thin films of barium and oxygen adsorbed on tungsten. I
also wish to express my thanks to the Director, Mr. C. C.
Paterson, for his leave to write about this and certain other
items of hitherto unpublished work carried out in the
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G.E.C. Laboratories on behalf of the Marconi-Osram Valve
Company.

I am greatly indebted to Professor R. H. Fowler for the
advantage of many discussions I have had with him on various
points which have arisen during the preparation of the manu-
script. Finally, T wish to thank my colleagues, Dr. N. R.
Campbell, Mr. B. S. Gossling and Mr. J. T. Randall, for reading
parts of the manuscript and offering helpful criticisms.

A. L. REIMANN.

BusHEY,
December, 1933.
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MEANINGS OF MOST IMPORTANT SYMBOLS USED.

T = Absolute temperature.
R = Gas constant.
k = Boltzmann’s constant.
€ = Base of Napierian logarithms.
¢ = Electronic charge.
m = Electronic mass.
t = Electron emission.
i, = Positive-ion emission.
t, = Rate of evaporation of neutral atoms.
x = Electron work function.
X» = Positive-ion work function.
X« = Atom work function.
U, = Work of ionization.
ly = Molecular latent heat of evaporation of electrons at
absolute zero.
Ao = Photoelectric threshold wave-length.
C = Product of inner potential of a metal and electronic
charge.
p = Zero-temperature critical energy of Fermi distribution.
h = Planck’s quantum of action.
7 = Mean reflexion coefficient.
D = Mean transmission coefficient.
A = Emission constant,.
Ay = AJ(1 — 7) = A/D.
§ = Fraction of maximum number of foreign atoms that
can be adsorbed in a single layer on an emitting
surface.



INTRODUCTION,.

WHEN a conducting body is heated to a sufficiently high tem-
perature, electrically charged particles are emitted from it
and may be drawn off by a suitable electric field. The emission
of these particles (‘ thermions ") is now generally known as
‘ thermionic emission.” The particles may be either electrons
or ions, according to the nature of the emitter and the prevailing
conditions. The more important case, both on account of its
theoretical interest and because of its practical applications, is
that in which they are electrons. It is therefore mainly with
thermal electron emission that we shall deal in the following
pages. :

The principal thermal electron emitters are the metals and
certain other electronic conductors, and thus it has generally
been assumed that the electrons available for emission are the
same ag those available for conduction. According to both
the clasgical and the modern theory of metals, these, the so-
called “ free electrons,” move about within the conductor, -
having a distribution of velocities which depends upon the
temperature. The higher the temperature, the more does.the
distribution spread towards high velocities. That electrons
are not ordinarily emitted in appreciable guantities by cold
conductors can only be due to their being turned back whenever
they come into the region of the surface by repulsive forces
which they encounter there. As the temperature is raised,
however, an increasing proportion of electrons must approach
the surface with sufficient velocities to enable them to pass
right through it, in spite of the repulsive forces, and so to escape.
We thus have a very simple picture of the mechanism of the
emission. )

The success of any quantitative emission theory based on
this picture must naturally depend on what assumption is made
regarding the velocity distribution of the internal electrons

' 1




2 INTRODUCTION

available for emission. In the classical theory of metals this
distribution was supposed to be Maxwellian, and in 1901
0. W. Richardson derived a corresponding emission formula
which could be made to fit experimental data very well when
its constants were given suitable values. But the classical
theory subsequently became involved in such hopeless diffi-
culties that it finally had to be abandoned, and with it the
emission formula that depended on it. Happily, however, we
now have a new and successful theory of electrons in metals,
due in its original, incomplete form to Pauli and Sommerfeld,
and since modified and extended by Bloch and others. In
this the existence of effectively free electrons is assumed whose
velocity distribution, instead of being Maxwellian, is governed
by the new quantum statistical principles of Fermi and Dirac.
And it has been shown by Nordheim and Sommerfeld that the
substitution in Richardson’s derivation of his original formula
of the Fermi-Dirac distribution for the Maxwellian leads to
an emission formula concerning whose essential validity there
can be no reasonable doubt.

Fortunately, the derivation of an acceptable thermionic
emission formula did not have to await the discovery of the
true velocity distribution of the internal electrons. Shortly
after the publication of Richardson’s pioneer work, H. A. Wilson
showed that an emission formula might be obtained by a thermo-
dynamical reasoning, without its being necessary to make any
assumption regarding the actual mechanism of the emission.
The thermodynamical theory was subsequently further de-
veloped in a series of papers by Wilson and Richardson. The
emission formula was derived by finding the condition of
equilibrium at any temperature between the emitting body and
a supposed external electron gas, and assuming that the elec-
trons leaving the hot body in such equilibrium are emitted from
it and would be emitted at the same rate into a vacuum. The
latter assumption seems plausible enough, but the former is
probably too crude, as it takes no account of reflexion of elec-
trons at the emitting surface. It is, however, a simple matter
to allow for reflexion by an extra factor in the emission for-
mula. This was done in the later versions of the theory.
Another quantity about which some assumption has to be made
in deriving the formula is the specific heat of the internal
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electrons. On taking account of the smallness of this quantity
as found experimentally, one obtains a formula which disagrees
with Richardson’s original formula, but which is capable of
representing experimental data equally well. Later develop-
ments of the thermodynamical theory are due to M. v. Laue,
W. Schottky and S. Dushman. In its final form, the formula
derived thermodynamically agrees perfectly with that obtained
more recently by Nordheim and Sommerfeld by the quantum-
statistical method. It must be regarded as cause for consider-
able satisfaction that the same formula should have been arrived
at by two such different methods.

The place of our subject in the scheme of physics will be
apparent from the foregoing. It is directly concerned with the
electrical constitution of conductors and with field conditions
at their surfaces. Also thermal emission of electrons is re-
lated to other electron emission phenomena, such as those
in which the surface of a conductor is exposed to electro-
magnetic radiation of sufficient frequency (photoelectric
effect), to the action of incident electrons, positive ions or meta-
stable molecules of sufficient energy, or to an intense electron-
accelerating field.

It is found that traces of contamination at the surface of
a conductor profoundly affect its thermionic properties, and,
in view of the fundamental part electric forces in this critical
region play in determining the emission, this is hardly to be
wondered at. The importance of having clean surface con-
ditions in experimental work has not always been so fully
appreciated as it is now, neither have the means for their
realization been so fully available. In consequence, many of
the earlier results—indeed most of those obtained prior to
about 1914 —have little or no quantitative value. It is only
in more recent years that advances in vacuum and other experi-
mental technique have made it possible to obtain in certain
cases surfaces which are either almost entirely clean or have
well-defined and controllable contaminations and which give,
therefore, consistent and repeatable thermionic emissions.

The practical applications of thermionic phenomena are
numerous and varied. In the laboratory, not only do therm-
ionic emitters serve as a most convenient source of electrons
(and occasionally of ions) in various physical researches, but
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in addition, the thermionic valve in its several forms has proved
itself an invaluable piece of apparatus as an oscillator, amplifier
and rectifier. The technical and engineering applications of
the thermionic valve are no less important, e.g. in radio trans-
mission and reception, in long distance line telephony and in
alternating current rectification. Thermionic emission also
plays an essential part in the operation of vacuum X-ray tubes,
carbon arcs and hot-cathode gas-discharge tubes. Whilst it
is not intended to deal with any of these applications in the
present volume, their existence goes to show that the pheno-
mena we are about to study are no less important from a
utilitarian than from a strictly scientific point of view.



CHAPTER I.
GENERAL SURVEY.

Early History.—About two hundred years ago it be-
came known that air, when exposed to the surface of a hot
golid, loses its insulating properties. During the nineteenth
century much work was devoted to the study of this pheno-
menon by Becquerel,* Blondlot,* Guthrie,?? Elster and Geitel,2°
and Branly,” as a result of which the effect was shown to be
due to the emission from the hot surface of electric charges.
It was further established that whilst at relatively low tempera-
tures and high gas pressures a conductor loses a positive charge
more readily than a negative, at higher temperatures and lower
pressures the reverse is the case.

In 1883 Edison 1? observed a transport of electricity across
a relatively good vacuum within the bulb of a carbon-filament
electric lamp. He found that if an independent electrode,
mounted within the bulb, was connected through a galvano-
meter to the positive terminal of the incandescent filament,
the galvanometer registered a current, but that no current
could be observed when the connexion was made to the nega-
tive terminal. Some years later, Preece %® and Fleming 25
showed this effect to be due to a loss of negative.electricity
by the negative end of the filament and its collection, after
traversing the intervening space, by the auxiliary electrode
at the relatively positive potential. Shortly afterwards
Fleming, modifying geometrically Edison’s experimental lamp,
constructed a practical thermionic rectifier or *“ valve.” This
consisted of a filament which could be heated to incandescence
by a current, mounted close to a metal plate within an evacuated
bulb. With the filament hot, the valve behaved as a con-
ductor or as an insulator according as the potential of the
plate was made positive or negative with respect to the filament.

The precise nature of the carriers of the negative charge
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emitted by an incandescent conductor in a vacuum was revealed
in 1899 by J. J. Thomson,®® who found their ratio of charge to
mass to agree within the limits of experimental uncertainty
with that of electrons.

Fundamental Thermionic Phenomena.—The thermionic
current flowing in a valve such as that of Fleming is a function
both of the filament temperature and of the difference of poten-
tial between the filament and plate. Strictly speaking, there
is, of course, no single filament temperature, for the ends are
not as hot as the centre, being cooled by conduction to the
supports. Neither is there a single potential difference between
the filament and plate, owing to the potential drop along the
filament. It is, however, a simple matter to confine one’s
observations to the current from only a very short, central
portion of the filament, and so effectively to avoid both com-
plications. To do this, it is best to have a straight filament
stretched along the axis of a cylindrical anode which is divided
into three sections only just separated from one another, a
short central one opposite that part of the filament whose
thermionic current one wishes to observe, and two end sections
(“‘ guard rings ”’) which are kept at the same potential as the
central one but are not included in the current-measuring
circuit, Finally, there is a possible complication of a different
nature which early workers in the thermionic field used to
find very troublesome, and that is the ionization of residual
gases, which may cause the observed space current to be greatly
increased. With modern vacuum technique, however, this
may easily be avoided.

With a constant filament temperature, the variation of
the thermionic current with the anode potential (relative to
the filament) may be represented by a curve like one of those
in Fig. 1. When the anode is negative to the filament, prac-
tically no space current flows. Then, as the anode is made
increasingly positive, the space current grows, first at an
increasingly, then at a decreasingly rapid rate, and finally it
‘ saturates,” a further increase in anode potential producing
practically no corresponding increase in current.

Actually, the saturation is never perfect. An increase in
anode potential always produces some increase in space current.
This effect varies somewhat with the class of emitter, clean
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metals, for example, giving better saturation than emitters
with composite surfaces. Thus the curves marked I, IT and
IIT in Fig. 1 were obtained with geometrically identical systems
in which the cathodes were of clean tungsten, tungsten covered
with a monatomic layer of adsorbed thorium, and an “ acti-
vated  alkaline earth oxide respectively, the temperatures
having been so adjusted that each of the three cathodes would
give about the same ‘‘saturated” current. The failure of

2.2 i}
20
. // T
et
= P
=

Space CURRENT (mA)

o 10 20 30 40 S0 60 70 80 90
ANODE POTENTIAL (Valts)

Fi1g. 1.—Relationship between thermionic current and potential of anode
with respect to the filament in threo typical cases.

the current to saturate completely is, however, only a second-
order effect, and we shall do well, for the present, to ignore
both this and certain other second-order effects, confining our
attention to the main phenomena.

Curves similar to those of Fig. 1 are obtained at all cathode
tempcratures, but the higher the temperature, the higher the
value at which the space current saturates. This is shown in
Fig. 2, where a number of curves obtained with a tungsten
cathode at a series of different temperatures are reproduced.
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One of the most striking things about these curves is that the
lower part of each, from the origin nearly as far as the point
of inflexion, coincides with a part of the same curve C. Here
the space current is limited only by the potential of the anode.
On the other hand, the saturated space currents are limited
only by the temperature of the cathode. Tt would appear
then, that the saturated currents are the fundamentally really
important quantities, while the infra-saturation currents,

—— T =
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72}
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ANODE POTENTIAL (Volts)

F1a. 2.—Illustrating the dependence of the thermionic current-voltage
characteristic on the temperature of the emitter. )

determined as they are by field conditions, are of merely in-
cidental interest. We shall see later that the saturated current
represents all the electrons emitted by the cathode, while in
the infra-saturation condition some of the emitted electrons
return to the cathode. The reason why they return is that
there is an electron-retarding field in the region of the cathode
due to the “space charge” of the electrons present at any
instant in the inter-electrode space. .Only when the anode
potential is sufficiently high are the electrons drawn away so
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rapidly that the field is electron-accelerating in the whole
inter-electrode space, in spite of the presence of the space charge.
The saturated space current is called the ‘ emission ” from the
cathode.

The variation with temperature (T) of the emission (¢)
from a tungsten filament is shown in Table I. These data
were obtained by Dushman, Rowe, Ewald and Kidner®

TABLE 1.
VARIATION WITH TEMPERATURE OF EMISSION FROM CLEAN TUNGSTEN.
T (deg. X.). 1 (amps.). T (deg. X.). 1 (amps.).
1470 1-61 x 1078 1897 0-910 x 1074
1543 1020 x 10—7 2065 0-996 x 1072
1640 0-905 x 107¢ 2239 0984 x 1072
1761 0-975 x 1075 — _

with a filament 0:010 cm. in diameter and 15 cm. in length,
the emitting area thus being 0-474 cm.?.. With a filament of
this length the effect of the cold ends could not have been very
important. The anode was kept at 100 volts positive to the
filament throughout. It will be seen at once that the growth
of emission with temperature is very rapid indeed. It increases
roughly by a factor of 10 for every 8 per cent. increase in the
absolute temperature.

Similar data for a much lower temperature emitter, an acti-
vated lime-coated cathode, are given in Table II. These were

TABLE II

VARIATION WITH TEMPERATURE OF EMISSION FROM LIME-COATED
PraTinum-IRIDTUM.

Temp. Rising. Temp. Falling, Temp. Rising.

T (deg. K.). ¢ (mA.). T (deg. K.). % (mA.). T (deg. K). 2 (mA.).
1091 0-3 11085 0-28 — —
1173 1:28 1173 1-25 1173 1-3
1240 372 1253 30 1240 3-8
1314 10:1 1327 11-2 1309 10-2

} 1389 295 —_— == 1383 29-5
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obtained by Espe 22 with a platinum-iridium ribbon 5 cm. X
0-025 cm. X 0:005 cm., whose hot, central portion (length
3 cm., area 0-18 cm.?) was coated with calcium oxide. There
was no appreciable emission from the uncoated ends. It will
be seen that the emission per em.? from this cathode is greater
at 1100°K. than that from tungsten at 2000°K. It increases
roughly tenfold for every 17 per cent. increase in temperature.

If a certain proportionate increase in the temperature of
8 given emitter produced exactly the same proportionate in-
crease in emission at all temperatures, then logs would be a

o

~1

.,

.
-2 '\“‘Eated
\_ oy,
_3 .\ s
‘o4 \\ 7S
g <
= \%

"
o
-8 \

-]

-34‘0 45 50 55 60 B5 70 75 60 85 90 95

/1 x10*

F1a. 3.—Showing the linear relationship between log ¢ and 1/T in two cases.

linear function of log T. Actually it is found that the relation-
ship between these two quantities is not quite linear. A
straight line always ¢s obtained, however, when log ¢ is plotted
against 1/T. In Fig. 3, for example, the data of Tables I
and IT are plotted in this way. And since the slopes of these
plots are always negative, the temperature dependence of
the emission may be expressed by the empirical formula

P =f.e oW, ) . . )

in which k is Boltzmann’s constant and f and « are constants
characteristic of the emitter. The constant w has the dimen-
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sions of work, and since k is the gas constant for one molecule,
we should hardly be surprised to find that w represents the
work required to extract one electron from the emitter. Actu-
ally, as we shall see, although this work is not exactly w, it
is something very near it.

The thermal emission of electrons, like that of neutral
molecules, gives rise to a definite loss of heat from the emitter,
In certain cases the effect is very striking and is obvious to
the unaided eye. Thus a well-activated alkaline earth oxide
coated cathode at a red heat or a tungsten filament at about
3000°K. may be seen to become quite appreciably cooler when
electrons are suddenly drawn from it. Careful measurements
of the heat effect accompanying thermionic emission have
established the fact that the mechanical equivalent of the
heat lost per emitted electron is equal to the quantity w in
the empirical emission formula (1). However, just as, in the
evaporation of neutral molecules, the actual work of separa-
tion of a molecule from the condensed phase is something less
than the latent heat per molecule, so the work of extraction of
an electron from a thermionic emitter is something less than w.
The actual work of extraction is the quantity y in the formula

i=AT2#FT ()

which fits the emission data, A being a constant. The constant
x is called the “ work function ”’ and is less than w by 2kT,,
where T, is the mean temperature of the range over which
the emissions have been measured.

Perhaps it will be objected that it is impossible for the for-
mule (1) and (2) both to represent the same set of emission
data, and strictly speaking that is, of course, quite true. Actu-
ally it is only within the limits of experimental uncertainty that
they can both do so. The value of w/k is generally of the order
of a few tens of thousands of degrees, and thus the variation
of ¢“* with T is exceedingly rapid. The accuracy with
which temperatures and emissions are measurable is not great
enough to establish anything beyond the fact that the tem-
perature variation of emission is dominated by a factor of the
type e “*f, and thus it may be represented by any formula
like (1) in which f, instead of being a constant, is a moderately
varying function of T, such as the product of a constant and
a low power of T.
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Different Kinds of Thermal Electron Emitter.—The
electron emitters which we shall study in this book may be
divided into three groups. These are (1) clean metals, (2)
metals whose surfaces have some well-defined contamination
of only a monomolecular order of thickness, and (3) electron
emitting non-metals.

The number of clean metals for which really reliable therm-
ionic data are available is rather limited. This is due in
large part to the fact that in the case of all but the most refrac-
tory metals it is extremely difficult to free the emitting surface
of contaminations, such as a film of oxide or of an adsorbed
gas. A further difficulty with many of the less refractory metals
(e.g. copper, nickel, etc.) is that even when their surfaces have,
by some means, been freed of contaminations, their emissions
up to temperatures near their melting-points are so excessively
small that it is by no means easy to measure them acourately.
Such work functions (y in formula (2)) of clean metals as are
known range from 1-8 electron-volts in the case of ceesium,
the most electropositive metal of all, to 6-3 e.v.* in the case of
platinum. In general, the work function increases from bottom
to top and from left to right of the periodic table, that is to
say, with decreasing electropositiveness.

Of the innumerable cases of metals having molecular surface
contaminations, only a few are sufficiently well defined and
experimentally reproducible for their quantitative study to
have been possible. In these, the contamination generally
forms a layer only a single atom in thickness. Such are, for
example, thorium, c@sium, barium, or oxygen, adsorbed
on the surface of tungsten. Certain cases of multiple layers
have also been studied, in which, however, generally no two
adjacent layers are of the same kind. Kxamples of these
are casium on oxygen on tungsten, barium on oxygen on
tungsten, etc. If the adsorbed layer—or, in the case of mul-
tiple layers, the outermost layer—consists of atoms which are
electropositive to those of the metal on which they are adsorbed,
the work function of the emitter is depressed by the contamina-
tion even below the value characteristic of the adsorbed sub-
stance in bulk. For example, the work function of tungsten

* The abbreviation ‘“e.v.” will, henceforward, generally be used for
‘“ electron-volts.”



FREE ELECTRONS IN METALS 13

is 4-54 e.v. and that of thorium in bulk 3-38 e.v., but that of
a single complete atomic layer of thorium on tungsten is only
2-63 e.v. On the other hand, if the adsorbed kind of atom is
more electronegative than that on which it is adsorbed, the
work function is thereby increased.

The most important non-metallic emitters are the so-called
“ oxide cathodes > or ‘° Wehnelt cathodes,” which consist of
a metal carrier or ““ core,”” coated with an alkaline-earth oxide,
which has been subjected to a suitable activation treatment.
These cathodes are in wide use commercially, and the most
efficient of them give an emission of the order of 1 amp./cm.?
or even more at quite a dull red. Their action is much more
complex than is that of clean or contaminated metals and
is only now beginning to be understood. Although they are
called ‘““oxide cathodes,” it is now known that their high
thermionic activity is due not to the oxide per se, but to the
presence of free alkaline earth metal both on the surface and
in a state of solution in the oxide. Their work functions are
somewhat variable, but are generally found to be of the order
of 1 or 2 electron-volts. Other things being equal, cathodes
whose coatings are of caleium, strontium and barium oxides
have work functions decreasing in the order named.

Free Electrons in Metals. —Since emitted electrons
must be derived either directly or indirectly from the interior
of the emitting body, it is necessary to know something about
the condition of the internal electrons if we wish to arrive at
a quantitative theory of the process of emission.

In the classical theory of electrons in metals, due to Thomson,
Riecke and Drude, it was assumed that every metal contains
a number of ‘“ free ’ electrons, whose velocities are distributed
in the same way as those of the molecules of an ordinary gas,
and whose collisions with the atoms of the metal are comparable
in their effects with the collisions of ordinary gas molecules
with the walls of the containing vessel. 'With these assumptions
it was at first found possible to account fairly satisfactorily
for certain of the observed properties of metals, but the success
of the theory was short-lived. As its consequences were worked
out and compared with experimental data the position of the
theory appeared more and more hopeless, until finally it was
felt to be quite untenable. No values assumed for the orders
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of magnitude of the concentration and free paths of internal
electrons having a Maxwellian velocity distribution could be
reconciled with all the observed electrical, thermal and optical
properties of metals. And in particular it was found impossible
to account for the observed smallness of the molecular heat of
the internal electrons compared with $R, the theoretical value
for any Maxwellian gas at constant volume. The logical in-
ference was that if an internal free-electron “ gas *’ exists at all,
its velocity distribution certainly cannot be Maxwellian.

In statistical theories of the velocity distribution of the
molecules of a gas, it is found convenient to represent the in-
stantaneous position and momentum of each molecule by the
components of a * representative point >’ in an imaginary six-
dimensional “ phase space,” three components defining the
position and the other three the momentum. The phase space
is divided into a large number of equal ““ phase cells,” and the
various possible distributions of the representative points
among these cells consistent with any given energy and volume
of the gas as a whole are considered. Any such distribution
of the representative points is called a “ complexion ” and
must on no account be confused with a velocity distribution
of the molecules, each of which in general embraces many com-
plexions. The most probable, or normal velocity distribution
of the molecules is then taken to be that which is given by the
largest number of complexions. In different statistical theories,
different assumptions are made as to what complexions are
possible and distinguishable from one another and also concerning
the “sizes 7 of the phase cells. And different sets of assump-
tions naturally lead to different expressions for the normal
distribution of velocities.

The statistical theory whose assumptions are of the least
restrictive character is the classical. No particular value is
agsigned to the sizes of the cells, neither is any limit imposed on
the number of representative points any given cell may contain.
A further assumption of the classical statistics is that it is
possible, in complexion counting, to assign an individuality
to each molecule, so that an interchange between two repre-
sentative points in different phase cells leads to a new
complexion. The normal distribution obtained on the basis
of these assumptions is the Maxwellian. The energy of a
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Maxwellian gas is proportional to the absolute temperature
and thus vanishes at absolute zero.

The classical assumptions are not reconcilable, however,
with certain well-established principles of modern quantum
physics. Accordingly they have been replaced by new assump-
tions which seem to be logical extensions of these principles
to the realm of statistics. The new assumptions are (1) that
to cach phase cell must be assigned a “ volume ” in phase
space of exactly %% where A is Planck’s quantum of action,
(2) that it is impossible for two or more representative points
simultaneously to occupy the same phase cell, and (3) that no
individuality can be assigned to the molecules in complexion
counting. The distribution formula based on these assumptions
has been worked out independently by Fermi ¢ and by Dirac.1®

Although the formule for the Maxwellian and the Fermi
distributions look quite different, it may be shown that for
sufficiently low concentrations and high temperatures the two
distributions are indistinguishable from one another. The
reason for this is not difficult to see. If the amounts of phase
space occupied by the representative points in the various com-
plexions consistent with the total energy and volume of the
gas are of a higher order than %% times the number of molecules,
then the chance that any given phase cell of magnitude 53 is
occupied even by a single representative point must be small,
and so the question of how many representative points may
simultaneously occupy one cell hardly arises—at least it is
of no quantitative importance in complexion counting. And
if there are on either set of assumptions as many occupied cells
as there are molecules, then to each Fermi complexion there
must correspond a certain constant number of classical com-
plexions in which the same cells are occupied, this number
being N !, where N is the total number of molecules. Hence
the same molecular velocity distribution is given by the largest
number of complexions in both cases.

If, however, the molecules are so crowded together that with
an assumed Maxwellian distribution there would be, on the
average, several representative points in each phase cell of
magnitude A3 then obviously the Fermi distribution must be
very different from the Maxwellian. For one thing the total
energy of a Fermi gas must be much greater than that of a
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Maxwellian gas at the same temperature, for only so can the
Fermi condition that there must be at least as many phase
cells as there are molecules be satisfied. Even at the absolute
zero of temperature, a Fermi gas must have finite energy, and
the more condensed the gas the greater must the energy be.
With a high degree of crowding the energy is never much greater,
however, than is necessary for all the representative points to
be accommodated, and at 0°K. it is no greater at all. At this
temperature there is only one possible complexion, and the
molecules are; so to speak, *“ frozen >’ into their lowest possible
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Fra. 4.—Energy distribution of free elecirons in nickel ab 0°K. and at
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energy states, so that there is an abrupt “ out-oft * in the dis-
tribution beyond the highest energy represented. In Fig. 4
is shown the dependence on the energy « of the so-called * energy
distribution function ” F(e), which gives the number F(e)de of
molecules of a Fermi gas having energies between ¢ and ¢ + de.
The full and dashed curves represent the distributions at 0°K.
and at a higher temperature respectively. The value of the
energy p at which the abrupt cut-off of the zero-temperature
distribution occurs depends on the degree of crowding of the
molecules and on the molecular mass.

Except for the case of helium at the lowest temperatures
and highest pressures, the crowding of the molecules in ordinary
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gases is not sufficient for the Maxwellian and Fermi distributions
to be appreciably different from one another. In the case of
an electron gas whose concentration is anything like that of
the atoms in metals, however, the two distributions must be
profoundly different. Let us consider, for example, the valency
electrons in nickel. There are two of these per atom, and if
they constitute a Fermi gas, the p of this gas must, as we shall
see in Chapter V, be 11-7 electron-volts. If the u of Fig. 4
represents this value, then the dashed curve represents the
Fermi distribution at 1500°K.

In 1927 Pauli,’® assuming the valency electrons of the alkali
metals to have a Fermi distribution, was able, for the first time,
to give a satisfactory theoretical account of the temperature-
independent paramagnetism of these metals. Shortly after-
wards, Sommerfeld 88 showed that, by substituting the Fermi
distribution for the Maxwellian in Drude’s theory of metals,
formule could be derived for a number of the properties of
metals not dependent on the free paths of the electrons which
were in much better agreement with experimental data than
were the corresponding classical formule. In particular it
was shown that the energy of a Fermi free-electron gas would
change very much less rapidly with the temperature than would
that of a Maxwellian gas, and so the specific-heat difficulty was
overcome.

Those properties which depend on the free paths could
not be so satisfactorily accounted for, however. This was not
because there was anything wrong with the assumption of a
Fermi distribution, but because nothing was really known about
the free paths. Sommerfeld assumed these to be terminated
by collisions between the electrons and the ions of the lattice,
as in the classical theory, and thus to depend on the number of
ions per unit volume and the effective combined radius of an
ion and an electron. On this assumption he obtained an ex-
pression for the electrical conductivity involving the number
of free electrons per unit volume, the mean free path and cer-
tain constants, but not the temperature. Now in the case of
pure metals the conductivity actually has quite an important
negative temperature-coeflicient. Sommerfeld’s theory could
account for this only by assuming that an increase in the tem-
perature brings about a diminution either in the number of

2
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free electrons (degree of ionization) or in the mean free path.
The former alternative may be dismissed at once as altogether
improbable. And although it does not seem unreasonable to
suppose that the free path may vary with the velocity of an
electron, the velocities of the electrons of a concentrated Fermi
gas are affected so little by the temperature that it would be
difficult to account for a temperature variation of the mean
free path of the order required.

This difficulty has since been overcome by a theory due to
Bloch.® According to the wave-mechanical theory advanced
in 1924 by L. de Broglie, there is agsociated with every particle
of mass m moving with a velocity » a wave-train, whose wave-
length A is given by the formula

h

A= s 3 . . . (3)
This theory, as applied to moving electrons, has since been
beautifully verified experimentally by the observations of
Davisson and Germer, G. P. Thomson and others, on the dif-
fraction of * electron-waves ” by crystal lattices, and there
can now be as little doubt of its truth as of that of the wave
theory of X-rays. Bloch has considered the interaction be-
tween the de Broglie waves of a Fermi free-electron gas and the
field of force associated with the lattice. At the absolute
zero of temperature the lattice field is strictly periodic, the
period being that of the lattice, and, as Bloch has shown,
electron waves travelling through it can suffer no dispersion,
so that the free paths are infinite. At higher temperatures,
however, the elastic vibrations of the lattice give rise to a
finite dispersion, whose importance increases as the tempera-
ture rises. The theory of Bloch correctly accounts for the order
of the conductivities of the pure metals and for their normal
temperature-variation, as well as for several other properties.
While the theory fails to give a detailed quantitative account
of all the observed properties of metals, there can be little doubt
but that this is due merely to the crudeness of certain assump-
tions that have had to be made in order to simplify the mathe-

matical treatment.
Bloch’s result that electrons can move unhindered through
a periodic field of force applies not only to the valency electrons
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but to those of the inner atomic “ shells ” as well. Thus in
a sense all the electrons in a metal are ‘ free,” not merely one
or two per atom, as was assumed by Sommerfeld. We shall
find it convenient, however, to use the term ‘ free electrons ”’
in a somewhat restricted sense, applying it only to those elec-
trons which, in addition to being able to move about in the metal,
are also available for conduction and emission. These are by
no means all the electrons in the lattice, for if they were there
would be no such bodies as crystalline insulators.

We shall perhaps understand the case of metals most easily
if we consider that of insulators first. The field of a crystal
lattice is periodic in three dimensions. Now it has been shown
that in a one-dimensional periodic field not all electron energy
levels are possible. The effect of the field is to break up the
energy levels into a number of bands of allowed energies separ-
ated by bands of forbidden energies. (We may think of this
as analogous to the existence of allowed and forbidden electron
orbits about atomic nuclei.) The same thing is true, as A. H.
Wilson ¢ has shown, in a three-dimensional periodic field,
only now it is possible for some of the allowed bands to overlap.
The less the electrons are attracted to the atomic nuclei, the
more likely it is that the bands occupied by them will overlap
with others. Actually such overlapping never occurs with
any but the bands that may be occupied by the valency elec-
trons. The bands of lower energies, corresponding to the
inner electron shells of the atoms, are always separated by con-
siderable gaps. And, ag Wilson has shown, these bands are
always completely “ filled up ” with electrons—that is to say,
there are no more phase cells available whose energies are within
the limits of one of these bands than are necessary to accom-
modate the representative points of all the electrons in the
corresponding shell. Thus there is only one possible complexion
of the representative points, and since any acceleration of the
electrons as a whole would necessarily result in the appearance
of a new complexion, such acceleration is impossible. The
electrons of the inner shells take no part in conduction.

1f the valency electrons also completely fill up an allowed band
and this does not overlap with any other unoccupied allowed
band, then even these cannot be accelerated by an applied
field and the body must be an insulator. Wilson has shown
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that the first condition is fulfilled when the number of valency
electrons is even, and the second when the “ binding ” (in the
classical sense) of the valency electrons is sufficiently tight.
If either of these conditions is not fulfilled, however, then there
will be unoccupied allowed levels immediately above the critical
energy of the Fermi distribution and so the electrons whose
energies are near the critical value can be accelerated by the
applied field. Only these are properly called ‘ conduction
electrons.” According to this theory the alkali elements,
which are monovalent, are of necessity metals, whether their
valency electrons are ¢ tightly bound ” or not. Wilson has
shown that the valency electrons of the alkali metals just half
fill their allowed band. On the other hand, the alkaline-
earth elements, whose atoms have two valency electrons, are
metals only by virtue of the looseness of their binding.

The valency electrons, being those of highest energy, are
also the only ones of whose emission there is any question.

One should be careful not to confuse the number of valency
electrons per atom in a metal with the number of the column
of the periodic table in which the metal appears. By the
valency electrons is meant simply those in the outermost
electron-shell of the atom. Actually the number of these s
equal to the number of the column of the periodic table for
all the elements of the first two columns, but beyond the second
column the rule no longer applies. Thus nickel, which is in
the cighth column, has only two valency electrons per atom.
It must also be remembered that the number of valency elec-
trons in a solid metal is not necessarily the same as that in the
isolated atoms. For example, an isolated atom of palladium
has no valency electrons at all, but there is reason to believe
that in solid palladium there are two valency electrons per
atom.

The Nature of the Surface Forces.—We have seen
that the free electrons of metals have, on account of their high
concentration, very considerable energies. Even at 0°K. the
maximum energy p of the Fermi distribution is, in the case of
most metals, of the order of 10 electron-volts. That in spite of
this energy the electrons do not ordinarily escape can obviously
only be due to the existence of a potential difference between
the inside and outside of the metal greater than p/e, where
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e is the electronic charge, the metal being positive to free
space. This potential difference is generally known as the
“inner potential ” of the metal.

Now let us consider what can be the nature of the surface
forces to which the existence of an inner potential is due.
In the first place, each atom in the region of the surface must,
by reason of the absence of similar atoms beyond, be acted
upon by a system of unbalanced forces due to its neighbours.
These forces must give rise to a polarization of the surface atoms.
Idealized, the surface polarization may be thought of as an
electric double layer, which, as is well known, is equivalent to
a potential discontinuity. In reality, of course, there will be
no actual discontinuity, but only a rather steep potential
gradient at the surface, the steepness depending on the strength
and thickness of the polarized layer. As to the sign of the poten-
tial gradient, these general considerations do not, of course,
yield any information.

The polarization of the surface atoms is not the only thing
that gives rise to a surface force, however, for even after emer-
gence an electron is still attracted to the conductor by its own
electrostatic image in the surface. Exactly where we should
regard the image attraction as beginning it is impossible to say.
We can hardly speak of an electric image in the ordinary sense
until the electron has travelled at least an atomic diameter
or two from the surface. On the other hand, as we shall see
later, beyond about 1076-10"° cm. from the surface the
contribution of the image attraction to the work of exit becomes
negligibly small. Tt is convenient to think of the image force
ag if it were derived from an image field,* and then to visualize
the polarization and image fields as contributing to a single
potential barrier or “ hill ”” at the surface.

The work of extraction must be the same for all electrons hav-
ing a given internal energy, irrespective of the particular paths
they take between or through the surface atoms in their exit.
This follows at once from the fact that at a sufficient distance
from the surface (actually beyond an atomic diameter or two)

* Clearly, no such field actually exists apart from the presence of the
electron. It is interesting to note that with a reversal in the sign of the
charge of the escaping particle the direction of the * field ” also reverses, for
a positive ion would still be attracted to the surface.
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continuous equipotential surfaces exist which nowhere pass
between atoms or charges belonging to atoms. Thus, for the
purposes of mathematical treatment we are encouraged to idealize
the problem of the escape of an electron to one in a single
dimension, and to think of the charges of the polarized atoms
at and near the surface as ‘‘ smeared out ” into uniform sheets
of charge lying in planes parallel to the surface. TFurther con-
giderations which would appear to justify our ignoring the atomic
structure of a conductor will be discussed in Chapter V.

The picture of a potential hill at the surface of a conductor
is a very convenient one in thermionic theory. Thus it has
been made use of in a gravitational analogue of an emitting
body by W. Schottky.” This consists of a flat-bottomed bowl
with sloping sides. The bottom of the bowl corresponds to the
interior of the metal and its sides to the potential hill in the
region near the surface. Corresponding to the electrons are
a number of perfectly elastic spheres rolling about within the
bowl. These have a two-dimensional velocity distribution
on the bottom of the bowl corresponding to the three-dimen-
sional velocity distribution of the electrons within the metal.
Tn most cases a sphere, on coming to the side of the bowl, will
roll up it a certain distance, until it has lost all its vertical
velocity, when it will fall back again. If, however, a sphere
approaches the side with sufficient velocity, it will be able to
roll up all the way, drop over the edge, and so escape.

On the classical view, the electrons are all at the bottom of
the hill at 0°K., and in order that they may escape, energy must
be imparted to them, either by heating the conductor or other-
wise, so that they may ‘climb > to the top. The modern
picture differs from the classical in that, even at absolute zero,
a considerable proportion of the internal electrons are regarded
as having sufficient kinetic energy to enable them to climb up
an important part of the hill. In order to make them escape
it is then merely necessary to impart to them sufficient energy
for the remainder of the climb.

Richardson’s “ T*” Emission Formula.—A theoretical
formula connecting the thermal electron emission of a conductor
with the potential step at the surface and the temperature was
first obtained by Richardson ¢ in 1901. Richardson based
his derivation on the classical electron theory of metals, and
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he calculated the emission on the assumption that all those
electrons escape whose normal velocity component is sufficient
$o enable them to climb the surface potential hill. The effects
of collisions between the electrons and atoms—or rather ions—
was ignored on account of their statistical mutual compensation.

We now know that the classical theory of metals is certainly
not true, and that therefore the emission formula based on it
must be inaccurate. This formula is, nevertheless, sufficiently
good, empirically, for it to have served, for two decades, not
only as an inspiration for countless experimental researches
in the field of thermionics, but also as a most useful tool in
the interpretation of the results obtained. If only for this
reason, therefore, it will be worth while to reproduce its deriva-
tion here.

Let C be the product of the inner potential of the emitter
and the electronic charge, and let N be the number of free in-
ternal electrons per unit volume. Then in order for an electron,
of mass m, to escape, its velocity component u, normal to the
surface, must exceed u,, where

Imus=0. . . . Y]
With a Maxwellian velocity distribution, the number dN of

electrons per unit volume having normal velocity components
between # and » -+ du is given by

_ m_ 5
dN_N\/%kTe N ()

where T is the temperature of the emitting body and k is
Boltzmann’s constant. Thus the number of electrons that
escape from unit area of surface in unit time is
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(6)
The emission current ¢ per unit area is of course equal to ne,
and thus, on account of (4), we have

i = Nea] KL ~onr,
. 2am

(7)
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If we assume N mnot to vary with temperature, we may put

k
Ne 2—77% =a, . H i . (8)
where ¢ is a constant characteristic of the emitting body, and

so write Richardson’s formula
§ = aTheCFT, | ] : . (9)
Now an empirical formula of this type, viz.

1= ' Th 9P, | ) . . (10)

is capable of representing actual emission data perfectly well
when the constants ¢’ and ¢ are given suitable values. To
find these, all that is necessary is to plot log ¢ — } log T against

IT, when a straight line will be obtained whose slope is — % log €

and whose intercept on the log ¢ — } log T axis is log a’. We
now know, however, that the o’ and ¢ obtained in this way
from the emission data do not correspond at all to the quan-
tities ¢ and C as defined above.

The “T?” Emission Formula.—Shortly after Richardson
had, by the above reasoning, derived the theoretical formula,
(9), H. A. Wilson ?? showed that an emission formula could also
be obtained by a thermodynamical method, involving the use
of Clapeyron’s equation, and this method was subsequently
further developed by both Wilson 19¢ and Richardson.$6

Let us suppose we have an external electron gas in equili-
brium with the hot conductor. Since the ‘‘ molecules ” of
this gas exert repulsive forces on one another, due to their
electric charges, it might be wondered whether an electron
gas obeys the same laws as a gas whose molecules are uncharged.
As will be shown later, however, in practically all cases actually
arising in nature the effects of the mutual repulsions between
the electrons may be neglected and the electron gas may be
regarded as to all intents and purposes perfect. Let us assume
this result for the time being. Then if we know the pressure
of the gas, we know also how many electrons impinge on unit
area of the hot conductor per second. Of these, a certain
fraction will be absorbed and the remainder reflected. Since
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the number of electrons that impinge on the surface of the
conductor must be equal to the number that leave it, those
that are absorbed must be compensated for by electrons that
are emitted. Thus the emitted electrons are 1 — 7 of those
incident on the surface, where 7 is the mean reflexion coeffi-
cient. It is assumed that the rate at which electrons are
emitted into the external electron gas is the same as the rate
at which they would be emitted at the same temperature into
a vacuum.

Let us now inquire into the condition of equilibrium between
the hot conductor and the external electron gas.

A consequence of the second law of thermodynamics is
that the most general condition of equilibrium in terms of a
reversible virtual change in which the work done on the system
is — pdV is

U + pdV

38 T

0% . . . (11)
where 8, U, p, V and T denote the entropy, internal energy,
pressure, volume and absolute temperature, respectively, of
the system. If the virtual change occurs at constant tempera-
ture and pressure, the equilibrium condition reduces to

S6=0, . . . . (12)

where <D=S—U—_i,i‘iv. . . . (13)

Now we are particularly interested in the dependence of
the pressure of the external electron gas on the temperature
when the distribution of the electrons between the two phases
remains unchanged. If this condition is imposed, each change
dT in the temperature of the system determines uniquely the
change dp in the pressure which must accompany it. Let us
compare with the equilibrium of the system at the temperature
T and pressure p that at the temperature T -+ dT and pressure
p + dp, no electrons being transferred from one phase to the
other in the tranmsition. Since both conditions are of
equilibrium, in neither is a virtual transference of electrons at

% Ses, for example, M. Planck, ° Treatise on Thermodynamics,”
Longmans, Green & Co.
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constant temperature and pressure accompanied by an increase
in the function @ ; that is, we have both

30 =10
and (D + dP) = 0, . 0 . (14)
and hence 8d®d = 0. . } : . (18)

Now d@ is given by

i —ay — W2V VI | T LoVar 1)

which, on account of the definition of entropy, viz.

s = w, (17)
reduces to dd = u }_zpvd'_[‘ — %7 dp. . . (18)

Remembering that virtual transferences of electrons are sup-
posed to be carried out at constant temperature and pressure,
we thus see that our condition (15) becomes

%T-?@:o. .. 9)

Since the numerator of the first term represents the virtual
heat supplied to the system, this leads at once to Clapeyron’s
equation, viz.
dp
l= vT(ﬁ, . ' . . (20)

where 1 is the latent heat of evaporation of one gram-molecule
of electrons and v is the increase in volume of the system
accompanying the evaporation of this quantity of electrons.

It will, on a moment’s consideration, be evident that »
is, practically, simply the molecular volume of the external
electron gas, and since this is assumed to be a perfect gas we
may write

RT
v=—, . . . (21
= (21)
where R is the gas constant, and hence
P _ gy, Ce . (22

p RT?
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Tn order to integrate this equation it is necessary to know
what function I is of T. It is a well-known consequence of
the first law of thermodynamics that

dl )
dT';‘C,,—G,,, . . .

where ¢, and ¢,’ are the molecular heat capacities at constant
pressure of the material transferred (electrons in the present
cage) in the gaseous and condensed phases respectively.
Integrating eqn. (23), we have

T
il jo(o,, oM, . . . (24)

where I,, the constant of integration, is obviously equal to the
molecular latent heat at absolute zero. According to the
classical electron theory of metals used by Richardson in the
derivation of his original emission formula, c¢,” would be
practically 3R.* For a monatomic gas, ¢, is of course equal
to §R, so that (24) would reduce to

l=1,+RT, . . . (256)
which, substituted in (22), would give us

(23)

dp 1y dT
PoppdT+E - . (26)

On integrating this equation we should obtain
l
log,p = — R'ol‘ + log.T + ¢,

where ¢ is a constant of integration, or
p = Te T, . . . (27

From the kinetic theory of gases we know that the rate at
which electrons impinge on and therefore also leave a given
area of the emitting body is proportional to p/v/T. The
thermionic emission would therefore be given by

i = (1 — FaThe BT, | .. (28)

* ¢,’, the molecular heat at constant volume, would be exactly R, and
on account of the smallness of the coefficient of thermal expansion of eolids,

we may take ¢, = ¢,/
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which, if we may take 7 to be practically independent of the
temperature, is a formula of the same type as (9).

We now know, however, that ¢, is nothing like as great
as $R. The molecular heat of the internal electrons deduced
from measurements of the Thomson effect is, in the case of
almost all metals, negligibly small in comparison with R.
As a good approximation to the truth, then, we may neglect
¢,'. The definite integral in (24) then becomes §R, and in
place of (26) we have

dp I, 5dT
which on being integrated gives us
- ly B
log.p = — a7t 3 log. T 4 ¢,
or p = T e WBT ; § . (30)

and our emission formula becomes
i = (1 — 7)A T2 WRT, | . . (31)

where A, is a constant, or, if we may assume that 7 is constant

with temperature,
i = AT2WET) . . . (32)

where A is a new constant, usually known as the ““emission
constant.”

The formula (32) is similar to that by means of which,
on page 11, we defined the work function. The definition
there given was not intended to be more than a rough, pro-
visional one, however, and it is now time to replace it by a
more rigorous definition. By the work function, X, is meant
that part of the latent heat of evaporation per electron which
is not concerned with the supply of kinetic energy to the
electrons in the vapour phase or with the work of expansion.
Thus, since ¢, is very small in comparison with R, we may
write, with negligible error,

l
’,—ﬁ =R ¢+ v & o (39
and so our emission formula (31) becomes

i = Ag(l — 7)T2**T | . . (34)
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or, if 7 is assumed to be a constant,

i = AT2e T, | : . . (2)
The emission formula may also be written in the form
i = AT2T/", . . . (85)

where the relationship between T, (the so-called “ work
function expressed in degrees ) and y is

T, = x/k. . . . . (36)

Now k is 1:371 X 10716 erg per degree, or 8:62 X 1075 electron-
volt per degree. Thus if, as is usual, x is expressed in electron
volts, we have the numerical relationship

T,=11,600. . . . - (37)

A few years ago, it was shown by Fowler, Nordheim 5
and Sommerfeld % that a derivation of a formula like (34)
could also be based directly on the assumption of a TFermi
distribution of the internal electrons. Actually the formula
so obtained, although equivalent to (34), looks a little different.
It is _ C—n

i — DA T2 T, ... (38

where D is the so-called “mean transmission coefficien ”
characteristic of the emitting surface, C is the product of the
inner potential of the emitter and the electronic charge, and
i is the zero-temperature critical energy of the Fermi dis-
tribution. This formula will be derived in Chapter V, where
it will be shown that D is the same as 1 — 7 and C — p the
same as y.

In order to find the values of A and x from any given set
of emission data, all that is necessary is to plot log (¢/T*) against
1/T, when a straight line will be obtained whose slope is
— T, log ¢ (from which y may be obtained by means of (37)),
and whose intercept on the log (¢/T?) axis is log A.

Relationships between the Constants in Different
Emission Formulz.—The results of most of the earlier therm-
jonic measurements were given in terms of the constants w'
and ¢ of the older emission formula

i = a'Tre T, | . . . (10)
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It is easy to transform these results into terms of the more

accurate formula

i = AT2e#*T | . : . (2)
if the mean temperature T,, of the range in which the emissions
were measured is known.

In order to make the discussion more general, let us suppose
that the two alternative formule by which a given set of data
may be represented are

N K (39)
and i = o[V ¥t . . . (40)

Then by equating the expressions for ¢ j;_[% * found from the

two formula we obtain
we = w; + (y; — )bl . . . (41)

Substituting this value of w, in (40) and equating the right-
hand sides of (39) and (40) we then obtain for «, the value

oy = oyT, 177 M™%, . . (42)

Thus, in particular, if y, = } and y, = 2, we have
x =¢ — 3kT,, N e )
and A = o'T, e, . .. (44)

If ¢ and y are expressed in electron-volts, we have, from (43),
the numerical relationship between the two :

3 1 [y
X=%— 311600 ™ — ¢ ~ 7740
It is generally found that x is something like 5 per cent. less
than ¢. _

The Reflexion Coefficient.—The mean reflexion co-
efficient entering into the formula (31) is that of electrons of
very low velocity, for the mean kinetic energy corresponding
to the normal velocity component of the molecules of a Max-
wellian gas (and the external electron gas is Maxwellian) is only
about 0-03 electron-volt per 1000° of the temperature.

Experiments with such slow electrons are very difficult to
perform, and the results are subject to rather uncertain cor-
rections, so that it is not surprising that the experimental data,

(45)
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at present available are somewhat conflicting. Early experi-
ments by Richardson,* Gehrts 3° and v. Baeyer ! indicate that
a very considerable proportion of very slowly moving electrons
may be reflected. Thus Richardson has estimated the reflexion
from a brass surface to be about 30 per cent. On the other hand,
extrapolations from the results of more recent work generally
indicate an almost negligibly small reflexion of slow electrons
from gas-free metal surfaces, For example, Hull * has found
that the reflexion of electrons from copper decreases from 40
per cent. at 50 e.v. to only 10 per cent. at 0-4 e.v. According
to Tarnsworth,®® electron reflexion from gas-free nickel
diminighes rapidly with falling primary energy down to 0-2
e.v., where he could only just detect it. Petry 5° has given
curves of electron reflexion from tungsten, copper and gold as

(@

F1a. 5.—Two types of surface potential barrier.

a function of primary energy, all of which have a steep positive
slope in the region of 1 e.v., and if extrapolated backwards
would give negligibly small or zero reflexion at a small fraction
of an ev. Such extrapolation is, however, a rather unsatis-
factory procedure, particularly in view of the irregularities
exhibited by some of the reflexion-voltage curves.

Olassical theoretical reasoning does not lead to the expec-
tation of any appreciable reflexion at low incident velocities,
not only because it is difficult to imagine any mechanism that
would account for it, but also for more positive reasons. Let
us first consider the negative side of the question. A surface
potential hill of the shape of Fig. 5a could only accelerate
electrons into the metal ; it could not reflect them back. The
only kind of hill that would, classically, account for a reflexion is

* 0. W. Richardson, * The Emission of Electricity from Hot Bodies,”
Longmans, Green & Co., 2nd edition (1921), p. 170.
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one with a hump, such as that of Fig. 5. As we shall seo later,
there is reason to believe that such humps actually exist in
the case of metals having an adsorbed electropositive layer of
foreign atoms (or ions) on the surface. But with a potential
hill of this shape we are involved in another difficulty. Classi-
cally, electrons could not escape without climbing over the
top of the hump, and those having sufficient energies to do this
would all have to fall down the slope of the hump on the other
side and would thus all leave the metal with energies at least
as great as that corresponding to the height of the hump
above the final image level. The velocity distribution of the
emitted electrons, therefore, instead of spreading from zero
upwards, would only begin at some finite value. Yet no evi-
dence of such a velocity distribution has been found experi-
mentally.

Two positive objections to any assumption of an appreciable
reflexion of slow electrons have been advanced by Compton
and Langmuir!® In 1916 Langmuir,® employing classical
particle dynamics, calculated from the measured heat conduc-
tivity in several metals the time of relaxation of electrons in
them, i.e. the time it takes for an electron having unusually

high energy to dissipate all but ieth of its energy. From the

order of the times found, Compton and Langmuir estimate that
by the time an electron accelerated into a metal from an ex-
ternal electron gas has passed but a few per cent. of an atomic
diameter beyond the surface layer of atoms it can no longer
have sufficient energy to escape from the metal. Classically,
perhaps the only conceivable mechanism of reflexion would
be the attraction of an incident electron by the nucleus of a
surface ion close to which it passes, in consequence of which
the electron would have its direction of motion practically
reversed, just as the sun reverses the direction of motion of
acomet. According to the reasoning of Compton and Langmuir,
in order to be reflected before it has lost too much of its energy
an electron would have to pass very close indeed to the nucleus
of a lattice ion, and presumably no important fraction of the
incident electrons would do this. Their other objection is
that neighbouring electrons (of the metal) would be repelled
by the incident electron, that they would redistribute themselves
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very rapidly, and that the local positive space charge thus
created would strongly damp out the motion of the incident
electron.

These arguments do not now appear so cogent, however,
as they did a few years ago. For not only is it true, in general,
that the classical particle-mechanics as applied to electrons in
metals has failed in several important respects, but in par-
ticular the modern electron theory of metals which replaces it,
and about whose essential correctness there can no longer be
any serious doubt, requires that the internal electrons shall
have enormous free paths, equal to hundreds of atomic diameters.
This requirement does not appear reconcilable with the con-
clusion of Compton and Langmuir that an appreciable part of
the energy of an electron is dissipated before it has moved as
much as the distance of a single atomic diameter.

The de Broglie wave-lengths of the electrons in which we
are interested are, in general, great compared with the inter-
atomic distances in the lattice. This leads one to hope that
it may be possible at least to arrive at a first approximation
to the truth by ignoring the atomic structure of the metal
and confining one’s attention simply to the action of the
surface potential hill on the electron waves. This has been
done by Nordheim,* 5 who has in this way developed a theory
of electron reflexion at metal surfaces which appears to be at
least qualitatively successful.

While reserving the fuller discussion of Nordheim’s theory
to Chapter V, we shall do well to take note of one or two of
its results now. In the first place, it appears that potential
hills of the type depicted in Fig. 5, having no hump, cannot
reflect electrons incident on them to any appreciable extent.
When there is a hump, however, as in Fig. 5b, an important
reflexion of electrons always occurs, except for such electrons
as have sufficient energy to go right over the top of the hump.
It may be thought that this is almost self-evident, indeed
that electrons which cannot go over the hump must all be
reflected. That is not so, however. According to the wave-
mechanics, there is a finite probability that an electron in-
cident on the hump will go right through it, even when its
energy is less than that corresponding to the top of the hump,
provided only that the hump is not too thick. As R. H.

3
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Fowler *? has pointed out, this is analogous to a well-known
phenomenon in optics. When a beam of light, travelling in
an optically ““dense ” medium, is incident on the boundary
between this and a lighter medium at an angle of incidence
greater than the critical angle, it is totally internally reflected
and there is no beam in the second medium. There is, however,
an electromagnetic disturbance in the second medium which
dies away exponentially with the distance and which does
not convey energy. In consequence, if the second medium
is only a few wave-lengths thick and beyond it is the first
medium again, a beam of light will re-form in this and travel
in the forward direction, although with much diminished
amplitude.  Similarly, if our potential hump is not too high,
and only a few Angstréms thick, the electron wave-train may
re-form on the other side, also, of course, with diminished
amplitude, so that a fraction of the incident electrons is trans-
mitted through the hump. For example, with a potential
hump 1 volt in height and 3 Angstroms thick—dimensions
of the order we should expect to occur in nature—the cal-
culated transmission, 1 — 7, of slow electrons is of the order
of 0:05. The theoretical transmission actually increases (as
it should do) with the mean energy of the incident electrons,
i.e. with the temperature, so that, strictly speaking, 1 — 7
is not a constant. Its temperature variation is never (or
hardly ever) sufficiently important, however, for it to have
any effect on the measured value of .

The Constant A,—It may be shown that the constant
A, of the emission formula (34) for metals must approach
to universal constancy. This was first done by O. W,
Richardson,* although the actual value of the constant was
not found until some years later. Richardson’s reasoning
was substantially as follows :

Let the emission formulee for two different metals be

i = (1 — F)AT2%aA [ (46)
and : tg = (1 — 7p)A oo T2 /T, : . (47)
* See O. W. Richardson, * The Emission of Electricity from Hot Bodies,”

Longmans, Green & Co., lst edition (1916), pp. 39-42; 2nd edition (1921),
pp. 41-44.
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Let the temperature T of both metals be the same. Then
taking logarithms of the two formule and subtracting, we
obtain

X1 Xo
R L s

We may learn something concerning the right-hand side
of this equation by considering the state of affairs that must
exist when the two metals are in contact both with one another
and with a common vacuum containing electrons (Fig. 6),
after the system has settled down to
a condition of equilibrium. Let us
suppose that /(1 — 7;) is greater
than ¢,/(1 — 7,), so that the electron
concentration in the neighbourhood
of the first metal is greater than
that in the neighbourhood of the
second. These two electron con- Fia. 6.
centrations can only be in equili-
brium with one another if there is a force tending to drive
electrons from the region of the metal 2 to the region of 1,
ie. if the potential V; near 1 is greater than the potential
V, near 2. The potential difference V; — V, is the contact
difference of potential between the two metals.

Now there is a definite relationship between the difference
of potential between two regions in an electron gas at uniform
temperature and the corresponding numbers of molecules per
unit volume. As will now be shown, if n, and n, are these
numbers where the potentials are V, and V, respectively, then

e
logg! = fp (Vo — Vo).

Let us for simplicity consider a one-dimensional potential
variation and let us suppose that there are n electrons per unit
volume and that the pressure is p and the potential V at the
point . Then the condition that there shall be no resultant
force acting on the electron gas at this point is

ne—— = —=—. . . g . (49)
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But p = #kT, and T is constant. Hence

nedV = kTdn,
dn e
or 7 = ]C_Tdv . . B . (50)

On integrating this, we have at once
™m_ v, —
log'n—z_kT (Vi —Vy). . . . (81)

Since the thermionic currents are proportional to (1 — 7)
times the electron concentrations, we may write in place of
this last equation

uw(l—7,) e .
log, =7 IcT(VI Vo), . . (62)
and this, substituted in (48), gives us
Ay eV — Vs) + (s — x2)
g 1 - . (53
2w #T (53)

Now the work that must be done on an electron to take
it from the region 1 to the region 2 in the electron gas, thence
into the metal 2, through the inter-metallic boundary 2/1,

and finally back into the region 1 of the electron gas is neces-
sarily zero. The condition for this is that

e(Vl - Vz) "]- (Xl - X2) + ePlz = 0, . (54)

where P,, represents the Peltier effect at the junction between
the two metals in volts. In consequence of this (53) becomes

lo

Ay Py
loge g, =~ F
A eP1g 116 X 10¢P;,
or 02— = T . . . (55)

01

P,, is not generally of a greater order than about 107*T. Thus

1-18 X 104Py
e T will usually not exceed about e, and so we shall

not expect the values of A, for different metals to differ by
factors of more than a few units.

In the case of emitters which have a negligibly small mean
reflexion coefficient 7, the so-called “ emission constant” A,
defined by (2), must be equal to A, If there are any such,
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they are most probably the pure, uncontaminated metals.
On the other hand, metals on whose surfaces are adsorbed
monomolecular films of an electropositive contamination may
have potential humps which give rise to an appreciable re-
flexion. We should therefore expect the emission constants
of such contaminated metals to be, if anything, smaller than
those of clean metals.

In Table III are given the measured values of A and x
for a number of emitters. Where a simple chemical symbol is
given, it is to be understood that the emitter is the correspond-
ing uncontaminated pure metal. Where two or more symbols

TABLE III.
EmIssioN CONSTANTS AND WoORK FUNCTIONS OF VARIOUS EMITTERS.
Emitter A % Fmitter. B %
* |(amp.Jom.2deg.),| (electron-volts). (amp./cm.2deg.2). | (electron-volts).

Cs i 162 1:81 W-Cs . 3-2 1-36
Ba . 60 2:11 W-Ba . 15 1-56
Zr 5 330 412 W-0-Ba 0-18 1-34
Hf . 14-5 3-53 Mo-Th . 1-5 2:59
Th . 70 3-38 W-La . 8-0 2-71
Ta . 60 4.1 W-Ce . 8:0 271
Mo . 55 4-15 W-Yt . 7-0 2:70
w . 60-100 4:54 W-Zr . 50 314
Re . 200 51 W-Th . 3-0 2:63
Pa . 60 4-99 w-U . 32 2-84
Pt . 17000 627

are connected by hyphens, the first stands for the bulk metal
and the remaining one(s) for the contaminating layer(s) of
atomic thickness. Where one atomic layer is of oxygen it
is to be understood that its concentration is the maximum
possible. The surface concentration of a metallic contamina-
tion, on the other hand, is such that it makes the emission at
any given temperature a maximum. This concentration is
not necessarily the greatest possible for a single layer. Thus
W-Th stands for tungsten having an optimum single layer
of thorium atoms on its surface, and W-O-Ba stands for tung-
sten on whose surface is adsorbed a full monatomic layer of
oxygen and on top of this an optimum monatomic layer of
barium.



38 GENERAT: SURVEY

It will be observed that of the eleven clean metals whose
thermionic data are given, nine have emission constants not
differing by a factor of more than about 3 from 100
amp./cm.?deg.2. It is possibly significant that the remain-
ing two, viz. hafnium and platinum, are among those which
it is most difficult to free from surface contaminations.

From the experimental evidence it is to be concluded either
that A, is of the order of 20,000 amp./cm.2deg.? or more and
that for all the emitters other than platinum 1 — 7 is not of
a higher order than 1072-107°, or else that for some reason
the experimental results for platinum are not to be taken at
their face value and that Ay is probably something like 100
amp./cm.2deg.2. We shall see in Chapter V that, according
to a quantum-statistical theory of emission in which the effect
of the specific heat of the electrons in the condensed phase is
ignored, the value of A, should be given by

2
Ay = 477;);36’0 == 120 amp./cm.? deg.2. . (56)

The Condition of the External Electron Gas.—
We have now to consider the question of whether or not the
effects of the mutual repulsions between the external electrons
are small enough to be neglected, as we have assumed them to
be in the derivation of the T? emission formula. This question
was first seriously raised. by M. v. Laue %% in 1918, and in a
subsequent discussion between v. Laue ° and W. Schottky 78
it was shown that under conditions actually realized in practice
the effects of the repulsions are, in fact, almost always negligibly
small and that it is consequently permissible to regard the ex-
ternal electrons as constituting a practically perfect gas. The
argument upon which this conclusion depends has been pre-
sented by Schottky and Rothe * substantially as follows :

It is obvious that the more the electrons are crowded to-
gether at any given temperature, the greater will be the pro-
portion of the electron paths in which their motion is appreciably
affected by the repulsive forces due to other electrons, and
the greater, therefore, must be the departure from the ideal

*W. Schottky and H. Rothe, ‘ Physik der Glithelektroden,” Wien-
Harms’ Handbuch der Experimentalphysik XIII (2), Akadem. Verlagsgesell-
schaft m.b.H., Leipzig (1928), pp. 35-37.
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gas state. We wish to find at what concentrations the inter-
molecular forces may no longer be neglected and to compare
these concentrations with those actually arising in practice.

Let us consider the region where, in the thermodynamical
discussion, there is assumed to be equilibrium between the
external electron gas and the metal, viz. that just beyond the
range of the image force. Let there be n electrons per c.c. in
this region, the corresponding mean distance of separation
being therefore (1/n)" em. In order that the effects of the
mutual repulsions shall be negligible, in the sense we require,
over all but a very small fraction of the electron paths, it is
necessary that the mutual potential energy of two electrons
at a distance (1/n)’s cm. apart shall be a negligible fraction of
the mean kinetic energy, i.e.

e2

3
W<§kT. : . . . (87)

Now it will be more convenient to have our condition in
terms of the thermionic current density ¢ than of n, since the
former is directly measurable. The concentration-number »
may be expressed in terms of i and the mean reflexion coeffi-
cient 7 by means of the relation

i 1 [2mm
P

=77 NI’ (58)

and so, combining this with (57), we have for the condition to
be fulfilled

: s g% e
2( 2 > e'ls(27rm) <1, . . (59)

3\1 —7 (kT)7e

or, writing for the constants their known values, viz. k = 137 X
1071¢ erg/deg., e = 477 X 1071® esu., m =90 X 107* gm,,
and remembering that 1 ampere is equal to 3 X 10° e.s.u,,

7 g
3(r)

I'l\f..'ﬁ

<1, . . . (80)

wheroe ¢ is expressed in amperes per cm.?
In order to see whether this condition is fulfilled, let us ex-
amine two extreme cases, viz., that of a monatomic layer of



40 GENERAL SURVEY

cesium on tungsten and that of clean tungsten, whose emissions
have been observed at very low and at very high temperatures
respectively.

Langmuir and Kingdon ¢ have found the emission from an
optimum monatomic layer of czesium on tungsten to vary from
about 2-5 X 1078 amp./em.? at 590°K. to about 2:5 x 10-3
amp./om.? at 780°K. We shall see in Chapter III that for
this emitter the measured value of A is 32 amp./cm.?deg.?
and that this is probably not in error by more than a
factor of 3. Thus, since A, is 120 amp./em.2deg.2, 1 — 7 is
probably not less than about 1/100. Assuming thisunfavourable
value, then, we find the variation of the left-hand side of (60)
to be from 1-4 X 1073 at 590°K. to 1:0 x 102 at 780°K.
Both these quantities are sufficiently small for our electron gas
to be regarded as very nearly perfect.

Now let us consider the case of tungsten at the extremely
high temperature of 3000°K., where the emission density is
14 amp./ecm.? Tt is possible that for this metal 1 — 7 is
about §, but it is certainly not much less than this. As-
suming this value, we find that the left-hand side of (60)
becomes 1-0 X 1072 And since 7 changes with T much more
rapidly than as T2, our condition must be even better fulfilled
at lower temperatures.

If we examined other cases in the same way, we should find
that the condition (60) is almost always sufficiently well ful-
filled for the assumption of a perfect external electron gas to
be justified.

Even in certain cases where the left-hand side of (60) is
not negligibly small, the conclusions based on the assumption
of a perfect external electron gas may still hold good. For when
electrons are being drawn from the emitter by an accelerating
field, their actual concentration in the region just beyond the
range of the image force must always be less than that in an
external electron gas in equilibrium with the emitter, and in
certain cases it will be very much less. The absence of returning
electrons halves the concentration even when there is no re-
flexion, but where there is reflexion the concentration will be
diminished by the additional factor of 1 — 7. If the concen-
tration of the electrons under emission-current-measuring con-
ditions is substituted in (60) for that in a supposed external



VELOCITY DISTRIBUTION OF EMITTED ELECTRONS 41

electron gas in equilibrium with the emitter, the less exacting
condition
30z'/s
T

is obtained. If this condition is fulfilled, it is difficult to see
why we should not argue as if the effects of mutual repulsions
in an electron gas in equilibrium with the emitter were also
negligible and still draw valid conclusions.

That is the < microscopic  side of the question. But there
is also a “ macroscopic ”’ side. If the volume of the external
gas is sufficiently great, the field due to the space charge will
appreciably affect the equilibrium conditions ab the surface
of the emitter. It is to be understood, then, that the volume
of the gaseous phase considered in the thermodynamical dis-
cussions is always to be taken so small that the disturbing
effect of the space charge is negligible.

Finally, it is convenient to imagine the * cylinder and
piston * containing walls of the electron gas to be of the same
emitting material and to have the same temperature as that
whose thermionic properties are under consideration.

The Velocity Distribution of Thermally Emitted
Electrons.—If we have an external electron gas in equilibrium
with an emitting body, not only must the same fotal number
of electrons leave the surface of the emitter in a given time
as reach it from outside, but the numbers belonging fo any
particular velocity group leaving and arriving at the surface
must also be equal, for otherwise there could be no true equi-
librium. We shall see in Chapter V that for degrees of crowd-
ing such as occur in external electron gases ab realizable
temperatures the Fermi distribution is indistinguishable from
the Maxwellian. Thus we shall expect the velocities of the
electrons leaving the surface under the supposed equilibrium
conditions to be distributed according to the Maxwellian law.

Of course not all of these electrons are necessarily emitted.
Some of them may be merely reflected. Therefore, unless
the reflexion coefficient is negligibly small, or else is the same
for all incident velocities, we shall not expect to find the
emitted electrons alone to have a Maxwellian distribution.
Now there is, according to Nordheim’s theory, one case in

<1 . . . . (6]
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which the reflexion should not be important for electrons of
any incident velocity, viz. that of a potential hill at the
surface of the emitting body which has no hump projecting
above the final image level, such as has been depicted, for
example, in Fig. 5a. The electrons emitted from such a body
should therefore have a Maxwellian velocity distribution. On
the other hand, if there is a projecting hump, as in the hill of
Fig. 5b, the reflexion will be negligible only for those electrons
whose normal velocity components are large enough for them
to go over the top of the hump. TFor those, however, whose
velocities normal to the surface are so small that they would
have to go through the hump, the reflexion coefficient will no
longer be negligible, and must increase as the normal velocity
diminishes. Thus in this ease, while the velocity distribution
of emission should still be Maxwellian corresponding to the
temperature of the emitter for electrons emitted with normal
velocities great enough for them to go over the top of the hump,
it should not be for those that have to go through the hump.

It may, perhaps, be objected that we know from experiment
that electrons which approach the surface with quite high
velocities may be appreciably reflected and that Nordheim’s
theory therefore cannot be correct. There is reason to believe,
however, that the reflexion of fast electrons is an effect depend-
ing on the atomic lattice structure, which Nordheim’s theory
ignores, and which is much more important for electrons whose
velocities are high and whose wave-lengths are, therefore, short,
than for relatively slow electrons, whose wave-lengths are
large compared with inter-atomic distances. For the latter,
we may probably take Nordheim’s theory as a sufficiently
good guide.

The method that has been most commonly employed
experimentally in order to determine the velocity distribution
of the emitted electrons has been to apply various negative
potentials to the anode and to measure the electron currents
that flow against the corresponding retarding fields. It is
essential that the anode should be made sufficiently negative
with respect to the cathode, for otherwise there will be a
potential minimum between the two electrodes, due to the
space charge, and it will be this, not directly the potential of
the anode, which will determine the extra potential hill the
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emitted electrons have to climb. Thus, unfortunately, the
method does not lend itself to the determination of the velocity
distribution of the slowest electrons. In Fig. 7 is shown
qualitatively the way in which the potential distribution
between the two electrodes depends on the potential applied
to the anode. The higher the temperature of the cathode,
and the greater, therefore, its emission, the more negative
must the anode be made in order that +
there shall be no space-charge potential
minimum.

The relationship between the re-
tarding potential and the current of
electrons emitted with a Maxwellian
velocity distribution which will flow
against it is simplest in the case where /
the electrodes are infinite parallel
planes. Let us examine this case
first, We saw on page 23 that of a
number of electrons whose velocity
components in a certain direction are -
distributed according to the Max- Fra. 1.
wellian law, a fraction ¢ °** have
greater kinetic energies corresponding to these velocity com-
ponents than C. Thus in the case we are considering, if
the anode is at a potential V below the cathode and there
is no potential minimum between the two electrodes, the
fraction ¢*V** of the electrons emitted from the cathode
will reach the anode. Or, if ¢ is the thermionic emission
per unit area from the cathode, the current i, per unit area
collected by the anode will be given by

iy = 1 VI, . . . (62)

CATHODE
ANODE

Thus, if log,, 7, is plotted against V, a straight line should be
obtained whose slope is — ]% log,, €, and if V is in volts this

. 5040
18 — —rr—-.

The case of infinite concentric cylinders, the inner one
being the cathode and the outer the anode, has been investi-
gated mathematically by W. Schottky.”  This case is not
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quite so simple as that of infinite parallel planes, since not only
the radial but also the tangential components of the velocities
of ejection are of importance in determining the anode current.
The reason for this is, of course, that the latter as well as the
former are directed toward the anode. Schottky has shown
that if the radius of the inner cylinder (the cathode) is less
than !5 that of the outer and the anode is made sufficiently
negative to the cathode, the dependence of ¢, upon V corre-
sponding to a Maxwellian distribution of emission is given within
% per cent. by the formula

271 [Ve -3¢

- A
vp = ’LWI—’V]G—,I‘ €

C(° s ]
—|—J\/_e de. . (63)

e
RT

Except for very small values of V, the second term on the
right-hand side is small compared with the first and the re-
lationship between log 7, and V is approximately linear.

One would, perhaps, naturally expect this formula to be
valid for all values of the anode potential which are negative
to the cathode by more than V,, where V, is the value for
which there is just no potential minimum between the electrodes.
Schottky has worked out formulse by means of which the value
of V, may be estimated, and he has found that with the usual
order of electrode dimensions V, grows from % volt or less
to something like 1 volt as the emission, ¢, increases from
107°-10"% amp./cm.? to 107® amp./cm.2, Tt hag more
recently been shown by Davisson,® however, that the non-
existence of a potential minimum in the inter-electrode space
is not a sufficient condition for the validity of (63), but that
this formula must fail for V = V, and also for a certain range
of values of V greater than V,,.

For really reliable and accurate determinations of the
velocity distribution by the retarding field method it is, of
course, necessary to avoid having either a potential drop along
the cathode or a magnetic field surrounding it. Thus, if the
cathode is in the form of a wire or a ribbon, heated by a cur-
rent, it is usual to make the current intermittent, with a high
make-and-break frequency, and to so arrange the circuit that
thermionic currents are measured only during the “off
periods.
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The first experimental test of the distribution of the normal
velocity components of emitted electrons was made by
' Richardson and Brown,®? in 1908, for the case of parallel plane
electrodes, the cathode being a platinum ribbon let into a slit
in a plane sheet of metal. They obtained linear plots of
log i, against V and found the mean of eight determinations
of the slopes of these plots to agree within less than 1 per cent.
with that required by Maxwell’s law for an electron gas at the
temperature of the emitter. Individual slopes differed from
the theoretical by nearly 20 per cent., however.

Shortly afterwards, Richardson ¢7 also tested the distri-
bution of the components of velocity parallel to the emitting
surface, again with platinum, in the form of a ribbon nearly
filling up a slit in a metal plate, as the cathode. Opposite
the cathode and at a short distance from it was placed a plate
containing a slit parallel to the ribbon. This plate was move-
able in its own plane, in a direction perpendicular to the slit.
Behind the slit was placed a Faraday collecting cylinder, and
the current collected by it measured as a function of the posi-
tion of the slit either when the movable plate and cylinder
were at the same potential as the fixed plate and platinum
ribbon, or when they were at some positive potential to the
latter and electrons thus accelerated to them. Corresponding
to different positions of the slit and collector, electrons emitted
with different sideways velocities were collected. 1In this way
the velocity components parallel to the surface were found
also to have a Maxwellian distribution corresponding to the
temperature of the emitter.

In 1914 Schottky 7* made use of the coaxial cylinder arrange-
ment in order to determine the velocity distributions of the
electrons emitted from filaments of carbon and tungsten at
various temperatures. In each case he found the current-
voltage relationship to be expressible by a formula like (63),
in which, however, T was not the measured temperature of
the emitting filament, but some higher temperature, which we
may call the *distribution temperature.” The distribution
temperature generally exceeded the measured filament tem-
perature by a few hundred degrees. The filament tempera-
tures were calculated from the emissions, using thermionic
data for carbon and tungsten found by other observers. In
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view, however, of the important effects surface contaminations
are known to have on thermionic emissions, this method of
temperature measurement cannot, perhaps, be regarded as
entirely satisfactory.

Later experiments on platinum and tungsten by Sih Ling
Ting,® using both the parallel plate and the coaxial cylinder
methods, seemed to indicate a distribution of the Maxwellian
type with the distribution temperature about double that of
the emitter. However, this result was subsequently atiri-
buted by Jones,* who continued the work begun by Sih Ling
Ting, to a faulty circuit arrangement, and when this was cor-
rected the distribution temperature obtained agreed in every
case very closely with that of the emitting filament.

Potter,% using the coaxial cylinder arrangement, con-
firmed Jones’ result for platinum wires heated in a good vacuum,
but found that when the wires were exposed to hydrogen at
a pressure above about 51y mm. the distribution temperatures
were much greater than the filament temperatures. It would
be difficult, however, to attribute this to the effects of surface
contaminations, since Potter was unable to detect any change
in the emissions due to the gas. Similar results were obtained
by Congdon ! for wires of tungsten in a vacuum and in hydrogen.
Neither Potter nor Congdon found the distribution temperatures
at any given filament temperature to be determined uniquely
by the pressure of hydrogen, so it does not appear that the
observed discrepancies between the distribution and filament
temperatures can have been due merely to collisions between
electrons and gas molecules. Indeed, Congdon found that while
the distribution temperature was increased quite considerably
by hydrogen, even when the pressure was less than {{; mm.,
argon had no effect on it up to a pressure of as much as 3 cm.

The experiments of Potter and Congdon were repeated a
few years later by del Rosario,’ who failed, however, to confirm
their results. He was unable to detect any effect on the veloc-
ity distribution of the electrons emitted from platinum or
tungsten filaments due to exposure to hydrogen of pressures
up to  mm. In all cases, irrespective of the presence or ab-
sence of hydrogen, the observed distribution agreed within
2 or 3 per cent. with the Maxwellian corresponding to the
temperature of the emitter.
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Perhaps one of the most painstaking and accurate experi-
mental determinations of the velocity distribution of electrons
thermally emitted in a good vacuum that has yet been made
is one that was carried out by Germer 3 in 1925, using a tung-
sten filament. A very considerable range of temperatures
(1440°-2475°K.) and of retarding potentials was covered, and
the distribution was at all temperatures found to be Max-
wellian and the distribution temperature to agree with the
actual temperature of the filament within 5 per cent. or less.

Several determinations have also been made of the velocity
distribution of the electrons emitted from oxide cathodes.
One of the earliest of these was made by Rossiger 7* with
a cathode coated with a mixture of BaO, SrO and CaO, employ-
ing a method of magnetic analysis of the electron velocities
due to Hull,®® instead of the usual retarding field method.
Within the limits of experimental uncertainty, which were
rather wide, the distribution found by Rossiger agreed with
the Maxwellian corresponding to the temperature of the cathode.

Later determinations made by the retarding field method
by Koller 4 and Rothe 7 did not confirm this result. Both
found distributions of the Maxwellian type, but correspond-
ing to a much higher temperature than that of the emitter.
It is possible, however, that this was due, at least in large part,
to the unsuitability of the electrode geometry. Koller used
a coated ribbon, instead of a round wire, stretched along the
axis of a cylindrical anode. The lengths of ribbon and anode
were not stated. Rothe carried out his experiments on com-
mercial oxide-coated-filament valves, the grid and anode
connected together serving as collector. In general, however,
commercial valves are by no means ideal for this kind of ex-
periment. Quite apart from the question of shape (in section)
of the electrodes, they are usually so short that the field cannot
be regarded as effectively two-dimensional. In addition to
this, a serious error must be introduced if the temperature of
the filament is calculated, as it was by Rothe, from its resistance,
and the filament is so short that the resistance of the relatively
cool ends is an important part of the whole. As Demski '
has pointed out, the electrons collected by the anode must,
in such a case, come mainly from the hot central portion of
the filament, whose temperature is, of course, higher than that
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calculated from the resistance. Yet another possible source
of error is, according to Demski, patchiness of the emitting
surface. Such patchiness is often difficult to avoid in the case
of oxide cathodes, and if it occurs the local fields associated
with it will cause the measured values of the distribution
temperature to be too high. After eliminating this and other
sources of error, Demski has found distribution temperatures
in close agreement with the corresponding femperatures
of the oxide cathodes. Maxwellian distributions of the elec-
trons emitted from oxide cathodes corresponding to the cathode
temperatures have also been observed by Davisson (reported
by Germer 3!) and by Moller and Detels.5

Two experimental determinations of the velocity distribu-
tion of the electrons emitted from fully activated thoriated
tungsten have recently been made, one by Reynolds,* the
other by Nottingham,* both employing the coaxial cylin-
der arrangement. Reynolds found the distribution to be
Maxwellian, corresponding to the temperature of the emitting
filament, at least for the electrons emitted with high velocities.
Nottingham obtained the same result for electrons emitted
with velocities of more than about 1-5 equivalent volts, but
for those emitted with lower velocities he found a distribution
which, while still Maxwellian, corresponded to a temperature
some hundreds of degrees higher than that of the filament.
By keeping the filament temperature low and thus minimizing
the disturbing effect of space charge, he was able to observe
the distribution down to as low a retarding potential as about
0-3 volt.

A series of observations made by Nottingham for a filament
temperature of 1160°K. is plotted in Fig. 8. The nearly
horizontal part of the curve corresponds to the saturation
current. To the left of this the anode potentials are electron-
retarding. (That they are nevertheless marked positive in
Nottingham’s figure is presumably due merely to his not having
taken account of contact potentials and perhaps also certain
circuit voltages.) The dashed curve corresponds to Schottky’s
formula (63) for a temperature of 1600°K. This, it will be
noted, goes through the observed points for retarding potentials
between about 0-3 and 1-5 volts. For retarding voltages
appreciably above 1-5 the observed points lie on a somewhat
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steeper line whose slope corresponds to the temperature of
the filament, viz. 1160°K.

Now a (log %,)-V curve having a rather sharp change in
slope at a certain point such as we have in Fig. 8 is precisely
what must, according to the wave-mechanical theory, be
expected in the case of an emitter at whose surface there is
a potential hump. The retarding voltage at which the sharp
change in slope occurs corresponds to the effective height of
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Fi¢. 8.—Variation with anode voltage of the electron current from a W-Th
filament flowing against an electron-retarding field.

the potential hump, i.e. the height above the final image
level. Thus, according to Nottingham’s data, the effective
height of the hump in the case of W-Th is something like
1-5 volts.* This is rather less than corresponds to the difference
between the work functions of clean tungsten and W-Th,
viz., 1-9 e.v.

Theoretically, we should expect the eflective height of the

* Nottingham's own interpretation of his results differs slightly from that

given here and leads to a value of 1-3 volts for the effective height of the
hump.

4
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hump to correspond to less than the depression of the work
function due to the adsorbed film. This will at once be evident
on reference to Fig. 9. In this we may suppose the con-
tinuously rising curve to represent the upper part of the
potential hill at the surface of a clean metal, say tungsten.
The last part of it is due to the image field and is asymptotic
to a line marked W. Let us suppose the curve with a hump
is the corresponding part
of the potential hill for
the same metal on whose
surface there is an ad-
sorbed electropositive film,
say of thorium atoms.
The last part of this must
also be due to the image
field and must therefore
also rise. This will be
asymptotic to some line
W-Th. Obviously only
the part (shaded) of the hump above the line W-Th can be
effective in producing electron reflexions and the height of
this part must necessarily correspond to less than the depres-
sion of the work function, yw — xw—mn-

The Calorimetric Measurement of the Work Function.
—We had on page 27 the equation

Fia. 9.

1=1,+ j:(c,, —e)T, . .. (24)

which, on substituting 3R for ¢, becomes

T
lzlo—}—gRT—jc,,’dT. L. (64
0

The quantity ! is the heat per gram-molecule of electrons lost
by the conductor when a small quantity of electrons is virtually
transferred at constant temperature and pressure from it to
the gaseous phase. It is important to remember that the
system is supposed to be completely isolated from its surround-
ings, so that no fresh electrons are supplied to the conductor
to compensate for those lost.

The heat loss, A per gram-molecule of electrons, suffered
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by an emitting cathode in consequence of saturated space
_ current being drawn from it is, for three separate reasons,
not quite the same as I. In the first place the kinetic energy
per gram-molecule of a current with a given (say Maxwellian)
velocity distribution is different from the energy per gram-
molecule of a gas with the same kind of velocity distribution,
for the faster molecules make a relatively greater contribution
to the current than they do to the mass of the gas. Secondly,
when saturated thermionic current is drawn there is no mutual
interchange of energy between the two phases ; the condensed
phase ‘ knows nothing,” so to speak, of what happens to the
evaporating particles after they have left it, and therefore
no work-of-expansion term enters into A. And finally, the
heat loss of which X is a measure is not necessarily entirely
uncompensated, for the electrons fed into the conductor to
take the place of those lost by emission have whatever energy
may correspond to the temperature of the point at which the
conductor receives them.

In the expression (64) for I, the term SRT represents the
sum of the kinetic energy (3RT) and the work of expansion
(RT) of one gram-molecule of the external electron gas. It
is clear that in the corresponding expression for A, SRT should
be replaced by the average kinetic energy of ejection per gram-
molecule of current drawn minus some quantity F(T,), where
T, is the temperature of the point at which the electron
current flows back into the emitting cathode.

In order to determine the former of these quantities it
is necessary to know the law of distribution of velocities of
the emitted electrons. This, as we have seen, is frequently
Maxwellian, although apparently it is not always so. Let us,
however, here confine our attention to the cases where it
s Maxwellian, with a distribution temperature equal to the
temperature of the emitter.

Let us imagine a unit cube constructed within a Maxwellian
electron gas at a temperature T. Then the mean kinetic energy
of the current constituted by the electrons passing in one
direction through one face of such a cube must also be the
mean kinetic energy of the thermionic cutrent due to electrons
emitted with a Maxwellian distribution from the cathode at
this temperature. If N represents the total number of electrons



52 GENERAL SURVEY

within the cube at any instant, then the number whose
velocity components normal to the cube-face chosen lie between
% and % + du is dN, where

dN=N\/

m
ok T"

The number of electrons belonging to this velocity group which
pass through the face of the cube in unit time is obviously udN,
and that part of their kinetic energy which corresponds to
the normal velocity component is 3mu®dN. Hence the mean
kinetic energy per electron of the current corresponding to
the normal velocity component is

mu?

TR . . (8)

or, by (6),

2 [® _mu
j ue 2 gy

which is equal to £T.* The contributions to the kinetic energy
corresponding to the velocity components in the two directions

parallel to the face of the cube are of course each 3kT, so that, - _

finally, the total mean kinetic energy is 2kT per electron or
2RT per gram-molecule of the current. The expression for
A which is the counterpart of eqn. (64) must therefore be :

T
A =1, + 2RT — F(T,) — j ¢,/dT
0

=1 — {RT — F(T,). . 5 . . (65)
Now we had on pages 28 and 29,

b _x_
R 5~ x
Thus the work function expressed in degrees is given by
A 1 T , i
T, =g — 2T + RUOC,, T + F(To)]. . (86)

* For the solutions of these integrals see, for example, Appendix A to
J. H. Jeans’ ‘“ Dynamical Theory of Gases,” Cambridge University Press.
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If ¢, were equal to 3R, as it would be if Richardson’s original
picture of a Maxwellian internal electron gas were true, we should
have in place of (2) or (35) the emission formula (9) in which
C/k would be given by

C_X

T  F(T,)
TR 2R
and F(T,) the energy per gram-molecule of electrons of the

current fed into the emitting body, would be 2RT,, so that
finally, we should obtain for C/k the expression

¢ x T

E=E_E+2T°' . . . (68)
If, on the other hand, we take ¢,’ = 0, then F(Ty) = 0, and we
have

(67)

X_mp, =X
k'—T"—R 2T. . . . (69)
Thus, taking account of the relation (41), we see that we could

replace (68) and (69) by

Il

i >

+ 2T, .. (10)

Mg

and

Il

= >

(71)

RS

respectively, where w is the quantity appearing in the empirical
emission formula

i=f.M, . . Y
f being a constant.

In practice, 2T, is generally of the order of 2 per cent. of
w/k. With present-day experimental technique it is generally
not possible to be certain of the accuracy of a determination
of w to within less than about 1 per cent., and, if anything, the
accuracy with which A can be measured is rather less. Thus an
experimental test as to whether the term 2T, should or should
not appear seems to be only just on the borderline of possibility.
There is, however, no longer the need for such a test that there
was formerly. We now know enough about the metallic
state to enable us to say without hesitation that the term 2T,
should nof appear, and that the true work function, , is given
by the formula (69).
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Now let us consider the case where the distribution of veloc-
ity of the emitted electrons is not Maxwellian corresponding
to the temperature of the emitter. In such a case the distri-
bution may not even be strictly of the Maxwellian type, but it
will probably not be possible to detect any departure from
this type experimentally. Let us suppose that the distribution
of the normal velocity components for the slower electrons
corresponds to a distribution temperature T,;. We have seen
that the effect of a potential hump must be to make T, dif-
ferent from T, the temperature of the emitter, and a moment’s
reflexion will show that T, must be greater than T. Of course
for the electrons ejected with sufficient normal velocities to go
over the top of the hump, T, must be equal to T, but these
electrons will in general form such a small proportion of
the whole that they may be neglected. As for the tangential
velocities, there does not seem any reason why these should
be affected by the hump in any way. Thus for an emitter
at whose surface there is a potential hump we should expect to
have to replace (69) by

%:Tx=1%_T_Td. N 0]

Judging by the case of thoriated tungsten, we should expect
T, — T, the difference between the right-hand sides of (69)
and (72), to be only of the order of T/2, or something like 2 or
3 per cent. of T,. It is rather doubtful if the limitations of
present-day technique would permit of such a small difference
being established experimentally.

Attention was first drawn to the possibility of determining
work functions calorimetrically by O. W. Richardson % in
1903. Five years later Wehnelt and Jentzsch % attempted
to measure the work function of a lime-coated platinum fila-
ment by this method. The filament formed one arm of a
Wheatstone bridge. After the bridge had been balanced with
the filament at a certain temperature and with no thermionic
current flowing, saturated space current was drawn and the
heating energy supplied to the filament increased until the
bridge again balanced. The amount of this increase was taken
to be equal to the heat lost by the filament on account of the
evaporation of the electrons, and the work function calculated
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on this basis. It was found, however, that the value so ob-
tained differed widely from that deduced from the temperature
variation of the emission of the same filament. The failure to
obtain concordant results by the two methods is now known
to have been due to (1) proper allowance not having been made
for the disturbing effect of the thermionic current on the
balance of the bridge and on the temperature distribution
along the filament, and (2) the rather unfortunate choice of
cathode, from which (see Chapter IV), with the very imperfect
vacua realizable at that time, it was impossible to obtain con-
sistent thermionic behaviour. The experiments were repeated
by Schneider 7¢ in 1912, who, however, had no better success.
In the following year, Cooke and Richardson,!? by a modi-
fication of the experimental method employed by their pre-
decessors, succeeded in eliminating the worst of the electrical
and thermal secondary effects produced by the thermionic
current and obtained very tolerable agreement between the
work function determined calorimetrically and that deduced
from the slope of the Richardson line in the case of osmium
and tungsten, but still failed to do so in the case of lime-coated
platinum, as did also Wehnelt and Liebreich °7 shortly after-
wards. Lester,® in 1916, by introducing still further ex-
perimental refinements, obtained very satisfactory agreement
between the work functions determined by the two methods
in the case of tungsten, molybdenum, tantalum and carbon,
and Wilson % in the following year, achieved equally satis-
factory results with platinum wires coated with calcium,
strontium and barium oxides. Further comparisons which
have shown agreement between the work functions determined
by the two methods have been made by Davisson and Germer,'*
Michel and Spanner,® and Rothe.” From the point of view
of experimental technique, the work of Davisson and Germer
is that which probably approaches most nearly to perfection.

The inverse effect, viz. the heating which accompanies
the condensation of electrons in a conductor, has also been
used for the determination of work functions, notably by
Richardson and Cooke,”® and more recently by ViohlL* It
is, of course, necessary to allow for the energy with which the
electrons enter the metal. Thus, if the electrons are derived
thermionically from an emitter at a temperature T, from
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which they are emitted with a Maxwellian velocity distribution,
and the potential of the conductor whose work function is to
be determined is V above that of the emitter (including the
contact difference of potential), then if A’ is the heat developed
in the conductor per gram-molecule of electrons condensed
in it, the work function y must be given by

X - X e

t=Ti=f—2L.— . .. (13)
This method would be particularly useful in its application
to the less refractory metals whose work functions cannot
easily be determined by the more direct methods.

Work functions have also been determined from the heat
developed in an electrode in a gas discharge by Holst and
Oisterhuis,®® Penning,’® Schottky 8 and v. Issendorff,8 3
and van Voorhis % % and Compton.?® In view, however, of
the complexity of the accompanying phenomena and of the
many corrections that have, in consequence, to be applied,
it seems doubtful whether the method is—at any rate in its
present form—capable of yielding very accurate results.

Infra-Saturation Currents.—The only reason why infra-
saturation thermionic currents are less than the saturation
currents is that the electrons of the former have a greater
potential hill to climb than those of the latter, the extra height
of the hill being due to the space charge. For example, in
the case of infinite plane parallel electrodes where the potential
minimum due to the space charge is V,, below the potential
of the cathode and the latter is at the temperature T, the
velocity distribution of the electrons emitted from it being
Maxwellian, the relationship between the infra-saturation
current ¢, and the emission ¢ must be

iy = ie=*VmlIT, C L (19)

The corresponding formule for other geometrical arrangements
will be of a similar type, but less simple. It is to be noted
that except when 14,/i is very small indeed, V,, will be only
a fraction of a volt. Thus, for example, if T is 2000°K., the
value of V,, which makes 7, /¢ = J1; in (74) is 0-4 volt, and that
which makes it 3 is 0-8 volt.

The complete mathematical treatment of the infra-satura-
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tion problem is one of extraordinary complexity, and the
best that has been achieved is an approximation to the com-
plete solution—albeit a very close one—in a few geometrically
simple cases.
" A first approximation may be arrived at by neglecting both
the initial velocities of ejection of the electrons and the height
of the space-charge potential hill. This is equivalent to
assuming that the velocities of the electrons are everywhere
determined uniquely by the potential and that at the surface
of the cathode the potential gradient vanishes. The relation-
ship between space current and anode potential obtained in
this way will be a good approximation to the truth for all
infra-saturation anode potentials that are of a higher order
than V,. With the usual electrode dimensions, and emissions
of at least some milliamperes, saturation is generally not
attained under an anode potential of several volts, sometimes
even not under a few tens or hundreds of volts. In such cases
the solution obtained will be very nearly correct over the
greater part of the infra-saturation anode voltage range.

As an illustration of the approximate treatment, let us
consider the one-dimensional case of infinite parallel plane
electrodes. The following are the conditions to be fulfilled :

fmv? = €V, . . ; . (75)
azv
ViV = T dmp_, . . . (76)
and V=0, (é—‘xr = 0 where x = 0, . . (7))

where v is the velocity of the electrons, p_ the negative charge
density, and V the (positive) potential with respect to the
cathode at a distance x from it.

We wish to express the current ¢, in terms of the potential
V, of the anode. By means of the relationship

iA Bt Up_, . . . . (78)

we therefore eliminate » and p_ between the equations (75)

and (76), obtaining
dzv . [2m,_,
—x_ = 27T’LAJ—6—V— /z. * . N (79)
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To integrate, we multiply each side of this equation by dV/dx
and, remembering the boundary condition for dV/dx in (77),
obtain the integrated equation
avy? . \/%
—) = —V':
(dx) Smig\| =V . . . (80)

Integrating again, and making use of the boundary condition
for V in (77), we finally obtain for ¢, the value

,L_'\/E —evalz
AT o Alm

and if I is the distance between the electrodes we may write
instead of this B
. V2 e Vi

%= g N I (81)

The solution of this one-dimensional problem is due to
J. J. Thomson * and C. D. Child.®

The infra-saturation problem for the case of coaxial cylinders
has been solved by Langmuir.4® The approximate solution is

i _2V2 [e V3
A7 79 N RgT
where R is the radius of the outer cylinder and B is a constant
depending on the ratio of the radii of the two cylinders which
is very nearly equal to unity when the radius of the outer
cylinder is great compared with that of the inner.
Finally, for concentric spherical electrodes, Langmuir
and Blodgett 4 have obtained the approximate solution

. 4:'\/5\/2 VASIB
by = T _’I’I—’b N N . . . (83)

(82)

where « is a function of the ratio of the two radii.

It will be observed that in all three formuls the current
is proportional to the square root of e/m and to the three-
halves power of V,. It is easily seen from the dimensions of
eqns. (75), (76) and (78) that it must be so in all cases, irre-
spective of the electrode geometry. It is evident also that

* See J. J. Thomson, ‘“ The Conduction of Electricity through Gases,”
Cambridge University Pross, 2nd edition (1906), p. 223.
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in the case of any particular electrode geometry it is possible
to determine the ratio e/m to a high degree of precision by
comparing the experimental 4,-V, relationship with the
theoretical. This has been done for example by S. Dushman,?
employing cylindrical electrodes.

More rigorous solutions of the infra-saturation problem
have been obtained for parallel plane electrodes by Schottky,8°
Epstein,? Fry 2 and Langmuir,* and for cylindrical electrodes
by Langmuir % and by Langmuir and Blodgett.?” 1In these,
approximate corrections for the finite velocities of ejection
of the electrons and the finite height of the space-charge
potential hill have been made.

In none of these calculations is that part of the infra-
saturation characteristic accounted for in which the rate of
increase of space current becomes progressively less with
increasing anode potential. This is mainly due, as B. S.
Gossling has shown,* to the fact that the surface of the emitter
is not absolutely smooth. The current from the projecting
parts of the surface begins to saturate while that from the
hollows is still space-charge limited, the area supplying saturated
current growing at the expense of that supplying space-charge-
limited current as the anode voltage is increased, until finally
the current from the whole surface of the cathode is saturated.
Gossling has been able to account quantitatively for the whole
of the observed current-voltage characteristic in the case of
a certain tungsten-filament valve by assuming the surface
of the filament to have a sinusoidal corrugation, the ratio of
the amplitude to the wave-length being 0-04. (Within wide
limits the actual scale of the corrugation is immaterial.) While
no actual surface will be of this simple geometrical form, the
assumed order of roughness is by no means greater than that
which we should expect to occur in nature.

Tn the case of certain cathodes, the 3-power law is seriously
departed from, even in the lower part of the infra-saturation
characteristic. An example of such a cathode is imperfectly
activated thoriated tungsten. In Fig. 10 are shown three
thermionic current-voltage curves, all obtained with geo-
metrically the same electrode system, the tempcraturc of the

* Unpublished work.
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cathode having been adjusted to give about the same saturated
current in each case. The cathode was either a pure or a thori-
ated tungsten wire, Curve I is that obfained with the pure
tungsten cathode. Curve II was obtained with the thoriated
cathode after a partial layer of thorium atoms had been
“grown ” on its surface. It will be observed that the lower
infra-saturation ordinates of curve II are appreciably less than
those of curve I, which accurately obeys the Z-power law.
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F16. 10.—Showing the dependence of the infra-saturation thermionic current-
voltage relationship on the state of the emitting surface.

Curve III was also obtained with the thoriated cathode, but
only after the layer of thorium atoms on its surface had become
complete. In the lower infra-saturation region this is indis-
tinguishable from curve I. The departure from the theoretical
$-power law in the case of the partially activated cathode is
probably due to the existence of local fields near the surface
associated with ““ patches ” of different work functions.

A different kind of departure from the $-power character-
istic that is sometimes observed is that due to the presence in
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the inter-electrode space of positive ions, either emitted with
the electrons from the hot conductor or, in the case of a poor
vacuum, produced by collisions of electrons with residual
gas molecules. In either case the infra-saturation currents
are greater than they would be in the absence of the positive
jons. Owing to the relatively large mass of the ions, they can
have an important effect in neutralizing the space charge and
so indirectly enhancing the current even when their direct
contribution to it is insignificant.

The Schottky Effect.—We have seen that thermionic
currents never truly saturate ; an increase in anode potential
is always accompanied by some increase in the current. One
cause that always operates to bring about this result is a lower-
ing of the work function due to the applied field. The quan-
titative theory of this effect is due to Schottky,* and it has been
named after him the ‘‘ Schottky effect.”

The polarization field must effectively vanish at a distance
of a very few atomic diameters from the surface. The image
field, however, only becomes negligible, as we shall presently
see, beyond a distance of the order of 107%-10"% em., i.e.
something like a hundred atomic diameters from the surface.
Thus the whole of the last, rising part of the potential hill up
which an escaping electron has to climb is due to the image
field, and its shape is therefore exactly known, from electro-
static laws. Hence, superposing the applied field on to the
image field, it is easy to calculate where the negative slope of
the former is exactly equal to the positive slope of the latter,
i.e., at what distance the summit of the resultant hill is reached,
and consequently, also, how much the work function is lowered
by the applied field. Tt should perhaps be mentioned that there
is no question of electrons going through the very wide potential
hump resulting from the image and applied fields as there is
in the case of the narrow humps formed by adsorbed mon-
atomic electropositive films.

Tet us first consider the image field alone. At a distance
« from the surface of the emitter that is sufficiently great for
the atomic structure of the surface to be disregarded, the force
with which an cloctron (— e), if not moving too rapidly, is
attracted by its electrical image (+ e) in the surface is e?/4x?
The contribution to the work function of that part of the
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image field which lies between a distance z, and infinity is
therefore

[ve] ez e2

k= iy
From this we see, incidentally, that beyond a distance
of 107%-10"% cm. from the surface the contribution of the
image force to the work function is negligible. Beyond 10~¢
cm. it is

(84)

: 4-77 X 10710
T4 x 107

and beyond 107% cm. it is only 0:0036 electron-volt. The
possible errors of even the most accurately determined work
functions are greater than the latter quantity and those of only
a very few are not also greater than the former.

If the summit of the potential hill resulting from the image
and applied fields is at a distance z, from the surface, the work
of exit of an electron is lowered not only by 2[4z, on account
of the summit being at x, instead of at infinity, but also by
a further amount ¢lz,, where E is the strength of the applied
field, due to the diminution of the retarding field on the electron
up to this distance. Thus the total reduction, — Ay, of the
work function due to the applied field is

X 300 = 0-036 electron-volt,

62
— AX == 4—% -I— GECL‘O. 5 . . (85)

The position of the summit is, of course, given by

82
eE = 4?—02
1/7e\ e
or Lo = é(E) 0 5 @ . (86)
Thus substituting for ¢E or for z, in (85), we obtain
Ay =&
— Ay = o
o ta
or — Ay =e"E". ; . . (87)
Hence in the emission formula
1 = AT2e 2T . . ; (2)

x is given by
X=X +t8x=xo—¢"B" . . (38
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where yx, is the work function corresponding to zero field.
Substituting for x in (2) and writing ¢, for the emission at
zero field, we thus have
olegtle
1 =g T , ., . . . (89)

' whence, taking logarithms and substituting for ¢'2/k and log;ee
~ their numerical values, we obtain
. 1 2
logy ¢ = logye %o + }_E&?l‘l/, . . (90)
where E is expressed in volts per cm.

The first to test the relation (90) was Schottky & himself,
who found the slope of the line connecting log ¢ with E’2/T
to be within about 20 per cent. of the theoretical value. Others
who have since used the relation in order to calculate ‘ zero-
field >’ currents 7, and hence zero-field work functions x, of
various metals (clean and contaminated) have generally
found the observed slopes to exceed by anything up to 100
per cent. those calculated from the geometry of the electrode
systems on the assumption of smooth cathode surfaces.
Metal surfaces are, however, seldom truly smooth, and any
roughness would give rise to excessive fields at the protruding
points and so to a discrepancy in the direction found. Ac-
cording to Compton and Langmuir,'® abnormally high slopes
are found in the case of wires that have been subjected to
positive ion bombardment, which probably results in a
“ pitting ” of the surface, whereas ‘ with clean tungsten
wire of small crystal grain structure and flashed at a high
temperature to smooth out surface inhomogeneities, eqn. (90)
is satisfied as accurately as the measurements can be made,
with the theoretical value of the slope.” Excellent quantita-
tive verification of Schottky’s theory was obtained a few
years ago by Pforte & and de Bruyne,® in both cases with
tungsten filaments. Thus the mean of 20 slopes obtained by
de Bruyne with filaments between 1580°K. and 2070°K.
and exposed to fields up to more than 10¢ volts per cm. agreed
well within 1 per cent. with the theoretical value. Incident-
ally, it is interesting to note that with a field strength at the
surface of 108 volts per cm., &, is only 17-5A. and the work
function is reduced from 4-54 to 4-16 e.v.
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Other Field Effects.—Certain composite emitters, such
as thorium, ceesium, etc., on tungsten, exhibit an increase in
emission with applied field which is greatly in excess of what
can be accounted for by Schottky’s theory alone, particularly
at comparatively low field strengths. The effect is most marked
where there is less than a full monatomic layer of adsorbed
atoms on the surface. A theory which has been advanced
to account for this is the ‘ theory of patches,” originally
suggested by Langmuir,* and since developed by Richardson
and Young,” Reynolds,® and Compton and Langmuir.1©
According to this theory, the adsorbed atoms do not spread
themselves uniformly over the surface, but arrange themselves
so that some areas (patches) have a greater, others a less sur-
face concentration than the average. If the patches are not
small enough to admit of the adsorbed atoms being regarded
as “smeared out ”’ over the surface, considerable local fields
will be set up between them, due to differences in work function.
The direction of the local field at the more active patches will
be such as to suppress the emission, and. it is to the gradual
neutralization of these local fields by the applied field as the
latter is increased that the abnormal growth of emission with
applied field is supposed to be due. In the case of very strong
applied fields the relative importance of the local fields should
become less and the relationship between the current and
applied field approach that predicted by Schottky’s theory.
This actually appears to be the case. It cannot be said, how-
ever, that there is yet a satisfactory quantitative theory of the
effect of patches as there is of the pure Schottky effect.

Becker and Mueller 2 have advanced the hypothesis that
while the field due to the adsorbed electropositive atoms
(not necessarily grouped into patches) accelerates electrons
very close to the metal, it retards them at greater distances,
and that the reason why the current-voltage relationship is
so different from that predicted by Schottky’s theory is
simply that the field due to the adsorbed atoms is not at all
like the image field. Thus for the case of a partially activated
thoriated tungsten filament they have calculated from the
observed current-voltage relationship that the retarding field
due to the adsorbed atoms attains its maximum strength at
75 atomic diameters from the surface. It is, however, not
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easy to see how such a picture can be reconciled with accepted
ideas of adsorption and electric fields due to double layers.

A remarkable effect which was first observed by Lilienfeld
many years ago is the emission of electrons from a metal at
room temperature when a sufficiently intense electron-accelerat-
ing field (order of 10® volts per cm.) is applied to its surface.
This was once thought to be an extreme case of the Schottky
effect, but it is now known to be an essentially different
phenomenon. If it were a Schottky effect, then the thermionic
emission formula

i = AT2e AT | . . (2)

in which y represents the residual work function, would still
hold, i.e. the emission at constant field would vary rapidly
with the temperature. This is so far from being the case,
however, that there has been a not inconsiderable amount ¢f
controversy as to whether * field currents,”” as they are called,
are temperature-dependent at all. To at least a very close
approximation they are not. On the other hand, the currents
do vary exceedingly rapidly with the field, much as thermionic
emissions do with the temperature, and may be satisfactorily
represented by a formula of the type

P=fE)FE . (9])

where f varies sufficiently less violently with K than does
e #®  This is analogous to (1), E taking the place of T.
Attempts to explain this phenomenon on the basis of the
classical electron theory have completely broken down. The
strong variation of the current with the field suggests that
there is still a finite residual work function, and if we assume
that this is so, then the temperature independence of the
emission at constant field is, on classical views, incomprehen-
sible. In recent years, however, a successful wave-mechanical
theory of field emissions has been worked out by Oppenheimer,3?
by Fowler and Nordheim,?® and by Stern, Gossling and
Fowler.8? According to this theory, the field-current problem
is essentially one of the transmission of electrons through the
. hump of a residual potential hill, this being of the form of
Fig. 11. The horizontal dashed line represents the ecritical
energy level of the Fermi distribution of the internal electrons.
5
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The contribution to the emission of those few of the internal
electrons which have energies much above this critical energy,
and whose number varies rapidly with
the temperature, is insignificant. Prac-
tically the whole of the current is derived
from the electrons whose energies are
not affected by the temperature. These
are simply transmitted through the hump.
As the field increases, the hump becomes
lower and narrower, the transmission
coefficient increases, and with it the
current.

The Shot and Flicker Effects.—A thermionic current,
consisting as it does of electrons in motion, is to be thought of
as analogous rather to a hail of shot than to a stream of a con-
tinuous fluid. In consequence there must be a certain fluctua-
tion of the current strength. This was first pointed out by
W. Schottky 8 who worked out a quantitative theory of the
effect and proposed for it the name “ shot effect.”

In Schottky’s theory, the emission of each electron is assumed
to be a perfectly random event, independent in time of the
emission of any other, so that at certain instants the number
of electrons passing must be above, at certain others below,
the average. In any circuit coupled with that in which the
thermionic current flows, secondary currents will therefore be
induced, the time-average of whose energy dissipation will
depend upon the current in the primary circuit, the closeness of
coupling, and the natural frequency and impedance of the
coupled circuit.

In observations of the effect it is usual to amplify the elec-
tromotive forces induced in the coupled circuit and to measure
the effect produced in some final instrument, e.g. a pair of head-
phones or a thermo-couple. In a number of such experiments
results have been obtained which agree to within the error of
measurement with those predicted by the theory.

A current fluctuation, somewhat analogous to the above,
but abnormally large at low frequencies, was observed in 1925
by Johnson.3” This, which has been named the * flicker
effect,” is unlike the shot effect in that its magnitude varies
not only with the thermionic current but also with the nature

Fie. 11.
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of the emitting body, being particularly large in the case of
composite cathodes. Shortly after its discovery, Schottky
suggested that the elementary event underlying the flicker
effect might be, not the emission of a single electron as in the
shot effect, but the arrival at or disappearance from the emitting
surface of a single foreign atom which modifies the work funec-
tion, and therefore the emission, in its immediate neighbour-
hood. On the basis of this assumption Schottky & has worked
out a mathematical theory of the effect.

Thermal Emission of Positive and Negative Ions.—
The typical emission from heated salts is ionic rather than
electronic. The ions are more usually positive than negative
and are of the same kind as those that carry the current in
electrolysis. There is a very considerable literature dealing
with the emission from heated salts, the older part of which
has been reviewed, critically, and in some detail, by O. W.
Richardson.* More recently, the researches of G. C. Schmidt
and his students have done much to further increase our under-
standing of this subject, but it is as yet impossible to formulate
anything approaching a complete theory of the various pheno-
mena observed. The dependence of the ionic space current
on the potential of the collector is governed by the same kind
of law as applies for electrons, the only difference being that
on account of the relatively larger mass of the carriers the impor-
tance of the space charge corresponding to any given current
is greater. The variation of emission with temperature is,
like that of electrons, adequately expressed by a formula of

the type
i = f(T)e @/T, . . . (92)

in which the variation of f with T is sufficiently less violent than
that of ¢ “/*%,

A positive ¢ thermionic ’ emission of rather a different
nature is that which occurs when certain metals are heated to
incandescence in the presence of the more electropositive of
the alkali metal vapours. Kingdon and Langmuir,3® who
were the first to observe this phenomenon, found that if the
““ electron affinity ”’ (work function) of the hot metal surface

H

* 0. W. Richardson, ‘ The Emission of Electricity from Hot Bodies,”
Longmans, Green & Co., Chapter VIII.
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excecds that (the work of ionization) of the atoms of the vapour,
then almost every atom that impinges on the surface of the hot
filament loses an electron and evaporates as a positive ion.
Thus a tungsten filament (work function — 4-54 e.v.) will
ionize the vapours of ceesium, rubidium and potassium (works
of ionization 3-87, 4-15 and 4-32 e.v. respectively) when heated
therein.

Another positive emission, which was observed much earlier,
and whose mechanism is probably similar, is that which com-
monly oceurs from ordinary impure metals at quite moderate
temperatures, sometimes even at far below a visible red heat.
The temperature dependence of this emission is, like that of
the emission from heated salts, represented by an equation of
the form (92) and decreases with time according to a law similar
to that of radioactive decay. The ions have been identified by
mass speebrum analysis as mainly K* and to a much lesser extent
Nat. They must originate, therefore, from impurities of these
metals or of their compounds present in the emitting body,
which diffuse to its surface when it is heated. Impurity ions
other than K* and Na* have also occasionally been observed.
Thus Wahlin % has found that Th* ions are emitted from
incandescent thoriated tungsten wires, and Smith # has detected
Al* ions in the emission from impure tungsten and molyb-
denum wires heated to about 2000°K. Also Kunsman
has obtained Na*, K+, Rb*, Cs*, Mg+, Ca*, Sr* and Ba*
ions from specially prepared metal emitters containing the oxides -
of the corresponding elements as impurities.

Finally, it has been shown in a series of researches by Smith,5" -
Wahlin ? and Barnes ® that certain pure metals, such as tung- -
sten, molybdenum, tantalum and rhodium, when heated to
sufficiently high temperatures (e.g., 2300°K. in the case of Mo,
2500°K. in that of W) give appreciable posifive ion emissions
of their own material. As Compton and Langmuir'® have
pointed out, however, such emission represents but an ingigni-
ficant fraction of the total evaporation of material at these
temperatures. Thus in the case of tungsten at 2500°K., for
every particle emitted as a positive ion about 2000 evaporate
as neutral atoms.
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CHAPTER II.
ELECTRON EMISSION FROM CLEAN METALS.

WE have seen how the work function of a conductor is related
to the effective height of the potential barrier at its surfacc
and how this barrier is due partly to the image field and partly
to the surface polarization. In the case of clean metals the
latter will depend mainly on the size of the atoms and the
eage with which they are deformed or ionized, and probably
to some extent also on their arrangement in the lattice. The
distance from the surface at which there begins to be a true
image force, and hence the image-force contribution to the
work function, probably depends on the same things. In
studying the thermionic properties of the clean metals, therefore,
we shall expect fo find that the work functions depend primarily
on position in the periodic table, but in cases where a metal
crystallizes in two or more different forms we shall also look
for some change in the work function at the transition points.

From the orders of the experimentally determined emission
constants A of the clean metals we shall also hope to gain some
information coneerning the existence of potential humps at
their surfaces, and, in ecase they do exist, their magnitudes.

Thermionic and Photoelectric Work Functions.—
The thermionic work function of a metal may be determined
cither by finding the slope of the Richardson line or by the
calorimetric method. Of the two methods, the former is
generally to be preferred on account of its superior aceuracy.
It is only applicable, however, in the case of metals that it
is practicable to heat in a vacuum to temperatures at which
they give an appreciable emission. With many of the more
volatile or readily fusible metals this is not practieable, and in
such cases the most satisfactory way of arriving at the work
funetion is to determine it photoelectrically.
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We shall see in Chapter V that the work function y is
equal to ¢ — p, where C is the product of the inner potential
and the electronic charge, and p is the zero-temperature critical
energy of the Fermi distribution of the internal electrons. Thus
y is the least energy which, if added to that already possessed
by the fastest electrons in the metal at absolute zero, would
enable them to escape.

We now know that electromagnetic radiation has some of
the properties of particles as well as those of waves. The quasi-
particles of radiation are known as photons,” and if the
frequency of the radiation is v, the energy e of the photons is
given by

£ = hv. . . 5 . (1)

This energy may be imparted to material or electrical particles.
Thus if radiation whose frequency exceeds x/h is incident
on a metal at absolute zero, it will excite photoelectric emission
from it. The critical frequency v, equal to x/h, below which
photoelectric emission cannot be excited from a metal at ab-
solute zero, is called the ‘“threshold frequency,” and if A,
is the corresponding wave-length, we have
__he

X Ao
where ¢ is the velocity of light, and if A, is expressed in Angstrom
units and x in electron-volts, this becomes

12336
2
- @)

Above the absolute zero of temperature a metal ceases,
strictly speaking, to have a sharp threshold. The cut-off of
the Fermi distribution becomes blurred, and the photoelectric
response, instead of ceasing abruptly at A, spreads to longer
wave-lengths. At all ordinary temperatures, however, the
Termi energy distribution function still falls very steeply in
the region of p, and the photoelectric response dies away corre-
spondingly rapidly near A,. Thus with such instruments as
are commonly employed the photoelectric response ceases
to be measurable at a wave length of exciting radiation very
near )\, and the observed ‘ threshold ’ gives an approximate
measure of y.




74 CLEAN METALS

In a recent theory of photoelectric response due to Fowler,28
the plausible assumption is made that the number of electrons
emitted per given number of quanta of exciting radiation of
frequency v is proportional to the number of electrons per unit
volume in the metal whose components of velocity normal to
the surface exceed a eritical value 1, where

tmuy? + hv = C. . . . (3)

Now the velocity distribution of a Fermi gas is known in terms
of the temperature, the molecular mass m, and the zero-tem-
perature critical energy u, and thus it is possible, on the basis
of Fowler’s assumption, to derive a theoretical relationship
between the photoclectric response per unit intensity and »
for any given values of C, p and the temperature. Fowler has
shown that the observed photoelectric response curves for
various metals obtained at different temperatures are of the
theoretical form, and he has developed a method by which the
value of C — g, i.e. of y, may he derived from any such curve,
He has shown that, while the longest wave-length at which a
photoelectric response of a given metal can he detected in-
creases quite appreciably with the temperature, the values of
x obtained by his method are practically the same (as they
should be) at all temperatures. More recent analyses of photo-
electric response data have shown equally satisfactory agree-
ment with Fowler’s theory, and in cases where the work function
has also been determined thermionically it has been found
to be in excellent agreement with that obtained photoelectrically
by Fowler’s method.

Experimental Conditions.—Metals cannot be regarded
as “clean ™ for the purposes of thermionic or photoelectric
measurements until their surfaces, as well ag their interiors,
have been substantially freed from eontamination.

Surface contaminations on a metal may be of various kinds.
Apart from oxides or other chemical compounds of the metal
itself, they may consist of adsorbed atoms or molecules of a
gas or of another metal. These may originate either from
within the metal—almost all not specially treated metals con-
tain occluded gases and traces of metallic impurities—or from
without, ie. from residual gases or vapours in the vacuum



EXPERIMENTAL CONDITIONS 75

vessel or from the anode if this has not been properly outgassed.
Whether or not an appreciable covering of a given contamination
collects on the surface under any given set of conditions will
depend on the relative rates of its evaporation from the surface
" and its replenishment by diffusion from within or condensation
' from without. If the contamination amounts to an appreciable
fraction of a monomolecular layer of foreign material, the surface
polarization and with it the work function (and possibly also
the transmission coefficient) will be seriously affected, and the
emission observed will not be that characteristic of the clean
metal.

It must not be supposed that where the foreign material
diffuses to the surface from within the metal, its concentration
at the surface will necessarily be of the same order as that within.
Actually this is very far from being the case. Thus (see Chapter
I1I) a full monatomic layer of thorium may be * grown ? on
the surface of tungsten which contains less than 1 per cent. of
thorium as an impurity. According to Langmuir, this is due
to the fact that the surface energy of an adsorbed film of thorium
is less than that of clean tungsten, so that diffusion of thorium
to the surface is a thermodynamically irreversible process.
In this, and a few similar cases, it is possible to determine the
thermionic constants of the clean metal, in spite of continuous
diffusion of foreign material to the surface, by confining obser-
vations of emission to temperatures so high that the foreign
atoms evaporate almost immediately they reach the surface,
and are in consequence unable to accumulate there sufficiently
to form an appreciable fraction of a full monatomic layer.
In other cases sufficient of the impurity may be “ boiled out,”
by subjecting the metal to a prolonged heat treatment in a
vacuum, for the same condition of practical freedom from
contamination of the surface to be realized. Unfortunately,
however, with many of the less refractory metfals neither of
these methods of obtaining a clean surface is applicable.

The formation of an appreciable surface concentration of
adsorbed gas by condensation from without can be avoided
by holding the metal at a sufficiently high temperature to
ensure a short average * adsorption-life * of the foreign atoms
or molecules, coupled with sufficient pains to secure a good
vacuum. Obviously, the higher the temperatures at which
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observations are made the less perfect need the vacuum be,
and vice versa.

The degree of vacuum attained does not depend only on
the efficiency and speed of the pump and the length and width
of the connecting tubing, important though these items are.
It depends also on the amount of work the pumping system is
given to perform, i.e. the rate at which gases and vapours are
liberated within the vacuum vessel. Not only may these be
given off from the metal whose thermionic or photoelectric
properties are under investigation, but also from the glass
walls and from the anode. All glass-work should be baked at
a high temperature (e.g. 400°C. in the case of soda and lead
glasses, 500°C. in that of pyrex) for at least several minutes
while connected to the pump, to drive off water vapour, carbon
monoxide and oxygen from its surface. As for the anode,
this should be outgassed by a sufficiently intense heat-treat-
ment (e.g. at 900°-1000°C. in the case of nickel) prior to use.
The time that should be given to this varies with the material
of the anode, its thickness, the temperature, and the degree
of outgassing required. In some cases something of the order
of a half-hour will suffice, in others many hours may be neces-
sary. The outgassing may be carried out either in the vessel
in which the anode is to be used, or, if more convenient, in a
separate vessel, e.g. a vacuum furnace, before assembly. In
the latter case it is highly desirable to supplement the main
outgassing by a glowing of a few seconds’ duration in the final
vacuum, to liberate adsorbed gases from the surface. It is
not necessarily enough that the temperature of this glowing
be higher than any to which the anode will be raised in the
subsequent experiments, for in these it will be subjected to
electron bombardment, which, it has been found, frequently
causes surface gases to be dislodged even when it is so mild
that the increase in temperature to which it gives rise is
negligible.

The most efficient pump to use when there is a strong ionizing
discharge in the vacuum vessel is an active “ getter ”’ surface
deposited on its walls. The best getters are such electropositive
metals as magnesium, sodium, potassium, calcium and barium.
The activities of these increase roughly in the order named.
Their use constitutes somewhat of an art, however, whose diffi-
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culty increases in about the same order. Magnesium is quite
a good “general purpose” getter and excellent vacua are
~ obtainable with it when it is properly used. A small, clean,
preferably previously outgassed piece should be either welded
~ or otherwise attached to an outgassed metal carrier from which
it may be volatilized after all the electrodes have had their
outgassing treatment and either just before or just after sealing
off from the pump. (It is best to seal off the vacuum vessel,
to avoid “pumping the pump.”) The picce of getter used
should be large enough to give a good, generous deposit on the
glass walls, It is questionable whether it is desirable to cool
the getter film to a low temperature, e.g. by immersing the
vacuum vessel in liquid air, during use, as this may hinder the
diffusion of gettered gas into the interior of the film which
tends to keep the surface clean and active. Also, if it can be
avoided, the getter film should not be allowed to take up a
positive potential with respect to the cathode ; otherwise
bombardment by stray electrons may dislodge from its surface
certain kinds of already gettered gas. And finally, the greater
the rate of formation of ions by the electron current, the more
rapid, in general, is the gettering. In cases where the electron
current obtained from the test specimen is weak it may be
advantageous to supplement it by a current obtained from an
auxiliary cathode, e.g. a hot tungsten filament.

Tn addition to thermal treatment of the cathode for the
removal of adsorbed foreign material, a method that might
prove useful in certain cases is that of bombardment of the
surface by chemically inert positive ions, obtained from a gas
which is pumped away before actual measurements are begun.
Thus it has been found by Kingdon and Langmuir *° that
sufficiently fast ions of argon, neon and helium, enter alia,
are capable of dislodging adsorbed thorium from the surface
of cold tungsten. In the case of the first two, they began to
observe the effect at about 50 e.v. energy of the incident ions.
At 150 e.v. the number of incident ions per sputtered thorium
atom was found to be 12 for argon, 45 for neon and 7000 for
helium. Massive ions are in general more efficient sputterers
than light ones.

Tn some cases it is not found possible to remove foreign
material from an existing metallic surface. It is then necessary
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to form a new surface. If an appreciable rate of further con- °
tamination is unavoidable, the renewal of the surface should
be made continuous. The new surface is best formed on the
cathode by volatilization from an adjacent specimen of the test
metal. Any unavoidable impurity in this specimen will prob-
ably be either more or less volatile than the metal. Tf it is
more volatile it can be got rid of at an early stage, and if it
is less volatile most of it will remain where it is. Thus in either
case, serious surface contamination of the cathode may be
avoided.

Thermionic and Photoelectric Data.—Let us now pass
in review the more reliable of the experimental determina-
tions that have been made of the thermionic and photoelectric
properties of clean metals.

We have seen that a sharp photoelectric threshold exists
only at absolute zero, and that at higher temperaturées theve is
some photoelectric response well beyond the zero-temperature
threshold A,. The only sound method we have of determining
work funetions photoelectrically at higher temperatures is that
of Fowler, and a number of determinations by this method have
recently been made. The earlier attempts to determine work
functions by measuring supposed * thresholds ” at higher
temperatures can give us no accurate results, since the wave-
lengths beyond which no photoelectric response could be
detected must have depended on the sensitivity of the current-
measuring instrument used. Nevertheless the room-tempera-
ture determinations made by this faulty procedure have, in
actual fact, yielded quite usable results, reliable to something
like the nearest ; e.v. The photoelectric response falls away
very rapidly beyond Ay, and it so happens that the order of
sensitivity of the experiments has not been sufficiently high for
the measured “ thresholds ** at ordinary temperatures to differ
very seriously from the zero-temperature \,. We shall there-
fore, in what follows, make use of such determinations where
none better are available. Although, strictly speaking, no
threshold exists above the absolute zero, we shall, in order to
avoid circumlocution, employ the term ‘ threshold ” for the
wave-length beyond which no photoelectric response could
be detected experimentally.
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(1) The Alkali Metals.—Although a considerable number
of researches have been carried out with these metals, the data
at present available are not, on the whole, very reliable. This
is due to the difficulty of obtaining clean surfaces, for the metals
are chemically very active and readily adsorb or chemically
combine with residual gases. Actually the most reliable work
function data we possess are those obtained photoelectrically.

No thermionic data appear to exist in the case of either
lithium or rubidium. Various attempts have been made to
determine the thermionic A and x of sodium and potassium,
but they have not met with much success. A good summary
of this work has been given by Richardson and Young.®* The
most disturbing thing about the thermionic data obtained with
sodium and potassium is that the Richardson lines which re-
present them are not straight, but show a decided concavity
upwards.® 8 This has been ascribed by Richardson and
Young to the existence on the metal surfaces of patches having
different work functions, and they point out the possibility of
these being due to contaminations. Further evidence of con-
taminations is that it was not found possible to repeat results
quantitatively in successive ““runs.” It is doubtful whether
really clean surfaces were ever obtained.

The only alkali metal for which even moderately trust-
worthy thermionic data seem to have been obtained is the most
electropositive of all, viz. casium. From measurements of
the emission from a pool of cesium in the neighbourhood of
200°C., K. H. Kingdon 38 has found for the thermionic constants
of this metal the values A = 162 amp./ecm.2deg.?, x = 1-81
e.v. He does not claim any great accuracy for these results,
however, since he was not able entirely to eliminate the effects
of adsorbed gases.

The photoelectric thresholds of the alkali metals have been
observed by a number of workers, but here too, as with the
thermionic data, there is a lack of consistency. This is due
not only to the extraordinary sensitivity of these metals to gas
contaminations, but also, as Ives and Johnsrud ® have found,
to an apparent dependence of the threshold upon the type
of surface. Thus the thresholds found by Ives and Johnsrud
for various kinds of surface, all fairly gas-free, of pure potassium
are :



80 CLEAN METALS

Matt surface . . . . ., . @100A.
Molten pool . . . : . . 6000A.
Specular layer on glass . . . . B200A.
Thin film on Pt . ) ; . . GL00A.

Millikan 4¢ has found for the thresholds of lithium and
potassium, freshly cut in a vacuum, the values 6720A., (y = 215
e.v.) and 6800A. (y = 1-82 e.v.) respectively, but as Hughes
and DuBridge * have pointed out, such surfaces are probably
not free from gas contamination, on account of the large quan-
tities of dissolved gases (with appreciable powers of diffusion)
which they generally contain. According to Hughes and
DuBridge, A. R. Olpin has found that ““the most reliable and
reproducible values of the thresholds of the alkali metals are
obtained when thin films of the metal are allowed to deposit
spontaneously at room temperature on the carefully outgassed
surfaces of polished metal plates, all under extremely high
vacuum conditions.” Olpin’s threshold values, obtained in
this way, are 5400A. (x = 228 e.v.) for Li, 5000A. (y = 246
e.v.) for Na, 5500A. (y = 2:24 ev.) for K, 5700A. (y — 2:16
e.v.) for Rb, and 6600A. (y=1-87 e.v.) for Cs. Recently
J. J. Brady * has measured the thresholds of potassium, rubi-
dium and cssium condensed in a vacuum on a metallic gurface
at liquid-air temperature and found for atomically thick films
5500A. (x = 2-24 e.v.) for K, 5900A. (y = 2:19 e.v.) for Rb,
and 6300A. (x =196 e.v.) for Cs. These results are in the
order to be expected, except: that for lithium, which we should
have expected to have a higher, not a lower work function than
sodium. The values found for ceaesium are in fairly satisfactory
agreement with Kingdon’s thermionic value.

(2) Magnesium.—The photoelectric threshold of clean
magnesium has recently been determined by Cashman and
Huxford.® The experimental tube and all its metal parts
were carefully outgassed and the magnesium slowly distilled,
until a heavy mirror coating was formed upon the bulb. The
distillation was repeated several times, and after each distilla-
tion a spectral response curve for the newly formed surface
obtained. In all cases the measured thresholds were found to
lie in the range 5000A.~5200A., and the most probable value

* A. L. Hughes and L. A. DuBridge, ‘ Photoelectric Phenomena,’’
MecGraw-Hill Book Company, Inc. (1932), p. 71.
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of the true threshold for clean magnesium was estimated to
be approximately 8100A. This corresponds to a work function
of 2-42 e.v. Tt is interesting to note that the vacua were so
good that no changes could be detected in the thresholds after
. periods of rest up to as long as 50 hours.

(3) Barium.—Thermionic emission data for barium have
been obtained by J. W. Ryde and N. L. Harris, by an ex-
perimental method the details of which will be given in
Chapter III. It will be sufficient to state here that barium
was distilled continuously from a heated source on to a tung-
sten filament, the rate of deposition on the latter being made
greater than the Trate of evaporation from it. The filament
thus became covered with barium in bulk and gave an
emission characteristic of this metal. From the emission-
temperature data obtained, a Richardson line was plotted which
gave values for y and A of 2-1; e.v. and about 60 amp./cm.2 deg.2
respectively.

(4) Rare Earth Metals.—Measurements of the thermionic
emission given by several of the rare earth metals have been
made by Schumacher and Harris.5® The metals cerium,
lanthanum, praseodymium, neodymium and samarium were
obtained very pure (> 99-8 per cent.), and a number of others
in the form of aluminium alloys. The metals or their alloys
were heated either in a tungsten boat or by being shaken in
fine powder form on to a metal filament which served as a
carrier. From observations of the emissions of the pure
metals at various temperatures, Richardson lines were obtained
whose slopes give the following work functions :

Lanthanum . . : . . . 33ewv.
Cerium . . \ . . . . 26
Praseodymium B . ) B .27,
Neodymium . : . . : .33,
Samarium . . . . . .32,
Tungsten (empty boat) . . . . 69

Now the work function of tungsten is known to be only
4-5 e.v., 8o that the value found by Schumacher and Ilarris
for this metol is seen to be much too high, and onc might on
this account hesitate to accept their results for the rare earth
metals also. Probably, however, more reliance may be placed

6
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in these data than the result for tungsten indicates, since, at
the higher of the test temperatures employed vigorous evapora-
tion must have constantly renewed the surfaces of the metals,
thereby tending to keep them uncontaminated.

With regard to the metals tested in the form of aluminium
alloys, the data obtained probably give little indication of the
thermionic properties of the pure metals.  Thus for a cerium-
aluminium alloy, the slope of the Richardson line corresponds
to a work function of 5:75 e.v., which is almost certainly much
too high.

(6) Thorium, Hafnium and Zirconium.—Wires of these
three metals have been obtained by C. Zwikker,%” and their
thermionic constants determined by the temperature-variation
method. The surfaces of the metals of this group, particularly
those of zirconium and hafnium, are extremely difficult to
free from their oxides, which are very stable at high tempera-
tures. Presumably also adsorbed layers of oxygen would be
difficult to remove. After flashing the wires to near their
melting-points the results obtained were those of Table IV,

TABLE 1V,

THERMIONIO CoNSTANTS OoF FLAsHED THORIUM, HAFNIUM AND ZIRCONIUM.

A
Metal. (amps./cm.2deg.?). (electro’z‘\-volts).
Thorium . E v 70 3-38
Hafnium , " f 55,000 5-12
Zirconium 5 . 3,000 4-50

but after subjecting the hafnium and zirconium wires to a
prolonged ageing, their emission constants and work functions
both fell to the values of Table V.%¢ These last must be taken
as the present-day best values for these metals.

(6) Tantalum.—Tantalum, being a very refractory metal
(melting-point 3300°K.), may be taken to a very high outgassing
temperature. It has, however, rather unfavourable chemical
properties, its oxide being relatively non-volatile, and further-
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more, at high temperatures it absorbs hydrogen. It is in
. consequence possible to obtain a clean surface only by subjecting

TABLE V.

| THERMIONIC CONSTANTS OF FLASHED AND AGED HAFNIUM AND ZIRCONIUM,

A
Metal. (amps./cm.2deg.2). (electroﬁ-volts).
Hafnium . i 3 14-5 3-53
Zirconium . i 330 4-12

the metal to a prolonged high-temperature (~ 2400°K.) treat-
ment in a good vacuum.

Such thermionic data for tantalum as have been obtained
under good or tolerably good vacuum conditions are given in
Table VI. The mean of the values found for the work function

TABLE VI.

TaERMIONIC DATA FOR TANTALUM.

% (electron-volts)—
Observer. Date. (9:1111)5-/0&2 deg.%). |From slope of
Richardson |Calorimetric.
line,
I. Langmuir 41 . . 1913 ~30 4.0, —
I. Langmuir 4% g S 1916 28 4-05 —
H. Lester 46 . 5 . 1916 — — 4-44
H. J. Spanner 58 . . 1924 — 4-0 —
S. Dushman, H. N. Rowe, N
J. Ewald and C. A.
Kidner ¢, . 5 1925 60 4-12 —

is 4-15 volts. The most reliable determination is that of
‘Dushman and associates. Probably 4-1 e.v. is within 1 or
2 per cent. of the true value.

The work function of tantalum has also been determined
photoelectrically by A. B. Cardwell,® using Fowler’s method.
The specimen was outgassed for over 1000 hours in a
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good vacuum at temperatures up to 2500°K. The value of
x obtained was 4-11 e.v., which is in excellent agreement with
the corresponding thermionic result of Dushman and associates. .

(7) Molybdenum.—The wmelting-point of molybdenum is
2895°K.., somewhat lower than that of tantalum, and it suffers
from the same disability as the latter metal in the tenacity
with which it holds surface contamination, adsorbed oxygen
being particularly difficult to remove.

In Table VII are given the results of those thermionic

TABLE VII.

THERMIONIO DATA ForR MOLYBDENUM.

% (eloalron-volts)—

A
Obseryer; Dato. (amps./em.2 deg.2). | From slope of
Richardson | Calorimetric.
line.
I. Langmuir 4! . . 1913 ~66 404 —_
I. Langmuir 42 . . 1916 52 4:06 —
H. Lester 46 . 1916 — — 4-53

S.Dushman, H. N. Rowe,
J. Ewald and C. A.

Kidner # , 8 1925 60* 4-44% —
C. Zwikker % . : 1926 65 4-34 —
C. Zwikker® . 1927 120t 4-44% =
L. A. DuBridge and

W. W. Roehr 18 5 1932 56 4156 —

* Corrected by Dushmen 22 for the revised temperature scale of A. G.:
Worthing.85

+ These are the values which appear to fit most closely the emlssmn
and temperature data given.

measurements that have been made under relatively good
experimental conditions. !

Of these the most reliable determination is undoubtedly
that of DuBridge and Roehr. These investigators observed
not only the thermionic properties but also the photoelectric.
They subjected their specimen to a 1600 hours’ outgassing
treatment at temperatures rising from 1750°K. to 2100°K.
In order to obtain consistent thermionic and photoelectric
emissions they found it necessary to seal off their vacuum vessel
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from the pump and use a getter. In this way the pressure was
reduced to well below 107 mm.

During the first stages of outgassing, the photoelectric
- threshold was observed to move toward the red as far as about
3500A. (3:5 e.v.), but then, as outgassing progressed, it moved
' back again toward the violet, to about 2800A. (4-4 e.v.). This
was before the tube was sealed off from the pump. After it
was sealed off and the vacuum further improved by means of
the getter, the threshold once more moved toward the red, and
the final, stable values of the work function 4-14 e.v. and 4-16
e.v. found by Fowler’s method for temperatures of the speci-
men of 303°K. and 940°K. respectively. The mean, 4-15
e.v., may be taken as the best value of the photoelectric work
function of clean molybdenum. The possible error of this value
wasg estimated to be of the order of 0-5 per cent. The photo-
electric properties of the specimen could not be further changed
by treatment at the highest temperatures.

It is interesting to compare these results with the values of
the thermionic work function found by earlier observers. A
fairly recent determination, one by Martin 47 in 1929, gave a
value of 3-48 e.v. for the thermionic work function. At no
time, however, was the temperature of Martin’s specimen
raised above about 1800°K., and considerably higher tempera-
tures than this are needed to remove surface contaminations.
For this reason, Martin’s result has not been included in our list.
It is noteworthy, however, that his value corresponds very
closely to the extreme excursion of the photoelectric threshold
toward the red observed by DuBridge and Roehr in the early
stages of outgassing. On the other hand, the values of the
work function obtained by Dushman and associates and by
Zwikker for a surface which was certainly much cleaner corre-
sponds to the extreme violet excursion of the threshold observed
by DuBridge and Roehr when the outgassing had reached
a more advanced but not yet final stage, before the vacuum
vessel was sealed off from the pump. The intermediate values
obtained several years earlier by Langmuir probably corre-
spond to an intermediate stage of outgassing.

After the photoelectric properties had become stable,
DuBridge and Roehr made four determinations of the therm-
ionic work function at intervals during about six weeks,
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while the outgassing conditions were maintained. The values -
obtained were 4-15, 4-15, 4-17 and 4:14 e.v. The mean of these,
4-15 e.v., agrees beautifully with the mean value of the work. -
function determined. photoelectrically. The mean value found
for A was approximately 55 amp./cm.?deg.?.

(8) Tungsten.—The thermionic properties of tungsten are
known with greater accuracy than those of any other material.
Not only has tungsten the very high melting-point of 3655°K.,
but the chemical compounds it forms with various gases and
also adsorbed gas contaminations are much more volatile than
are those of either tantalum or molybdenum. Thus their
removal by “ flashing >’ in a good vacuum presents little diffi-
culty. Also the temperature of tungsten has been very accur-
ately determined in terms of its electrical properties by
Langmuir,® and more recently by Forsythe and Worthing,*
and by Jones and Langmuir.*® The data that have been
published since 1913 are given in Table VIIL.

TABLE VIII.

THERMIONIC DATA FOR TUNGSTEN.

% (electron-volts)—

QUSSENES: Date. (mnps./c;‘}l.z deg.2). |From slope of
Richardson | Calorimetrio.
line.
H. L. Cooke and O. W.

Richardson 10 . ) 1913 — — 4-19
I. Langmuir ¢ . . 1913 ~150 45 =
I. Langmuir 4 § i 1914 59 4:27 —
K. K. Smith % . . 1915 — 4-48 —
H. Lester 4% . . 1916 — — 4:43
C. Davisson and L. H.

Germer 12 . . 1922 — 4-55 * 4-52
8. Dushman and associ-

ates,2l: 23, 24, 35 . |1 1923-25 60 453 —
H. J. Spanner 5 . . 1924 — 4-3 —
C. Zwikker 70 i . 1925 70 4-50 —
C. Zwikker %7 i . 1926 100 4:58 —_
A. H. Warner 60 . 1927 — 4-25 —

* This is the value obtained when T,,/7740, with T,, = 2100°K., is subtracted
from 4:82 e.v., the value found for the ¢ of the T emission formula (see p. 30).
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The mean of all the values of y in this table is 4-425 e.v.
and the A-values vary between 60 and 150 amp./cm.?deg.?.
~ But it is not fair to assign equal weights to all the data, for it
" must be borne in mind that in some of the investigations much
. greater pains were taken to secure accuracy than in others.
Undoubtedly the best determinations are those of Davisson
and Germer, Dushman and his associates, and Zwikker. The
mean of the values of y found by these is 4-54 e.v. This may
be taken as the present-day best value, the error probably
not exceeding 1 per cent.

A. H. Warner © has recently determined by Fowler’s method
the photoelectric work function of a tungsten surface formed
by evaporation after very careful outgassing. The value
found was 4-54 e.v., which is in excellent agreement with the
more reliable of the thermionic values.

(9) Rhenium.—The thermionic properties of this metal
have been roughly determined by Alterthum.! Filaments
having a rhenium surface were prepared by burning 0:03 mm.
tungsten wires at about 2100°K. in a mixture of the gaseous
rhenium chlorides. This caused the chlorides to decompose
and a dense crystalline deposit of rhenium metal to form on
the wires. The burning was usually continued until the wire
diameter had grown to 0-2-0-3 mm.; 20 mm. lengths of this
wire were then mounted as filaments in standard radio valves
from which the grids had been removed, the emission-tempera-
ture relationship determined between 1900° and 2700°K.,
and the thermionic constants deduced from the corresponding
Richardson line. The values found were

A = 200 amp./cm.?deg.?, x = 51e.v.

There is good reason to believe that the emissions observed
were those characteristic of clean rhenium. Microscopic
examination of sections of the heat-treated wire showed the
tungsten core to be distinct from the rhenium sheath, indicat-
ing that alloying had not occurred to any important extent.
Also rhenium is a very refractory metal, melting only “atb
3440° + 60°K., and thus it could be outgassed at a very
high temperature. That the surface was in a gas-free con-
dition when the emission measurements were made is indicated




88 CLEAN METALS

by the fact that no important change in the emission was -
found after five hours’ further heat treatment in a vacuum
at 2700°K.,

At the same time, no very great accuracy can beo claimed
for the values of the constants obtained. The temperatures
used for the Richardson plot were those found optically for
the centre of the filament, assuming the absorption coefficient
for a wave-length of 6500A. to be 0-45. If, instead, the value
of this quantity had been assumed to be 0-4, the temperature
scale would have been about 30° higher, and if it had been
assumed to be 0-5 the scale would have been 50° lower. But
this was not the most serious of the possible sources of error.
With such short, relatively thick filaments, the effect of the
cool ends on the emission must have been important, and this
was not properly allowed for. Finally, no correction was made
for the Schottky effect.

The work function of rhenium has also recently been deter-
mined photoelectrically, by Engelmann.28 After prolonged
outgassing at temperatures up to 2300°K. the threshold was
found to be in the neighbourhood of 2480A. The correspond-
ing value of the work function is 4:98 e.v.

(10) Iron.—The photoelectric threshold of iron after
extended outgassing in a good vacuum has been found by
Cardwell ¢ to lie between 2580A. and 2652A. The corre-
sponding value of the work function is 4-72 4 0-07 e.v. More
recently, G. N. Glasoe 3° has used Fowler’s method to deter-
mine the photoelectric work function of electrolytic iron
outgassed for several hundred hours at temperatures up to
1220°K. The value he found was 4-77 e.v.

Cardwell found the photoelectric sensitivity of his specimen
to be considerably less after cooling suddenly than after cooling
slowly from above 1180°K. (8-y transition point). This he
attributed to a retention in the former case of part of the
y form (face-centred cubic), this being the photoelectrically
less sensitive. The B and « forms which are stable below
1180°K. are body-centred cubic crystals.

The corresponding thermionic properties of iron above
and below the B-y transition point have been studied by
G. Siljeholm.?* He found the Richardson line to consist of
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two parallel parts, with a discontinuity at the transition
point. From the slope of this line for the specimens which
had been most thoroughly outgassed the value 4:77 e.v. was
.obtained for the work function. This is in perfect agreement
- with Glasoe’s photoelectric value.

(11) Cobalt.—Cobalt, like iron, crystallizes in two forms,
one of which, the face-centred cubic, is stable above 1120°K.,
and the other, the hexagonal, below this temperature. It
has been found by Cardwell 7 that a specimen suddenly cooled
from above 1120°K., and which therefore retains the face-
centred cubic structure, exhibits a markedly higher photo-
electric sensitivity than a specimen which has been cooled
slowly. Cardwell has recently ® found for the photoelectric
work functions 4:25 4 0-08 and 4-12 4- 0-04 e.v. for the
hexagonal and face-centred cubic forms respectively.

(12) Nickel—No measurements of the thermionic pro-
perties of nickel have been made in which the experimental
conditions were such as to ensure the necessary freedom from
contamination of the surface.®

Recently G. N. Glasoe 3° has determined by Fowler’s
method the photoelectric work function of nickel outgassed
for several hundred hours in a good vacuum at temperatures
up to about 1370°K. After a final equilibrium state of the
specimen had thus been reached its photoelectric work function
was found to be 5:01 e.v. and its contact potential was 0-2
volts negative to outgassed iron. The observed contact
potential difference thus agrees reasonably well with the
difference (0-24 e.v.) between the photoelectric work functions
of the two metals, as it should do.

(13) Rhodium.—This metal has been studied both therm-
ionically and photoelectrically by E. H. Dixon* The speci-
men, in the form of a ribbon, was subjected to an outgassing
treatment of over 1000 hours’ duration in a final vacuum
of 108 mm. at temperatures rising from 1220°K. to 1720°K.

* Since this was written, a paper has appeared in the Physical Review,
Vol. 44, p. 345, Sept. 1, 1933, by G. W. Fox and R. M. Bowie, giving the
results of thermionic measurements on very carefully outgassed nickel. The
values obtained for the thermionic constants were A = 1380 amp./cm.?deg.?,

.x = 503 £ 0-05 e.v.
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In the final condition the photoelectric work function measured °
at room temperature was found to be 4-92 e.v. As the tem- .
perature was raised the threshold appeared to shift toward the -
red, and did so abnormally rapidly at about 510°K. This
might have been due to a change in the crystal structure
occurring at this temperature. Between 510°K. and 920°K.
the threshold corresponded to a work function of 4-57
4 0-09 e.v.

The thermionic current showed a discontinuity (possibly
also due to a structural change) at about 1370°K. The slope
of the Richardson line beyond this point corresponded to a
work function of 4-58 | 0-09 c.¥v.

(14) Palladium.—The thermionic and photoelectric pro-
perties of pure palladium during an extended outgassing in
high vacuum have recently been studied by L. A. DuBridge
and W. W. Roehr? Fowler’s method was used for interpreting
the photoelectric measurements and the photoelectric work
function in the final, outgassed state was found to be 497 +
001 e.v. For the corresponding thermionic work function
the value 4:99 - 0:04 e.v. was obtained, and for the emission
constant about 60 amp./cm.%deg.?

(15) Osmium.—In 1913 H. L. Cooke and O. W. Richardson 1t
found for the voltage equivalent of the latent heat of evapora-
tion of electrons from osmium the value 5:0 e.v. After making
allowance for the finite velocities of ejection of the electrons,
the value 4-7 e.v. is obtained for the work function.

(16) Platinum.—Platinum is one of the more difficult metals
to free of gaseous and other contaminations, and it is only in .
the last few years that consistent thermionic and photoelectric
results have been obtained with it.

Among those who have used the photoelectric method
to study the surface properties of platinum are Koppius,4®
Suhrmann,®” Tucker,’® Woodruft® and DuBridge.1® 16
Koppius, after heating his specimen in a vacuum for some time
at 1170°K., found the photoelectric threshold to be 25704A.,
to which corresponds a work function of 4:8 e.v. Suhrmann,
in his best approach to a gas-free condition, found for the
threshold 2700A. (4-57 e.v.). He also carried out thermionic
emission measurements *® and found from the slope of the
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Richardson line a thermionic work function of 4-35 e.v. How-
ever, neither Koppius nor Suhrmann baked out their glass
vessels at a high temperature, and unbaked glass is known to

' be a fruitful source of contaminating gases and vapours,

particularly water vapour.

Much greater pains were taken to outgas their specimens by
Tucker, Woodruff and DuBridge. Tucker found that after
8 hours’ heating at 1170°K. in a residual gas pressure of the
order of 10~% mm. the photoelectric threshold of his specimen
was about 2700A., but that after subsequently heating it for
two hours above 1670°K. it had become photoelectrically
insensitive to his quartz-mercury-arc radiation. Woodruff
found the same condition of insensitivity after 17 hours’ heat-
ing at 1300°K. in a residual gas pressure of 107¢ mm. 'The
shortest wave-length transmitted by quartz is about 1850A., but
this does not mean that in the final condition of Tucker’s and
Woodruff’s specimens the threshold was necessarily of a shorter
wave-length than this, for, as Woodruff has pointed out, the
intensity of the mercury are in this region is very feeble. In-
deed, using an iron arc as his source of radiation, Woodruf
was able to show that the threshold was somewhat above 1850A.

By far the most exhaustive study of the photoelectric and
thermionic properties of platinum as a function of outgassing
treatment has been that made by DuBridge. Starting with
specimens variously treated beforehand, he subjected them to
prolonged heating at various temperatures in a well baked-
out glass vessel connected to a good pump. The photoelectric
sensitivity of the surface was found to vary at first in a somewhat
erratic manner, but then to approach and finally attain a
limiting value which was the same in all cases where the re-
sidual gas pressure was less than 107® mm. and the outgassing
temperature higher than 1370°K. As one would expect,
this condition was in general attained most quickly in the best
vacua and with the highest outgassing temperatures, but in
no case was it achieved in less than 10 hours. Further pro-
longed heating near the melting-point in the best attainable
vacuum failed to further change the photoelectric condition of
the surface. It seems reasonable to conclude, therefore, that
the final condition of the specimen achieved by DuBridge was
that of practically complete gas-freedom.
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The photoelectric threshold found by DuBridge for the final
condition was 1962A. This corresponds to a work function
of 6:30 e.v. For the thermionic work function DuBridge
found by the temperature-variation method the value 627
e.v. -+ 1 per cent., and for the emission constant 17,000
amp. jem.* deg.® - 25 per cent. Whilst these are undoubtedly
the most reliable data that have yet been obtained, it is not
without interest to examine the results obtained also by other
observers. The thermionic data obfained since 1913 are given
in Table IX.

TABLE IX.

TEERMIONIC DATA FOR PLATINUM,

Observer. Date. (nmps./anl.zdeg.“). (electro’l‘x-volts).
I. Langmuir 41 : . 1913 ~8 x 109 6:6,
L. L. Lockrow % . : 1922 446 x 10— 4-31
R. Subrmann %8 . 1923 30-1 4-18
H. J. Spanner 5 . 1924 28-8 522
L. A. DuBridge ¢ , . 1928 17,000 + 25 °/, 627 £ 1°/,

In view of the difficulty there would be in reconciling the
extraordinarily large A found by DuBridge with theoretical
requirements, it becomes important to consider any possibility
there might conceivably be that, in spite of all the care taken
to secure clean conditions, the experimental A is not the
true A characteristic of platinum, but exceeds it by a large
factor.

One such possibility has been discussed by R. H. Fowler.2?
It is, simply, that the true emitting surface area of the platinum
in ibs final, outgassed condition is much greater than it appears
to be. This, as Fowler has pointed out, is suggested by the
work of Bowden and Rideal® on the overpotential of the
hydrogen electrode, in which * they appear to have shown
conclusively that silver may have a true surface . . . fifty
times its apparent surface, nickel forty-five times and platinized
platinum 1800 fimes. . . .

“In DuBridge’s experiments the platinum was violently
outgassed. Tt is necessary to dislodge the contamination



THERMIONIC AND PHOTOELECTRIC DATA 93

(probably hydrogen) in a thickish surface layer, and this treat-
ment inevitably tears up the metal surface. In view of Bowden
and Rideal’s result and the known power of platinum to form
a metal sponge it is not unlikely that the true surface of the
. platinum emitter is very many times its apparent surface.
. One might even venture to attribute the whole extra factor
in A to this effect if it were not that the greater part of such
excessive areas must lie in deep cuttings or almost perfect
enclosures into which the applied field which produces an
apparently saturated current will not penetrate. Owing to
this lack of penetration, large factors cannot be obtained in
this way, but it is likely that much of the variation in A from
specimen to specimen is due to this cause. Variations of this
nature in the true emitting area probably occur for all metals,
especially soft ones.”

There is, perhaps, another possibility which should not
be overlooked, viz. that even in its final condition the surface
of DuBridge’s platinum was not really clean, but had ad-
sorbed on it some contamination, such as oxygen or hydrogen.
Although a constant contamination cannot give rise to an
abnormally high A, a varying one might. DuBridge’s vacua
were too good for it to be probable that any contamination
condensed on the surface of the metal from outside. It might,
however, have been held in solution in the metal and diffused.
to the surface. Diffusion to the surface of a dissolved impurity
is known to occur in thoriated tungsten and similar systems.
In such cases the amount of contamination present on the
surface must, at each temperature at which its time-rate of
change is unimportant, be such that the rate of its evaporation
and the rate of arrival of fresh contamination from the in-
terior at least very nearly balance each other. The amount of
surface contamination determined by this condition will, in
general, vary with the temperature, and in consequence there
will be a temperature variation of y. TIf y decreases with
rising temperature this must make the slope of the Richardson
line too steep and so A too large. The supposed temperature
variation of y would not violate the thermodynamical theory
of emission, since at no temperature would the system con-
sidered be in a state of true thermodynamical equilibrium.

Now if there is a variation of x with T, it should be possible
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to detect and measure it photoelectrically. Indeed, DuBrid gel?
has reported a temperature variation of the photoelectric
threshold which is in the right direction and approaches
the right magnitude to account for the observed high value
of A. This was before the appearance of Fowler’s photo-
electric theory, however, and this theory puts rather a new
complexion on the matter. According to Fowler’s theory
there is no true photoelectric threshold except at absolute
zero, and at all higher temperatures the lowest frequency of
exciting radiation which gives a measurable response dopends
merely on the sensitivity of the current-measuring instrument
used. In particular this lowest frequency must decrease with
rising temperature, and so the effect observed by DuBridge
in the case of platinum is qualitatively accounted for. Even
if it is assumed that the temperature variation of the threshold
reported by DuBridge really corresponds, as it was at the
time believed to do, to a variation of y, its magnitude barely
suffices to account for the observed value of A. And in the
light of Fowler’s theory, any temperature variation of x that
is reconciliable with the photoelectric observations must be
still less.

Thus it does not appear that the abnormally high value of
A found by DuBridge can be due either to any discrepancy
between the real and apparent emitting areas or to a tempera-
ture variation of the work function brought about by a
variation of surface contamination or, indeed, for that matter,
in any other way.

(17) Copper, Silver and Gold.—In the only comparatively
recent thermionic work on these metals, viz. that of Goetz 3 32
of Wehnelt and Seiliger,? and of Ameiser,? the immediate
aim of the investigations was not so much to determine the
thermionic properties of the solid metals as to find what
changes in these properties are associated with change of
phase at their melting-points. This rendered necessary an
elaboration of experimental technique which could with
advantage have been avoided (from the point of view of vacuum
conditions), had the work been confined to the study of the
solid phase.

The earlier results of Goetz are probably not very reliable,
since in some respects they differ sharply from those he obtained
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later under greatly improved experimental conditions. The
experimental conditions of Wehnelt and Seiliger, also, do not
appear to have been such that, in the light of present-day
knowledge, great reliance can be placed in their numerical
results. Their specimens were contained in a quartz vessel
:and were raised to the requisite test temperatures, which were
in the neighbourhood of 1300°K., by heating the quartz
vessel in a furnace. At such temperatures, however, quartz
gives off large quantities of gas, the evolution continuing at
a rate sufficient to seriously impair the vacuum for many hours,
or even days, and it is questionable, therefore, whether the
surfaces of the specimens were free of contamination.

In the more recent work of Goetz 32 the experimental
conditions appear to have been somewhat better, and a closer
approach to freedom of the specimens from gurface con-
taminations was probably achieved. The emissions were
found to be very satisfactorily reproducible. The experimental
conditions of Ameiser, too, appear to have been good, and she
took some pains to secure gas-freedom of her electrodes.
But unfortunately, with these low-melting-point metals it is
difficult, even under the best of conditions, to be sure that the
last traces of surface contamination have been removed.
Even reproducibility of the results is no guarantee of this,
for it may only mean that a constant state of contamination,
e.g. that of a monomolecular adsorbed layer of some gas,
has been reached.

Wehnelt and Seiliger found the emissions from both copper
and silver to increase suddenly on fusion and the slopes of the
Richardson lines to be a few per cent. less for the molten than
for the solid metals. Goetz, in his more recent work, likewise
found a sudden increase in the emission on fusion in the case
of silver, but a decrease in the case of copper. He observed
a discontinuity in the emission at the melting-point of gold
.also, the sign of which was, however, not always the same.
Finally, Ameiser found a decrease in the emission and an
‘increase in the slope of the Richardson line on fusion in the
case of all three metals. Thus the observations of the three
‘observers could not well have been more conflicting.

Wehnelt and Seiliger and also Ameiser found straight
Richardson lines both below and above the melting-points of
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the metals. Goetz, however, obtained lines for the liquids -
which were decidedly curved, particularly close to the melting-
points, being concave upwards. This was taken by Goetz.
to mean that the work functions of the liquids increase with
rising temperature. It is, however, only possible to com-
pute work functions from straight Richardson lines. As:
Ameiser remarks, the curvatures of the Richardson lines for:
the liquids obtained by Goetz may quite plausibly be inter-
preted in terms of variable gas contaminations, and she draws
attention to Goetz’s observation that the best vacua werc
obtained at the highest temperatures, possibly owing to the.
“ gettering ”’ of gases by volatilization and condensation of
the metals, whilst at lower temperatures the vacua became so
poor that ionization phenomena appeared.

The values of the thermionic constants found by Goetz for
the solid metals and by Ameiser for the solid and liquid metals
are given in Table X.

TABLE X.

TeERMIONIC CONSTANTS FOR COPPER, SILVER AND GOLD.

Motal. Observer. (amps./c&.zdeg.z). (electro’x‘x-volts).
Solid Cu. Goetz 66 4-33

5 53 Ammeiser 4.6 4-26
Liquid Cu - 2:7 x 1010 7-02
Solid Ag »» 0-76 3:56
Liquid Ag . 4.4 X 108 4-54
Solid Au Goetz 40 4:32

The changes in x at the melting-points recorded by Ameiser
are much too large to be plausible, particularly in the light of
recent work by Randall and Rooksby ®® on the diffraction of
X-rays by certain metals near their melting-points. It appears
from this work that a metal really suffers no abrupt loss of its
crystalline structure on fusion, but that a decided tendency of
the molecules to group themselves in the crystalline structure
still persists in the liquid. That being so, it is difficult to see
what could bring about an abrupt change in thermionic pro-
perties on fusion, or if a change did occur, how it conld be of
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any considerable magnitude. It is interesting to note that
. observations by Roller, Jordan and Woodward % on the photo-
electric thresholds of solid and liquid mercury, which are not
subject to the experimental uncertainties of the thermionic
‘work on copper, silver and gold, do not reveal any change in
the work function accompanying the change of state.

Ameiser’s values for A are equally improbable, particularly
that for liquid copper.

The photoelectric thresholds of outgassed silver and gold
have been determined by Winch ¢ and Morris *® respectively.
The silver was outgassed in a good vacuum for 800 hours at
temperatures up to 870°K., after which the threshold was
found to have reached a limiting value which suffered no change
during a further 400 hours’ heating at this temperature with
occasional * flashings >’ at 1120°K. At the last-named tem-
perature volatilization was very rapid. The gold was outgassed
at 920°K. for 1800 hours, when it, too, was found to have
reached a final state.

The data of Winch and Morris have been used by Fowler 28
to determine the true photoelectric work function by his method,
each at three different temperatures. The results are given
in Table XI.

TABLE XI.

PHOTOELECTRIC WORK FUNCTIONS OF SILVER AND (GOLD.

Metal. ' (('lre;‘_“l%)_ x(6.v)- Metal. ((ﬁg“}g_)_ x(e.v.).
Ag 296 4-71 Au 296 4:86
0 673 4-76 - 733 4-92
. 873 4-75 5 1013 4:92

The mean values are 474 e.v. for silver and 4-90 e.v. for gold.

(18) Zinc.—The photoelectric properties of single-crystal
and of polycrystalline zinc have been studied by Dillon.t3
 After having been melted and outgassed in a high vacuum, the
izinc was allowed to crystallize and then transferred to a photo-
‘electric cell, where it was subjected to further outgassing treat-
‘ment. Of course during its transference, involving exposure
to air, its surface must have become contaminated by adsorbed

7
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gas, and it is questionable whether this was subsequently entirely -
removed. for even after the outgassing in the photoelectric
cell, the photo-currents were found to change spontaneously
during exposure to ultraviolet light. This was thought to be
possibly due to a photo-emission of adsorbed gas. After long
exposure to light a steady state was reached, and the photo-
electric thresholds of the single-crystal and polycrystalline
surfaces were then found to be 3460A. (3-57 e.v.) and 3720A.
(3:32 e.v.) respectively.

(19) Mercury.—The photoelectric threshold of mercury has
been determined by Kazda, Dunn,2° Hales,?* and Roller,
Jordan and Woodward.? The first three employed essentially
the same technique, but the vacuum conditions of Hales were
much better than those of Kazda and Dunn. Freedom from
surface contamination was ensured by working with the mer-
cury in a good vacuum and causing it to flow while readings
were being taken. Above a certain limiting rate of flow the
threshold was found to be independent of the flow and of the
nature of the residual gases present. Hales even observed
the threshold to remain constant for a considerable time after
the flow was stopped. All three obtained the same value for
the threshold, viz. 2735 + 10A. The corresponding work
function is 4-52 e.v.

Roller, Jordan and Woodward caused films of very pure
mercury to deposit very slowly in a high vacuum on an oxidized
iron plate maintained at liquid air temperature. The threshold
found for an atomically thick layer of mercury was 2730 L 15A.
This did not change when the mercury was allowed to melt,
showing that the work functions of liquid and solid mercury -
are the same.

(20) Carbon.—The experimental data for this element are
given in Table XII.

From this evidence it is impossible to be more precise than to
say that the work function of carbon is probably in the neigh-
bourhood of 4 e.v. In view of the widc differences between the
values found for y it would seem that the value of 5 x 10~4
amp./cm.2deg.? for A corresponding to the lowest of the
x-values is almost certainly far too low.
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TABLE XII.

THERMIONIC DATA FOR CARBON.

99

% (electron-volts)—
A
Observer, Date. (amp./em.? deg.?). From slope of
Richardson Calorlmetric.
line.
I. Langmuir 4, 1913 ~ b5 x 10— 25 —
I. Langmuir 42, 1916 —_— 3-88 —_
H. Lester 45 1916 — — 4-52

(21) Tin.—Photoelectric measurements on pure, carefully
outgassed tin in the molten state and in two solid modifications
have been made by Goetz,3? and the true photoelectric work
functions have been determined by Fowler,?® using Goetz’s

data.

forms were 4:39, 4-28 and 4:17 e.v. respectively.

TABLE XIII.

The work functions thus found for the 8, v and liquid

THERMIONIC AND PHOTOELECTRIC DATA FOR CLEAN METALS.

’é’ % (electron-volts)— .‘? (electrozﬁvolts)—
Metal. 4% Metal. - g

2 [t puotosett. 2 [t Jhote;
Li — - (2-28) Co (hexag.) . - — | (4-28)
Na . — - (2-46) Co (face-cen-
K . — o (2-24) tred cubic) — — | (412)
RDb . A — | (2-16-2-19) | Ni 1380 5-03 | 5-01
Cs . 162 | 1.81 | (1-87-1-96) | Rh — | 4-58 | (4+57)
Mg . - — (2-42) Pd 60| 4-99 | 4-97
Ba . . 60 | 2-11 — Os — 4-7 -
Rare Earth Pt 17000 | 6-27 | (6-30)

Metals — | ~3 — Ag — — 474

Zr . 330 | 412 — Au - — 4-90
Hf . 14-5 | 3-53 —_ Zn . . — — | (~8-5)
Th . 70 | 3-38 — Hg (liquid
Ta . 60 | 412 4-11 and solid) — — | (4-52)
Mo . 55 | 415 4-15 C 5 : — | ~4 —
w . 60-100( 4-54 4-54 Sn (B) — — 4-39
Re . 200 | 5-1 (4-98) Sn (y) 5 — - 4-28
Fe . — | 477 4-77 Sn (liquid) . -— — 4-17
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The relatively more reliable of the above data are, for’
convenience of reference, tabulated in Table XIII. An
estimate of their probable accuracy may be formed by referring
to the foregoing discussions and algo to the original literature.
The photoelectric data not arrived at by Fowler’s method are
bracketed.

Concluding Remarks.—It is satisfactory to note that in
the case of those metals (Ta, Mo, W, Fe, Pd)* for which the
work functions have been determined both thermionically
and photoelectrically by Fowler’s method, the values obtained
by the two methods are in excellent agreement. In this agree-
ment we have confirmation of the validity both of Fowler’s
theory of photoelectric response for exciting wave-lengths
near A, and of the theory which leads to the T? thermionic
emission formula.

Reliable work function data are now available for a suf-
ficient number of metals for it to be possible to form a general
picture of the relationship between work function and position
in the periodic table. We see that, in general, y, like the ion-
ization potential for the isolated atoms, increases from left
to right and, on the left-hand side, from bottom to top of the
periodic table, thus exhibiting inverse correspondence with
the chemical basicity of the elements.

Finally, we observe that in most cases the emission con-
stant A has the same order of magnitude as the theoretical
Ay, viz. 120 amp./em.2deg.?, indicating little or no reflexion.
Usually departures of experimental A-values from A, by a
factor of 2 or less have little theoretical significance, in view
of the great «difficulty of determining A accurately. There
are a few cases, however, where such departures probably
cannot be wholly accounted for by experimental uncertainty.
Such a case is that of tungsten, whose emission constant is
almost certainly less than 120 amp./om.’deg.2.. Tt may be
that this is due to the existence of a potential hump at the
surface which projects slightly above the final image level and
so gives rise to an appreciable reflexion of slow electrons.
There is, however, a possible alternative explanation which

* To this list nickel must now be added—see footnote on p. 8§9.
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: should not be overlooked. It will be remembered th“t-w i

derivation of the emission formula
i = (1 — P)A T2 . @

in which y is a constant, depends upon certain approximations,

' the most important of which is the neglect of ¢,’, the molecular

heat of the condensed electrons. It will be shown in Chapter V
that if ¢, is not neglected, the same formula (4) is obtained,
but in it x is no longer strictly constant, varying slightly with
temperature. If ¢,” is positive at all temperatures, y must
increase with rising temperature, and this has the effect of
making the slope of the experimental Richardson line too
small. In consequence, the A found experimentally will be
less than (1 — #)A,, where A, is 120 amp./cm.2deg.?, by a
factor which may, in some cases, be as much as about 2.
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CHAPTER III.

ELECTRON EMISSION FROM CONTAMINATED
METALS.

WueN the surface of a metal is contaminated with a film of
foreign material only one or a very few atoms thick, the
surface polarization is profoundly changed, and with it the
work function and frequently also the transmission coefficient.
While innumerable cases of such contaminated metals must
occur in nature, there are only a few that have been the sub-
ject of detailed thermionic study. The most important of
these are (1) thorium on tungsten (W-Th), (2) cesium on tung-
sten (W-Cs) and on oxygenated tungsten (W-O-Cs), and (3)
barium on tungsten (W-Ba) and on oxygenated tungsten
(W-O-Ba). Of these cases W-Th, W-Cs and W-Ba may all
be regarded as of one type and W-O-Cs and W-O-Ba of another.
Instead of grouping them in this way for discussion, however,
we shall find it more convenient to divide them into the
groups (1), (2) and (3) above, where they are in the order in
which they were first studied historically. These three groups
will be treated in the first three sections of the present chapter.
We shall then, in a fourth section, consider certain mis-
~ cellaneous contaminations and questions of a general nature
arising in connexion with contaminated metals.

It will be observed that in all five cases to be dealt with
in the first three sections the contaminated metal is tungsten.
This is the natural metal to choose in experimental investiga-
tions of the effects of contaminations, since it is so readily
cleaned by flashing, and thus it is easy to avoid any other than
the desired contamination.
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SecTIiON I.
THORIUM ON TUNGSTEN.

In the early days of the tungsten filament lamp industry
it was found that at the burning temperature the filaments
grew very large crystals, and that when the lamps were burnt
on alternating current these crystals became displaced relative
to one another along their surfaces of contact, with consequent
development of *“ hot spots ™ and early failure. It was found
that this could be prevented by mixing with the tungsten a
small quantity (something like 1 per cent.) of a refractory
additive, which had the effect of keeping the crystals small,
and that of all the additives tried the most suitable was
thoria. Now in observations on the thermionic behaviour
of such thoriated tungsten wires in 1913 by Langmuir and
Rogers,* it was noticed that after proper thermal treatment
in a good vacuum very much higher electron emissions could
be obtained from them than from similar wires of pure tungsten
at the same temperature. Since then the thermionic pro-
perties of thoriated tungsten have been the subject of very
careful study and filaments of this material have come into
wide use for the manufacture of ““ dull-emitting > thermionic
valves.

The Main Phenomena.—The most important phenomena,
exhibited by thoriated tungsten were reported by Langmuir 30 -
in 1916, and again, in mueh greater detail, in 1923.%

The thermionic properties of thoriated tungsten are ap-
preciably different from those of pure tungsten only after it
has been properly “flashed ” and “activated.” In general
a flash of about three minutes at 2800°K. is sufficient. If
4 lower flashing temperature is employed the time required is
longer, but in no case should the temperature be helow 2600°K.
If now, after the flash, the filament is held at a temperature
between about 1900°K. and 2200°K., the emission gradually
increases from the value characteristic of clean tungsten to
@ much higher value. This lower range of temperatures is
called the activaling range.

The thermionic condition of the filament at any stage may
be ascertained by measuring the emission from it at some suit-



'

THE MAIN PHENOMENA 105

. able “ testing >’ temperature. This should of course be chosen

well below the activating range, so that the filament remains
in a constant condition during the test. According to Langmuir,

' 3 convenient testing temperature is 1500°K. At this tempera-

. ture the emission from clean tungsten is about 0-1 uA. per cm.?,

' while that from a fully activated surface is about 18 mA. per

cm.2, and current densities between these limits from filaments
of ordinary dimensions are easily measured with a galvano-
meter and universal shunt. The emission at the testing tem-
perature may be called the ““ activity  of the filament.

It is found that the rate of growth of the activity increases
with the activating temperature. With comparatively low

' activating temperatures the final activity reached is always
. about the same and is near the maximum attainable, but if
" the activating temperature is too high, say above 2200°K.,
. the final activity falls appreciably short of this maximum. Also,

I~

if, after having been activated at a low temperature, the fila-
ment is heated above about 2200°K., a certain amount of
deactivation occurs, and above 2300°K. the deactivation
becomes practically complete. The range from about 2300°K.
to 2600°K. (where reduction of thoria begins) is known as the
deactivating range. The activity of a deactivated filament
may be restored by again holding it for a sufficient length of

 time at an activating temperature.

The only reasonable explanation of these phenomena would
appear to be that at the flashing temperature a certain amount
of chemical reduction of thoria to metallic thorium occurs,
and that the subsequent growth of activity at a lower tem-
perature is due to the accumulation of some of this thorium at
the emitting surface by diffusion from the interior of the wire
at a greater rate than it evaporates. On the other hand, the

7 loss of activity that occurs when the wire is heated to a de-

activating temperature must be due to the rate of evaporation
of surface thorium at this temperature exceeding that of its
replenishment by diffusion.

From the fact that activation occurs at one temperature and
deactivation at another, it follows that diffusion and evapora-
tion must vary with temperature at different rates. Yet, as
we have seen, the final activity is independent (or nearly so)
of the activating temperature over the lower part of the
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activating range. The only plausible explanation of this would °
appear to be that over this range the rate of diffusion of thorium
exceeds the rate of evaporation until the surface becomes com- -
plotely covered with thorium. That this can occur in spite of
the volume concentration of thorium in the wire being so small
has been attributed by Langmuir to the smallness of the surface
energy of thorium compared with that of tungsten, in conse-
quence of which diffusion of thorium from the interior of the
wire to the surface is a thermodynamically irreversible process,

Reduction of Thoria by Tungsten.—Although thoria
has a greater heat of formation per atom of oxygen than any
of the oxides of tungsten, the latter are so much more volatile
than thoria that at sufficiently high temperatures some reduc-
tion of thoria by tungsten can occur, tungsten oxide heing lost
by evaporation in the process. And, as we have seen, it appears
from the thermionic evidence obtained with thoriated tungsten
wires that such reduction begins to oceur at an appreciable
rate at temperatures higher than about 2600°K.

Other evidence pointing to the same conclusion has also
been obtained. Thus, some years ago, Smithells #7 examined
the residues left after dissolving in a mixture of hydrofluoric
and nitric acids a number of thoriated tungsten filaments which
had been burnt at different temperatures for various lengths of
time. He found that while the residues from unburnt filaments
and from those that had been burnt for 24 hours at less than
2600°K. were white ThQO,, those that had been burnt for
several hours above this temperature were of a different colour. -
As the temperature and time of burning were increased, the
residue left after dissolving became green, blue, or grey, and it
also diminished in volume. Similar observations have been
made more recently by Geiss and van Liempt.” Although the
chemical nature of these residues was not determined, the fact
that they were different in appearance and quantity from those
obtained from wires less severely heat-treated indicates that
some chemical change must have occurred in the wires during
their burning above 2600°K. It is difficult to see what this
change could have been, primarily at least, other than a reduec-
tion of thoria.

A few years ago, Burgers and van Liempt ® carried out X-ray
analyses, by the Debye-Scherrer method, of a number of thori-
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ated tungsten wires and of the residues left after dissolving
the tungsten in a mixture of hydrofluoric and nitric acids.
The spectra of the wires, whether they had been flashed at a
-high temperature or not, contained in addition to the tungsten
lines only those of ThO,. The non-appearance of thorium lines
‘in the spectra of the flashed wires must, however, have been
due merely to the smallness of the concentration of this metal
in them, for the residues from wires which had been flashed
for 10 minutes at 3200°K. showed distinet thoriuym lines
besides those of ThO,. The case of one such residue was ex-
ceptional in that its spectrum showed, in addition to the lines
of ThO, certain other lines which probably came, not from
metallic thorium, but from a solid solution of thorium in thoria.

The results of Burgers and van Liempt show that some,
at least, of the reduced thorium exists in the form of crystalline
inclusions of the metal in the tungsten or else is dissolved in
included particles of thorium oxide. They leave open, however,
the gquestion as to whether some of the thorium may not also
be dissolved in the tungsten. As a test for such solution,
Geiss and van Liempt ! measured the temperature coefficients
of resistance of thoriated tungsten wires before and after flashing
at 3450°K. for one hour in an inert gas, but were unable to
detect any change. (The function of the inert gas was the same
asin a gas-filled lamp, viz. to prevent the too rapid evaporation
of metal.) On the other hand, Fonda, Young and Walker '?
recently did find an increase in resistivity of thoriated tungsten
after a high-temperature flashing treatment in argon at 50
cm. pressure, indicating that some of the reduced thorium had
gone into solution. Of course, even from the negative results
of Geiss and van Liempt, it would be too much to infer that
absolutely none of the thorium dissolved in the tungsten, par-
ticularly in view of the smallness of the total quantity of reduced
thorium present in any case.

The Nature of the Surface Film of Thorium.—We
may learn something concerning the thickness of the film of
thorium that becomes adsorbed on tungsten from a closer

study of the activation and deactivation phenomena. In
- Fig. 12, the curve OAB represents the growth with time of the
emission, measured by Langmuir 3 at a testing temperature of
1500°K., from a filament during activation at 2100°K. The
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curve BD shows how the filament subsequently became de- -
activated when the temperature was raised from 2100°K. to .
2250°K. The curve AC shows a similar deactivation of the
same wire aftor activation had proceeded only as far as is
represented by the point A. Both deactivation curves were
found to be the same. ;
Now the suddenness with which the activity begins to -
fall when the filament is raised to a deactivating temperature,
even long after the activity has ceased to increase, shows that
when once the maximum activity has been attained there is
no further growth in thickness of the adsorbed film of thorium.
The final thickness of this film must therefore be something
quite definite, say that of one, two or a very few atomic layers.

A B

EMISSION

DA

0 TIME

Fig. 12.—Activation and deactivation curves for thoriated tungsten.

That it is not many atoms thick also follows from the fact
that the thermionic properties of fully activated thoriated
tungsten are, as we shall see later, quite different from those
of thorium in bulk.

There are at least two strong reasons for believing that the
final film of thorium consists of only a single layer of atoms.
The fact that the thorium film does not build up beyond a
certain thickness can only be due to the rate of evaporation
from a thick film being greater than that from a thin one.
Now the rate of evaporation of a particular kind of atom at
any given temperature must depend on the forces with which
the surface atoms are held, and these, in turn, must be deter-
mined primarily by the nature of the underlying atoms. Thus
we should expect an important difference hetween the rate of
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evaporation of thorium from a double atomic layer on tungsten
and that from a single layer, a less important difference between
the rate from a treble and that from a double layer, and so on,
until the film is so thick that the effect of the tungsten vanishes.
Only by virtue of such differences can the rate of evaporation
just balance the rate of arrival of thorium at the surface and
so the film be kept at a perfectly definite thickness over a
whole range of activating temperatures.* The one thickness that
remains constant at all over a finite temperature range must
be determined by the most important difference between the
rates of evaporation just discussed. If, as we have seen there
is reason to believe, this is the difference between the rates of
evaporation from a single and from a double atomic layer of
thorium, it must be a single layer that covers the tungsten
when its activity is a maximum.

Again, we have seen what an important rble polarization
at the surface plays in determining the work function and
transmission coefficient of an emitting body. And the polar-
ization, like the volatility, must depend very much on the
nature of the atoms immediately underneath those at the
_surface. Consequently, we should expect the thermionic
activity of a thoriated tungsten filament to undergo a critical
change at the point where the amount of thorium at the sur-
face begins to exceed that in a single atomic layer. The
activation curves obtained at all except the lowest tempera-
tures show no sign of such a critical point having been gone
through, however. It must be concluded, then, that normally
the film does not grow to a thickness of more than a single
atomic layer.

It is interesting to note that activation curves obtained
by Nottingham ¢ and by Brattain and Becker ¢ at tempera-
tures near the lower limit of the activating range differ in
one important respect from those obtained at higher and more
“usually employed activating temperatures, and indicate that
at these low temperatures rather more than a single layer of

| * Actually this is not strictly true. Even over the lower part of the activat-
ing temperature range thexe is o slight varigtion of the final activity with the

| temperature, and this can only be due to a corresponding temperature varia-

. tion of the final film thickness. This is, however, only a second order effect,
which we may ignore for the purpose of the present argument.
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thorium atoms may be built up on the surface. Nottingham -
activated a thoriated tungsten filament containing a little
carbon—this element is frequently introduced to counteract
the “ poisoning ”* effects of electronegative gases and vapours
—at 1920°K., and found the activity to pass through a
maximum before finally reaching an equilibrium value. On
thereupon raising the temperature, he found the activity to
increase again, reaching a new equilibrium value for each

oRUN AT 1940° K
s RUN AT 1B45°K |

% 200 400 600 800 1000 1200 1400 1600 1800 2000
TiMe (Minutes)

F1e. 13.—Time variation of the emission from initially inactive thoriated
tungsten for two activating temperatures.

temperature. More recently, Nottingham 4 and Brattain and
Becker have observed the same kind of thing with ordinary
thoriated tungsten filaments (not containing carbon). Fig. 13
shows curves of the logarithm of the emission at 1549°K.
plotted against time obtained by Brattain and Becker for
activating temperatures of 1940° and 1845°K. It will be
noted that both maxima are of the same height, but that the
final activity is less at the lower temperature than at the
higher. There can be little doubt that the maximum corre-
sponds to the completion of the first atomic layer of thorium,



NATURE OF SURFACE FILM OF THORIUM 111

and that the lower the activating temperature the more
thorium finally builds up on the surface beyond this quantity.

Curves very similar to those of Fig. 13 have also been ob-
tained by Brattain and Becker by volatilizing thorium at a
‘uniform rate from a thorium wire on to one face of an initially
‘clean tungsten ribbon and observing the activity of the latter
‘as a function of the time. One such curve is shown in Fig. 14,
In order to avoid complications due to surface migration of
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. F16. 14.—Dependence of the emission from initially clean tungsten on the
quantity of thorium distilled on to it.

‘thorium from the face of the ribbon on which it was deposited
to the other face, the low testing temperature of 1274°K.
‘was chosen. The points represent experimental values of
log (¢/t,) as a function of #/¢,,, where 7 is the emission observed
after a time of deposition ¢, and 4, is the maximum emission,
which occurred at the time #,. The curve is that which per-
haps goes most nearly through the points. It differs slightly
from that given by Brattain and Becker (which represents
an empirical formula) at low values of ¢/¢,,.
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As regards the concentration of thorium atoms in a full
monatomic layer, this was assumed by Langmuir3 to be
determined by the geometry of the underlying tungsten lattice.
This lattice is body centred cubio, the side of a unit cube being
3-150A. Langmuir found that the exposed crystal faces of
tungsten that has been etched by heat treatment are exclusively -
those of the rhombic dodecahedron. ™These are (110) planes -
and are the faces which contain the greatest possible number
of atoms (1425 X 105 per cm.?). Thorium, on the other
hand, orystallizes in a face-centred cubic lattice, the side of
a unit cube of which is 5:04A., and from this Langmuir has
calculated that the greatest possible number of thorinm
atoms that could be packed per cm.? into a plane lattice is
0-909 x 10, which is 64 per cent. of the number of tungsten
atoms per cm.2? in the exposed surfaces.

Now there are two possibilities to be considered. Hither
the adsorbed thorium atoms take up some arrangement of
their own (e.g. they may be close-packed), or else they arrange
themselves in conformity with the underlying tungsten lattice.
We have seen that thorium atoms evaporate much more readily
from underlying thorium than from underlying tungsten.
From this it would appear that the forces between thorium
and tungsten atoms in adjacent positions are much greater
than the forces between adjacent thorinm atoms, and Langmuir
hasg therefore concluded that the arrangement of the adsorbed
thorium atoms conforms to the underlying tungsten lattice.
The thorium atoms are, of course, too large for a one-to-one
relationship between the thorium and tungsten concentrations.
A one-to-two relationship would, however, be quite possible,
and in that case there would be 0-713 X 10'® atoms of thorium
per cm.? on the exposed faces of the tungsten crystals.

Incidentally, a case where adsorbed atoms definitely do :
arrange themselves in conformity with the underlying lattice
was found some years ago by Davisson and Germer.!* In
observing the diffraction of electron-waves reflected from a
(111) face of a nickel crystal they found certain maxima which
could not have been due to the nickel itself but must have
come from a layer of adsorbed gas atoms. The lattice arrange-
ment indicated by these maxima was similar to that of the
nickel atoms in the surface, but with twice the scale factor.
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Notwithstanding the tenacity with which thorium atoms
are held to underlying tungsten, as shown by the slowness of
their evaporation at temperatures in the neighbourhood of
2000°K., they can move along the surface of the tungsten, even
at much lower temperatures than this, with comparative ease.
This has been strikingly shown by an experiment of Brattain
and Becker.® After depositing on one face of a tungsten ribbon
1-77 times as much thorium as that in a single complete layer
of atoms, the ribbon was heated for 25} hours at 1535°K. and
then for a further 8} hours at 1655°K. At the end of this time
the activities of the front and back faces of the ribbon were
found to correspond to the presence on them of 0-89 and 0-87
respectively of a complete single layer of thorium atoms. The
sum of these quantities, 1-76 layers, agrees within the limits
of the experimental uncertainty with the quantity originally
deposited on the front face.* Thus the thorium had spread
itself almost uniformly over the two faces of the ribbon without
any measurable loss by evaporation having occurred in the
process.

Incidentally, from the shape of the activity-time curve
obtained for the front face at 1535°K., Brattain and Becker
inferred that the coefficient of migration (surface diffusion) is
not independent of the concentration, but that the rate of
migration at a given temperature and for a given surface con-
centration gradient decreases as the concentration decreases.
It does not appear, however, that the concentration gradient
of the thorium film as @ whole should necessarily be taken as the
relevant quantity in the surface diffusion problem when the
film is more than one atom thick. In view of the fact that
thorium is held to underlying thorium much less tenaciously
than to underlying tungsten, it might be expected that a
second layer of thorium atoms would slide over the first more

* The agreement between the quantity of thorium found after the heat
treatment and that originally deposited is not really quite as good as these
figures indicate, since, strictly, the spreading of thorium over the edges of the

' ribbon, as well as over the back face, should be taken into account. Thoe

edges of the ribbon used had an area {4 that of the faces. When allowance

. is made for this, the quantity of thorium found after the heat treatment

works out to about 5 per cent. more than that deposited. Judging by the
spread of the points in Fig. 14, however, the two quantities still agree within
the limits of experimental uncertainty.

8
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easily than the first layer slides over tungsten. In that case
the rate of migration for a given total concentration gradient
would necessarily decrease as the quantity of thorium in the.
second layer of atoms decreuses.

Further evidence of surface migration of adsorbed thorium,
which is perhaps no less striking, is furnished by an experiment
of Fonda, Young and Walker.!® It is known that a thoriated
tungsten wire of fine grain size is much easier to activate than
one whose crystals are very large. Now Fonda, Young and
Walker prepared a filament, in the form of a hairpin, of total
length 15 cm., which, by suitable heat treatment, they caused

to dovelop very long crystals (average length about 2 cm.)

along a length 7 em. from each support, while the remaining
1 cm. in the centre was left fine-grained. The filament was
then activated in the usual way, and the emission measured
at 1500°K. The final emission obtained at this temperature
was 1780 pA. If the whole filament had become covered
with the optimum amount of thorium its emission would have
been 5000 pA., and if only the central 1 cm. which was fine-
grained had become so covered it would have been only 334 pA.
The fine-grained centre was then cut out and only the 7 cm.
‘““legs ”’ of the hairpin activated, the same temperature treat-
ment being given as before. The maximum emission now
obtainable was only 32 pA. Thus after the first activation at
least 1780 — 334 = 1446 pA. of the emission must have come
from the legs, and of this at least 1446 — 32 = 1414 pA. must
have been due to thorium which migrated to the legs from the
fine-grained centre.

Diffusion of Thorium through Tungsten.—The im-
portance of grain size in determining the rate of diffusion of
thorium from the interior of a tungsten wire to its surface has
been strikingly demonstrated by Clausing ? in experiments on
the activation of thoriated tungsten wires enclosed in sheaths of
pure tungsten. The method used for forming the sheaths was
one due to van Arkel.2 In this the wire to be covered is burnt
at about 1600°K. in tungsten hexachloride vapour (WCly),
whereupon the latter dissociates and a deposit of pure tungsten
is formed on the wire. On making sections of wires so covered
and examining them microscopically, Clausing found that the
sheath is polycrystalline or consists of an apparently perfect
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.single crystal according as the core on which it is formed is
" polycrystalline or monocrystalline.

Clausing’s first experiments were made with uncovered
monocrystalline and polycrystalline thoriated wires, and he
found that as regards the ease with which they could be acti-
vated, deactivated and reactivated there was little to choose
between them, although, if anything, the monocrystalline
wire was rather easier to activate than the polycrystalline.
This result may seem surprising, in view of what has been said
regarding the importance of grain size in determining the rate
of diffusion of thorium. Apparently, however, any imper-
fections in a monocrystalline wire, such as cracks, or even a
disarrangement of the lattice along certain planes without the
appearance of actual cracks, may cause it to behave very
much ag if it were made up of a number of separate crystals,
differently orientated. Thus Fonda, Young and Walker 1®
have observed an important effect on activation of the
shattering of the lattice along certain planes caused by
strain. They found that although an unstrained single-crystal
wire failed to become appreciably activated at normal acti-
vating temperatures, presumably owing to its having been too
perfect, a similar wire which had been coiled on a mandrel
and then straightened again became fully activated under the
same conditions, and at quite the normal rate. After this
filament had been burnt for 550 hours at 2000°K., however,
its rate of activation was found to have fallen considerably,
owing, no doubt, to a partial healing of the lattice.

Clausing next studied the activation of single-crystal and
polycrystalline wires which had had coverings of pure tungsten
grown on them in the manner already described. The cores of
these wires were 0:10 mm. in diameter and the thickness of
she sheaths was 0-02 mm. The activation was now found to
oe totally different in the two cases. The rate of activation
and the final activity of the covered polycrystalline wires were
roughly the same as those of uncovered wires, although the
iime it was found necessary to flash at 2800°K. prior to activa-
iion was greater in the case of the covered than in that of the
mcovered wires. The covered monocrystalline wires, however,
lid not exhibit any appreciable activity after having been given
he same treatment. This shows that thorium must have
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diffused at a very much greater rate through the fine-grained
sheath of the polycrystalline wire than through the single-
crystal sheath of the monocrystalline wire. It must be con-
cluded, therefore, that the diffusion of thorium from the in-
terior of a wire to the surface takes place mainly along the
grain boundaries.

There are, nevertheless, good reasons for believing that
thorium can also diffuse to some extent through a tungster
crystal lattice. Even from a wire enclosed in a monocrystalline
sheath of tungsten Clausing obtained some emission due tc
thorium—at 1700°K. it was of the order of 10~% of the maxi:
mum emission obtained from a similarly treated wire enclosec
in a polycrystalline sheath. Also Fonda, Young and Walke:
succeeded in completely activating a monocrystalline wire
by holding it for 600 hours at 1750°K., a temperature af
which evaporation is negligible, although they were unable
to activate it appreciably by the normal treatment. It might .
of course, be objected that it is not certain that there were
not in both cases some imperfections in the tungsten latbice
which made diffusion of thorium possible, so this evidence i
not, absolutely conclusive. What does seem to be conclusive
however, is the observation of Fonda, Young and Walker
already referred to, that the resistivity of suitably heat-treatec
thoriated tungsten is slightly higher than that of pure tungsten
indicating solution of some of the reduced thorium in thc
tungsten, in other words the diffusion of thorium atoms intc
the tungsten lattice. Of course, in the case of ordinary
thoriated tungsten wires no very important effect on the
resistivity can be expected, owing to the smallness of the
amount of thorium produced. A wire made from a powderec
mixture of tungsten with 1 per cent. of metallic thorium
however, was found by Fonda, Young and Walker to hav
a temperature coefficient of resistance as much as 20 per cent
below that of pure tungsten.

Still further evidence of the diffusion of thorium througl
the tungsten lattice is provided by an analysis by Fonda
Young and Walker of activation data obtained with variou;
fine-grained and coarse-grained wires. But before discussing -
this, it will be well first to consider briefly a theory of diffusior
due to Langmuir.3!
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Langmuir assumed that the thorium diffuses only through
the tungsten lattice and worked out the coefficient of diffusion
D (in ¢m.2 sec.™) from his activation data on this assumption.
Let us, for the present, accept this assumption as if it were
correct. Now at sufficiently low temperatures, evaporation
during at least the earlier stages of activation is negligible,
and so the rate of growth of activity may be taken as a measure
of the rate, A (in gm. cm.”? sec.™), at which thorium arrives
at the surface by diffusion. It has been found that near
the beginning of activation the logarithm of the emission, ¢,
at the testing temperature always grows linearly with the
time, #, and so it is convenient for graphical representation
of the activation data to plot log ¢, rather than ¢ itself, against
¢t. It will be evident that the slope of any (log ¢)-t line in its
linear part must be proportional to the corresponding value
of A. The proportionality factor was calculated by Langmuir
on the assumption that log ¢ varies linearly with the amount
of thorium at the surface throughout the whole course of
activation and that at the surface of a completely activated
filament there are just half as many thorium atoms as there
are tungsten atoms. The proportionality factor so calculated
is probably of the right order of magnitude even if neither
of these assumptions is strictly true.

Now A is of course equal to the product DG, where D is
the diffusion coefficient and G is the concentration gradient
(in gm. cm.”%) immediately underneath the surface. It is not
an easy matter to determine these two quantities separately.
Langmuir has, however, shown that it may be done by deter-
mining A from time to time during a prolonged heat treatment
of the wire in which the value of G at the surface changes at
a rate which depends on D. At a deactivating temperature
which is not high enough for the wire to become completely
deactivated, the value of D may also be derived from the
shape of the last part of the deactivation curve, evaporation
being taken into account. For the analysis, which is rather
lengthy, the reader must be referred to Langmuir’s article.
The important thing to note, for what is now to follow, is that
it yields, not D directly, but D/R?, where R is the radins of
the wire.

In view of the faultiness of Langmuir’s assumption regarding
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the mechanism of the diffusion, it is hardly surprising to find,
as we actually do, that it is not possible to obtain consistent
values of D by either of his methods. This is shown in Table
XIV, where values ol D are given lor dillerent wire specimens
at 2400°K. found by Fonda, Young and Walker, using
Langmuir’s second method. Sections of these wires were
examined microscopically, and the effective grain size deter-
mined in each case by measuring the areas of about 400 grains
and plotting the distribution. The point of mid-distribution
was taken to give the effective grain radius r, determining
the rate of diffusion of thorium to the surfaces of the grains.

-TABLE XIV.

ReELATIONSHIP BETWEEN D AND EFFECTIVE GRAIN RADIUS 7.

X 10tem. . | 40 4.8 53 6-2 63 69 73 82 8:6
D x 100 .| 41 25 32 15 2-2 13 1-3 09 1-0
D x 1018 . | 65 58 90 58 87 62 69 61 74

The table shows that in general D diminishes as r increases,
and that the product 72D is roughly the same for all the wires.
From this it must be inferred that the quantity yielded by
Langmuir’s analysis is not in reality D’/R2? at all, where D’
is now written for the #rue coefficient of diffusion through
the tungsten lattice, but D’/r2. Since all the wires used by
Fonda, Young and Walker were of the same radius (0-:005 c¢m.),
D’ is given approximately by the figures in the last row
multiplied by 10713/R2, i.e. by 4 X 1079,

A mathematical theory of activation has recently been
worked out by Gehrts,?® on the assumption that the only dif-
fusion of thorium that is of quantitative importance is that
which takes place along the grain boundaries and then along
the exposed surface of the wire, and that practically only such
reduced thorium as is originally located in the grain boundaries
can ultimately reach the emitting surface. The results of
Fonda, Young and Walker show, however, that Langmuir’s
theory of the diffusion, although not correct in its original
form, becomes valid when the unit considered is a single grain
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of tungsten instead of the whole wire, and that when once
the thorium has reached a grain boundary its subsequent
diffusion along it and spreading along the surface is too rapid
at ordinary activating temperatures to be measurable.

By proper preliminary heat treatment of a filament, the
concentration gradient, G, of thorium just underneath its
crystal faces may be brought to substantially the same value
at the beginning of each of a series of runs.  To make sure
that this has been achieved, one has merely to satisfy oneself
that A maintains its value in successive runs carried out at
the same temperature. By then carrying out activations at
different temperatures it is easy to find the temperature
dependence of A for a given G, and hence that of D’. 1In this
way, Langmuir obtained data which show that D’ varies with
temperature according to the law

Dece™m, . . . . (1)

where Ty, is equal to 47,000 degrees. This value of Ty, has
since been confirmed by Fonda, Young and Walker for a
number of different wire specimens.

Evaporation of Thorium.—After a full monatomic
layer of thorium has been built up on the emitting surface
at an activating temperature, no more thorium accumulates
there, and so evaporation must exactly balance diffusion.
And since for a whole range of activating temperatures the
final state of the surface is practically independent of the
temperature, we must conclude that when this state is reached
either the evaporation adjusts itself to the diffusion or the
diffusion adjusts itself to the evaporation.

If the diffusion adjusted itself to the evaporation, i.e. if
after the completion of the layer of thorium atoms on the sur-
face the rate of escape of thorium from the tungsten crystals
fell to a much smaller value than it had at the beginning
of activation, there would be a progressive accumulation of
* thorium underneath the surfaces of these crystals with continued
" burning of the filament at the activating temperature. If
" the adsorbed thorium were thereupon removed from the emitting
surface by flashing at a high temperature for so short a time
that the distribution of thorium within the tungsten crystals
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could not be appreciably affected, and the activating tempera-
ture were then re-established, A should be found to be much
greater than before.

In an oxperiment designed to test for this, Langmuir flashed
a filament for 23 seconds at 2800°K. in order to reduce some
ThO, and then held it for 100 seconds at 2500°K. to allow
irregularities in thorium concentration to become smoothed
out. He then ran the filament for 187 minutes at an acti-
vating temperature of 2055°K., and measured the initial rate
of activation, which was $-00060 in certain units. After this
treatment the filament was deactivated by flashing at 2800°K.
for less than a second. This, other experiments showed,
conld not have appreciably affected the distribution of thorium
in the tungsten. On now heating the filament at 2055°K.
once more, the initial rate of activation was found to be only
0-00034. This showed that the very long previous activation,
far from causing any accumulation of thorium under the sur-
faces of the crystals, had actually resulted in a considerable |
decreage in the thorium concentration there. Langmuir con-
cluded that the diffusion of thorium goes on independently of the
amount adsorbed, and that after the completion of activation
the evaporation simply keeps pace with the diffusion.

It is convenient to think of this evaporation as made up of
two parts. One is simply the evaporation from a monatomic
film of thorium on tungsten at the temperature in question and
has nothing to do with diffusion. This Langmuir has called -
the “normal evaporation.” The other part is due to the
constant tendency for a second layer of thorium atoms to be
formed on top of the first, resulting from the undiminished
rate of diffusion, and the relatively high volatility of these
atoms. Evaporation from the incipient, but never appreciable,
second layer has been called by Langmuir the *induced
evaporation.” Its rate is not directly dependent on the tem-
perature but is simply given by the excess of diffusion over
normal evaporation.

According to a theory advanced by Langmuir, induced
evaporation occurs not only after a full single layer of thorium
atoms has been formed on the surface, but also before.
Langmuir supposed that a thorium atom, arriving at the sur-
face, wonld inecrease the total amount of thorium there only
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if there were room for it at the point of its emergence. If,
however, there were already a thorium atom adsorbed at this
point, this would be ‘‘ pushed off ”’ by the new arrival, which
latter would then take its place, and so the total number of
thorium atoms on the surface would remain unchanged.

. This theory was, however, based on the faulty assumption
that the thorium diffuses only through the tungsten lattice
and that its surface mobility is negligible. We now know
that by far the greater part of the thorium that comes to the
surface of an ordinary polycrystalline wire does so vig the grain
boundaries. Where these feed into the exposed surface the
thorium merely has to turn round a corner to be on the latter,
where it can affect the emission and whence it is possible for
it to evaporate. And in view of the considerable surface
mobility possessed by the thorium it would be surprising if
there were any tendency for a second layer of atoms to be built
up until after the completion, or practical completion, of the
first layer.

That at low activating temperatures there is, in fact, no
appreciable evaporation, either induced or normal, until the
first layer of atoms is nearly complete, has now been shown by
the work of Brattain and Becker.® By measuring the activity
at intervals during the deposition of thorium at a uniform rate
on one face of a clean tungsten ribbon in the manner already
described, they first found how the activity depends on the
quantity of thorium present on the surface. These measure-
ments had, of course, to be made at a temperature sufficiently
low for surface migration of thorium from one side of the ribbon
to the other not to occur at an appreciable rate, but by means
of subsidiary observations carried out with a filament over whose
surface the distribution of thorium was uniform, they were
easily able to convert activities measured at one temperature to
those measured at any other. These results then enabled them
to find the quantity of thorium present on the surface of an
ordinary thoriated tungsten wire at any stage during its
activation.

The quantity of thorium is conveniently expressed as the
fraction, 6, of that in a full monatomic layer. As we have
' geen, this is almost certainly the quantity that is present on
the surface when the activity is a maximum. Fig. 15 shows
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-time curves for activating temperatures of 1940° and 1845°K.
deduced in the manner indicated from experimental activity-
time curves, the activities having been determined at a testing -
temperature of 1549°K. It is seen that 6 increases linearly
with time until it approaches the value 1. Incidentally it
will be observed that 6 was about 0-1 at the beginning, not
zero a8 might have been expected. The explanation of this
is that even though the filament becomes practically completely
deactivated when it is flashed to a deactivating temperature,
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Fig. 15.—Growth with time of the # of a thoriated tungsten filament at
two activating temperatures.

it is impossible to avoid the occurrence of a certain amount of
reactivation by diffusion while the filament is cooling down
from this temperature to the testing temperature. This partial
reactivation of a filament during cooling from a high flashing
temperature has also been observed by Reynolds.5°

The dependence of the rate of normal evaporation on 8
was first calculated by Langmuir from the shape of his de-
activation curves, after having made allowance for the diffusion
of fresh thorium to the surface and for induced evaporation,
and assuming that the logarithm of the emission, ¢, at the testing
temperaturoe is o linear function of §. We now know, however,
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not only that Langmuir’s assumption .with regard to induced
evaporation was incorrect, but also that log 4 does not vary
linearly with 6, except, perhaps, for quite small values of 6
(cf. Fig. 14). Andrews ! has since redetermined the dependence
of the rate of evaporation on ¢ from the observed deactivation
of a pure tungsten wire covered with thorium by volatilization
from a neighbouring thoriated tungsten wire or from a heated
rod of metallic thorium. The necessity for making allowance
for diffusion and possible induced evaporation was thus avoided.
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will evaporate.

The faulty assumption that log ¢ varies linearly with 6 was,
however, still made use of.
The true relationship between the rate of evaporation at

. one temperature (2200°K.) and 6 has been determined by
* Brattain and Becker ¢ from observations of the deactivation

of a pure tungsten ribbon covered with thorium. A quantity
of thorium was first deposited on one side of the ribbon and

i then caused, by a suitable temperature treatment, to migrate

and spread itself uniformly over the whole surface. The ribbon
was now raised for successive short intervals to 2200°K.,
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and after each such interval the activity was measured at some
low testing temperature. From the activity-time curve the -
6-time relationship was then deduced, and from this, in turn,
the dependence of tho rato of cvaporation at 2200°K. on 6.
The relationship, thus arrived at, between the logarithm of
the probability P that any given atom will evaporate in a given
second and 0is shown in Fig. 16. It is seen that this probability -
is about thirteen times as great when 0 is 09 as it is when
0 is only 0-1.

It is clear that, apart from a constant scale factor, the
temperature variation of evaporation found experimentally
to correspond to any given state of activity cannot be affected
by the nature of the relationship assumed to hold between
v and 0, and at high temperatures it will not even be much
affected by any assumption made with regard to induced
evaporation. The variation deduced by Langmuir from his
deactivation data is

ig o e TalT . . 5 . {2)

for all values of 6§, where ¢, denotes the rate of evaporation *
and T, is a constant whose value is 102,500 degrees. This
corresponds to a latent heat of evaporation of 204,000 calories
per gram-atom. Andrews’ data are also representable by a
formula of the type (2), in which, however, T, has the somewhat
smaller value of 89,000 degrees for all values of §. Both these
values of T, are roughly twice as great as that of Ty, showing
that evaporation varies much more violently with temperature
than does diffusion.

Thermionic Properties.—In a hypothetical case of ad-
sorbed particles where the effect of any one adsorbed particle
in lowering the work function is independent of the presence
or absence in its immediate neighbourhood of any other, we
must have

Xo — X = 0(xo — x1) . E - (3)

where x is the actual work function, and x, and y, are the work
functions corresponding to the states §=0 and =1 respectively.
If furthermore, either any variation of A with x is unimportant

* This rather unusual symbol is used for the atomic evaporation rate in
order to conform to those used for the rates of evaporation of positive ions
and electrons, viz. 4, (to be introduced in Chapter VT) and 4 respectively.
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or else log A varies linearly with y, it is a simple matter to
derive from (3) the equation

log ¢ — log 7, = 0(log 7, — log 1), . 4

| where 4, i, and 4, are the corresponding emissions at the test
, temperature, i.e. log ¢ is a linear function of §. This is what
' Langmuir assumed for the case of thoriated tungsten. We
now know, of course (cf. Fig. 14), that eqn. (4) is not true for
this case, and therefore one, at least, of the assumptions on
which it is based must be false.
In the foregoing, we have disregarded the variation of ¢
with applied field E. It has been found by Becker and Mueller,®
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¥1a. 17.—Showing departure from the Schottky law of the emission at
moderate fields from partially activated thoriated tungsten.

and by Reynolds,5® that while for high values of the applied
field the i—E relationship is simply that required by Schottky’s
image theory, for low values of E it is something quite different.
This is shown, for example, by the curve of Fig. 17, which is
an experimental plot of log 4 against +/E obtained by Becker
and Mueller with a partially activated thoriated tungsten
filament at 1380°K. The dashed line represents the theoretical
Schottky relationship. It is seen that in this case below about
20,000 volts per cm. the emission falls with applied field more
steeply than it would if the Schottky law were obeyed. Similar
results have been obtained by Reynolds with both partially
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and completely activated surfaces. The point of departure
from the Schottky line was found to vary somewhat from run
to run, the variation being attributable to the sputtering effect
of positive-ion bombardment. Under the best vacuum con-
ditions, however, the critical field was roughly constant at
about 10,000 volts per em. for all temperatures and degrees
of activation. Onthe other hand, the skape of the (log ¢)-v/E
curve, where it departed from the Schottky line, was not found
to be independent of the degree of activation. With decreasing
6 the curve was observed to fall away from the Schottky line
more and more steeply until § became quite small and the emis-
sion approached that of clean tungsten.

It is thus evident that the shape of the (logi)-8 curve
must depend to some extent on the strength of the field applied
to the cathode. The points through which the curve of Fig. 14
is drawn were obtained by Brattain and Becker with the anode
held at a constant potential of 100 volts positive to the ribbon.
The electrode geometry was not such as to make the field uni-
form over the surface of the ribbon, but its order of magnitude
corresponding to this anode potential was 100 volts per cm.
This is quite small, and corresponds to a point further to the
left on the (log4)-VE curve than is shown in Wig. 17. The
field was, in fact, so near to being effectively zero that a reduc-
tion in anode potential from 100 to 10 volts was found to
cause ¢ to fall by only 15 per cent. when 6 was either 0 (clean
tungsten) or 2-0, and by only 25 per cent. when 6 was 0-7.
Thus it appears that for zero applied field (the condition as-
sumed in the thermodynamical theory of emission) the shape
of the (logi)-6 curve would be barely perceptibly different
from that of Fig. 14. The work of Reynolds shows that for
strong applied fields, however, the parts of the curve for frac-
tional values of 6 would be displaced upwards relatively more
than those for § = 0 and 6 = 1.

The nature of the variation of A with y as 6 changes from
0 to 1 has been investigated by Kingdon,?® by Dushman and
Ewald,*® and by Brattain and Becker.® Unfortunately the
accuracy of such determinations when carried out with ordinary
thoriated tungsten wires is not very high, since for fractional
6 the range of temperatures which are sufficiently high for the
cmission to be measurable, and yet not so high that the state
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~ of the surface changes at an appreciable rate owing to diffusion,

is rather limited, more particularly for small §. Thus only
relatively short Richardson lines can be obtained.
In Fig. 18 are plotted values of log A against those of x

. obtained by Kingdon and by Dushman and Ewald. The points

. mnear the right-hand side of the figure, corresponding to small

" ‘values of 6, are much less reliable than those further to the left.

‘While Kingdon measured his emissions with a constant voltage
applied to the anode, Dushman and Ewald extrapolated theirs
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F1a. 18.—Variation of log A with y for thoriated tungsten.

to zero field, assuming the Schottky law to hold right down to
;'bhe lowest fields. This, we now know, it does not do. Owing,
thowever, to the relative slightness of the Schottky correction
the results of Dushman and Ewald are probably not so very
different from what they would have been if the measurements
had been made at a constant, moderately high field, and are
thus nearly comparable with Kingdon’s.

The spread of the points is such that any quantitative law

_ deduced from them is subject to considerable uncertainty. They

appear to indicate, however, that while for relatively small
values of 0 log A possibly varies linearly with yx, as 0 increases
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the values of log A tend to become, if anything, higher than -
those corresponding to the linear law. If this conclusion is
correct, the shape of the (logi)-6 curve cannot be explained
by the departure from linearity of the (log A)-y relationship,
for this is in the wrong direction. It can then only be accounted
for by supposing that the assumption underlying eqn. (3) is:
incorrect and that thorium atoms added to the surface lower
the work function less when @ is large than when it is small.
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Fra. 19.—Dependence of x on the applied field for thoriated tungsten
at various stages of activation.

The dependence of ¥ and A on X for different values of 6
has been determined by Brattain and Becker, and their results
are shown in Figs. 19 and 20. It is seen that for all values of
E, y changes less and less rapidly with # as # increases. It
is noteworthy that when 8 is equal to 1, ¥ changes but little with.
applied field and A practically not at all.

According to Dushman and Kwald, the thermionic constants .
of fully activated thoriated tungsten are

A = 3:0 amp./cm.%deg.?, x = 2-63 e.v.
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These figures, like those for values of 8 less than 1, were arrived
at by extrapolating the (logz)-v/ E lines obtained at high
fields backwards, as if the Schottky linear law continued to hold
for low fields, and taking the zero-field values of the currents
's0 obtained for the calculation of the constants. In spite of
'the faultiness of this procedure, however, the results agree
well with those obtained recently by Nottingham ¢° for quite
small BE. With a constant accelerating potential of only
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Fia. 20.—Dependence of log A on the applied field for thoriated tungsten
at various stages of activation.

- 6 volts applied to the anode, which was just sufficient to
" comfortably avoid space-charge limitation of the thermionic
currents, he obtained values of x ranging from 2:38 to 2-83 e.v.,
while the corresponding values of A ranged from 0-56 to 10-2
amp./cm.’deg.? One of the best determinations gave

A = 3:2 amp./cm.2deg.?, x = 2:64e.v.
' The values extrapolated to zero field from the curves of Brattain
' and Becker for § = 1 are

A = 4-5 amp./em.’deg.?, x = 2:9e.v.
9
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No great absolute accuracy was claimed for their data -
however. _

We saw in Chapter I (p. 36) that the difference between -
the work [unclions, y; and y,, of bwo emiblers, 1 and 2, is re-
lated to their contact difference of potential, V; — V,, at the
temperature T by the equation

A
X2 — x1 = e(Vy — V) + kT log, A_Zi’ . . (B)

where A, and A, are the two values of the constant A,
Thus on the assumption that in the case of a thoriated tungsten
filament the value of A, is independent of its condition, it is
possible to find the change in work function accompanying
any given change in the degree of activation by simply meas-
uring the corresponding change in the contact difference of
potential between it and some standard electrode. .

Such a measurement has been carried out by Langmuir
and Kingdon 3 with a thoriated tungsten filament first fully
activated, then deactivated by high-temperature flashing.
The standard electrode was a similar, fully activated filament
separated by a short distance from the test filament. The
standard filament was heated to an emitting temperature, and,
with the test filament serving as anode, current-voltage char-
acteristics observed with the test filament in each of the two
conditions. The two characteristics differed from one another
only in that one had a constant voltage displacement with .
respect to the other, and this was of course equal to the contact
difference of potential between the fully activated test filament
and the same filament after deactivation.

The contact difference of potential between the fully acti-
vated and the deactivated filament found in this way was 1-46
volts. The work function of clean tungsten is, as we have seen,
4-54 e.v. Thus on the assumption that the surface of the thori-
ated filament after deactivation was clean, we should obtain
for the work function of fully activated thoriated tungsten the
value 4-54 — 1-46 = 3-08 e.v. This does not agree at all well
with the value of this quantity found directly from thermionic
measurements, the discrepancy being well outside the possible
experimental error. We do not have to look far for an explana-
tion, however., It is that the surface of the filament after
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deactivation was almost certainly not clean, for it will be re-
membered that according to Reynolds and also Brattain and
‘Becker it is practically impossible to obtain a completely de-
activated condition of the surface by high-temperature flashing
owing to the diffusion of fresh thorium to the surface of the
filament while it is cooling. The exact amount of reactivation
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| Fi¢. 21.—Richardson lines for tungsten covered with a double atomic layer
of thorium and for thorium in bulk.

. that occurs during cooling will of course depend on the dif-
~ fusion characteristics of the filament and on its diameter. In
| the nearest approach to complete deactivation obtained by

Brattain and Becker with a filament of 0-1 mm,. diameter,
' @ was about 0-1, and to this, according to a table published
: by them, corresponds a work function of about 41 e.v.
The test filament used by Langmuir and Kingdon was also
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0-1 mm. in diameter, and if we assume that their minimum’
6 was roughly the same as that of Brattain and Becker and
subtract 1-46 from about 4-1, instead of from 4-54 e.v., we
obtain something like 2-6 or 2-7 e.v. for the work function of
fully activated thoriated tungsten, and this agrees very satis-
factorily with the values found thermionically. :

We have seen that while the activity of a thorium-on-
tungsten emitter increases with 6 until 6 is equal to 1, beyond
this point it falls away again and finally approaches a steady
value when § is in the neighbourhood of 2. In Fig. 21 is shown
a Richardson line for the condition f == 2 obtained by Brattain

cothor with the Iina far thariiym in hilly ahtnined

and Beckor, together with the line for therium in bulk cbtained
by Zwikker. Comparing them, we see that the thermionic
properties of tungsten covered with a double layer of thorium
are already so near those of thorium in bulk that the emission
from the former is within a factor of only about 2 of that from
the latter over the whole range of temperatures.

The Effects of Gases.—Thorium on tungsten, in common
with other active composite emitters, is easily deactivated
or ‘““poisoned ”’ by traces of electronegative gases such as
oxygen,3® and it is necessary to obtain the highest possible
vacua if such poisoning is to be avoided.

On the other hand, Kingdon has reported a considerable
enhancement of the emission from a fully activated filament
due to exposure to nitrogen. At 1455°K. the emission was
increased by a factor of 5. The nitrogen used was taken from’
a commercial tank and was not purified before reaching the
experimental tube except by being passed through a vessel
cooled by liquid air. It is therefore possible that the effect
may have been due, not to the nitrogen itself but to some non-
condensible impurity. After the gas had all been pumped
out the emission slowly decreased again. At 1455°K. it took
several minutes to fall to somewhere near the value character-
istic of a thoriated surface.

An enhancement of the emission from a fully activated
thoriated tungsten filament due to some unknown residual gas
has also been observed by Nottingham.?® At 1230°K. the
emission was increased in this way by a factor of from 2 to 6.

An interesting effect which occurs when an oxygen-poisoned
filament is exposed to methane has been reported by Langmuir, 3¢
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The methane momentarily causes the full thorium-on-tungsten
emission to be restored, but it then falls away again. The
explanation given by Langmuir is that the methane at first
removes the oxygen adsorbed on top of the thorium film by
chemical action, but that excess methane is then decomposed
by the hot filament and the thorium becomes covered with
carbon, and so the emission is again destroyed.

Not only may a film of thorium on tungsten be contaminated
by chemically active gases, but it may also be removed by the
sputtering action of ions derived from a chemically inactive
gas or vapour. Thus Kingdon and Langmuir ?¢ have found
that ions of argon, cesesium, mercury and neon all begin to
sputter off thorium at about 50 e.v. energy. Helium ions also
have an effect, which is, however, much smaller, owing, pre-
sumably, to the relative smallness of their mass. No effect
was observed with hydrogen ions, even when their energies
were as high as 600 e.v.

Other Emitters Similar to W-Th.—The emission,
diffusion and evaporation phenomena exhibited by filaments
of thoriated molybdenum have been investigated by Reynolds
and Dushman*  Qualitatively the phenomena are similar
to those characteristic of thoriated tungsten, but there are
important quantitative differences. Thus on the assumption
that the number of thorium atoms in a single complete surface
layer is half as great as the number of molybdenum atoms,
the rate of evaporation 7, from a complete monatomic film
at 2000°K. was computed to be 5-4 X 102 atoms/cm.%sec.,
as compared with only 153 X 10° in the case of thorium
on tungsten at the same temperature. Diffusion of thorium
from the interior to the surface also occurs at a much greater
rate in molybdenum than in tungsten, the value of D at 2000°K.
having been found to be 1-:02 X 107¢ cm.? sec.”, while the
corresponding value for thoriated tungsten obtained by
Langmuir was only 59 X 1071, Of course we now know that
the grain structure of the wire is all-important in determining
the rate of diffusion, and so these figures must not be accepted
as applying to more than the particular specimens used.
Since, however, the specimens were probably not very dis-
'similar as regards grain structure, the data given probably
have a rough comparative value, and show that the rate of
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diffusion in molybdenum is in general very much higher than -
in tungsten at the same temperature. On account of the
extremely large values of both D and i, thoriated molybdenum
must, of course, be worked at a much lower temperature
than thoriated tungsten. Dushman ! reports that § decreases
rapidly below unity for values of T greater than 1700°K.

The thermionic constants given by Reynolds and Dushman
for a complete single layer of thorium on molybdenum are
not very different from those of thorium on tungsten. They
are

A = 1-5 amp./em.?deg.2, x = 2-58 e.v.

These figures were presumably arrived at, like those for W-Th,

by extrapolating emissions to zero applied field on the assump-

TABLE XV,

THERMIONIC, DIFFUSION AND EVAPORATION DATA FOrR VARIOUS LEMITTERS
oF THORIUM-ON-TUNGSTEN TYPE.

Tmitter. |Afampsjomdon3).|  zev.). TpA(degs). | D xsgc‘ff,()‘fm'z {alc;_lz(’;:c(‘lf‘)’ms'
W-La . 8-0 2:71 — —_ —
W-Ce . 80 2-71 42,000 95 1450
W-Yt . 7-0 2:70 31,000 1820 —_
W-Zr . 50 314 39,000 324 68
wW-U . 3-2 2-84 50,000 1-3 > Th
W-Th . 30 2:63 47,000 59 1563
Mo-Th . 15 2-58 26,000 102,000 5400

tion of the validity of Schottky’s law at low field strengths.
This law probably applies no better in the case of Mo-Th than
it does in that of W-Th. We have seen, however, that in the
latter case it so happens that the values of the constants
arrived at by this faulty procedure actually agree quite well
with those obtained with very weak applied fields, and we
should, by analogy, expect the same thing to be true in the
case of Mo-Th. According to Dushman, the emission per
watt obtained from thorium on molybdenum-—this metal has
a lower radiant emissivity than tungsten—is approximately
the same as that from thorium on tungsten.

Dushman, Dennison and Reynolds 1% have also investigated
the properties of tungsten filaments containing oxides other than
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that of thorium as an impurity. The values of the therm-
ionic constants of Ty, and of D and 4,, at 2000°K. found by
them are given in Table XV. For comparison the correspond-
ing data for thoriated tungsten obtained by Langmuir and
those for thoriated molybdenum obtained by Reynolds and
Dushman are also given. The thermionic data are in each
case those for one complete atomic layer of the impurity
metal on the tungsten or molybdenum.

SrecTtron II.

CAESIUM ON TUNGSTEN AND ON OXYGENATED
TUNGSTEN.

In 1923 it was observed by Kingdon and Langmuir 27 that
in the presence of cwsium vapour tungsten will give an ap-
preciable electron emission at temperatures far below a visible
red. This emission has a maximum value at a certain temper-
ature which depends on the cesium vapour pressure. Thus
when the caesium vapour is saturated at 30°C. the maximum
emission occurs at a filament temperature of 690°K. and has
a value of about 8:8 X 1073 amp./cm.22® There can be no
doubt that the effect is due to contamination of the surface
of the tungsten by casium. Beyond the optimum tem-
perature ceesium distils off and the emission decreases until,
at sufficiently high temperatures, it is practically that character-
istic of clean tungsten.

At a temperature something like 100°-150° beyond the
optimum for electron emission, positive ions begin to be given
off from the filament. The infra-saturation positive-ion
current varies with the potential difference between the fila-
ment and the collector according to the §-power law and the
ratio of charge to mass deduced from the variation is that of
singly charged ceesium ions.3® At first the positive emission
increases very rapidly with the filament temperature, but soon
reaches a limit, and beyond the temperature where this occurs
it remains absolutely constant. There is good reason to be-
lieve that for filament temperatures in the constant positive
emission range, every cesesium particle that impinges on the
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filament becomes ionized, giving up an electron to the filament.
From a study of the positive emission characteristics valuable
information may be gained regarding the adsorption of casium
on the filament surface. We shall consider the positive emis-
sion only very oHriefly in this section, reserving the fuller treat-
ment for Chapter VI.

Qualitatively similar electron and positive-ion emission
phenomena may be observed with filaments which, prior to
exposure to ceesium vapour, have been treated with oxygen
(““ oxygenated ”’) in a certain manner which will be described
later. Much higher electron emissions are obtainable from
oxygenated than from non-oxygenated filaments exposed to
cesium.  For example, in ceesium vapour saturated at
30°C. oxygenated tungsten gives a maximum emission as
high as 0-35 amp./em.2. This occurs at a filament temperature
of 1000°K.28

Similar phenomena are also exhibited in cases where certain
other metals, e.g. molybdenum or tantalum, take the place of
tungsten, and where rubidium, potassium or sodium are used
instead of ceesium.

Electron Emission from Casium on Tungsten.—
The variation, observed by Becker,® of the logarithm of the
emission from a tungsten filament with the reciprocal of its
temperature when exposed to ceesium vapour at a constant -
small pressure is shown by the curve marked “Cs on W ”
in Fig. 22. The line marked ““ Clean W ”’ is the corresponding
plot obtained in the absence of ceesium vapour. It is seen
that at high temperatures the curve for Cs on W approaches
the clean tungsten line. This is what we should expect, for
at sufficiently high temperatures the equilibrium amount of
cesium adsorbed on the tungsten must be very small. As
the temperature is lowered beyond a certain point, however,
the emission begins to rise in spite of the fall in temperature.
This can only be attributed to an increasing degree of con-
tamination of the tungsten with adsorbed ceesium. This
continues until at a certain quite low temperature the emission
becomes a maximum, after which, with a further decrease in .
filament temperature, the emission falls sharply away again.

It is evident that when the emission is a maximum, the
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rate of increase of emission due to increasing thermionic
activity as we proceed from the left to the right of the diagram
is just balanced by the rate of decrease of emission due to the
falling temperature. Thus the maximum thermionic activity
'must occur at a somewhat lower temperature than the maximum
‘emission.

If the temperature is suddenly changed from a high value
to a low or vice versa, interesting time changes occur, from which,
as Becker has shown, it
is possible to deduce just
at what point the therm-
ionic activity is a maxi-
mum. Thus on suddenly
changing the temperature
from its value at D to
that at A, the emission,
at first immeasurably
small, is observed to grow |
to a maximum value in-
dicated by the point A’
and then to fall to its
equilibrium value at A.
If now the temperature
is  suddenly increased
again to its value at C,
the emission quickly rises
to a maximum at C’, then
falls to its steady value . [ 1 wWp | |,
at C. Thus both A’ and 04 06 gy 10 12 14 16 18
C’ must be points on the o8
(log 9)-1 /T line corre- Fra. 22.—Emission-temperature charac-

teristics obtained by Becker for plain and
oxygenated tungsten in casium vapour.

sponding to the maxi-
mum activity. This line
touches the equilibrium line for Cs on W at B. We therefore
infer that at this point on the curve the activity is a maximum.
. If the corresponding value of 8 is 6y, then to the left of B
' 6 must be less than 6,,,, while to the right of B it must be
' greater than f,,. Incidentally, the value of x corresponding
to the maximum activity indicated by the slope of the line
A’C’ is about 1-54 e.v.
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Emission-temperature characteristics for a tungsten fila- -

ment exposed to cesium vapour saturated at a number of .

different temperatures, ranging from 0° to 80°C., have been
determined by Langmuir and Kingdon.®® These are shown
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¥ig. 23.—Emission-temperature characteristics obtained by Langmuir and
Kingdon for plain and oxygenated tungsten in cesium vapour,

7

in Fig. 23. The envelope of this family of curves is the straight
line AB. Clearly, this must be the (log ¢)-1/T line for the
state of maximum activity of the filament, corresponding,
therefore, to the line A’C’ of Fig. 22. The values of the
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bhermionic constants A and x for the most active state derived
from this line are

A = 3-2 amp./cm.2deg.?, x = 1-36e.v.

This value of y is nearly 0-2 e.v. less than that obtained
from the line A’C’ in Fig. 22. It is not difficult to find a
plausible reason for the discrepancy, however. The point
A’ was obtained while condensation preponderated over
evaporation, whereas the reverse was the case when the point
¢’ was obtained. Now evaporation must occur most rapidly
from those parts where the concentration of adsorbed cesium
is greatest. On the other hand, the points of arrival of con-
densing particles are distributed entirely at random. Con-
sequently the point A’ corresponds to a less uniform distribu-
tion of cmsium on the surface than does C'. As we shall
presently see, there is good reason for believing that the less
uniformly a given quantity (up to something beyond a single
complete layer of atoms) of an electropositive contamination
is distributed the less will be the thermionic activity of the
emitter. Hence A’ must be too low relative to C' and the
slope of the line A’C’ must be too high.

 The effect of the distribution of the adsorbed particles on
the emission depends on the variation with 6 of the mean
contribution of each to the lowering of the work function.
We have seen (p. 128) that experimental evidence in the case
of thoridted tungsten leads to the conclusion that thorium
atoms added to the surface lower the work function less when
g is large than when 0 is small. It would be strange indeed
if the same kind of thing were not true in the case of ceesium
also. Now to see qualitatively what the effect of non-uni-
formity of distribution must be, we have only to consider
the extreme case where the ceesium particles crowd themselves
into little patches, leaving other patches free. In the patches
occupied by the ceesium the concentration is higher than it
would be if the cwsium were distributed uniformly over the
surface, and so the contribution of each particle to the lowering
of the work function * is less. Since the emission depends

" % The surface will still have only one work function, not two, in spite of
_ the patches, if only the patches are small in comparison with the distance
at which the applied field just neutralizes the image field. We may then
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primarily upon the work function, we shall expect it to be less
when the distribution of the adsorbed particles is non-uniform
than when it is uniform. !

It may be questioned whether the (log1)-6 curve obtained
during the condensation of thorium atoms on one face of
a tungsten strip, considered in the preceding section, might
not have been affected to some extent by the random dis-
tribution of the points of arrival of the thorium atoms. While
there might have been some effect of this nature, it was prob-
ably nothing like as important as in the case under discussion
of caesium condensing on tungsten, since the condensation of
thorium was relatively very slow, and considerable readjust-
ment of the distribution by surface migration would have had
time to take place.

It will at once be evident that even the experimental
maximum-activity points on the envelope of the equilibrium
curves of Fig. 23 cannot be quite those for the optimum @
and a distribution of csesium on the surface determined by
the temperature alone. It is even possible that the departure
from this ideal condition corresponding to points on the en-
velope may have varied slightly with the temperature. Thus
the line AB in Fig. 23 can be no more than an approximation
to the true (log ¢)-1/T line for an optimum adsorbed film
of cesium having a distribution determined solely by the -
temperature. It must, however, be a much closer approxima-
tion than A'C’ in Fig. 22. Indeed, in view of the smallness
of the discrepancy between the y-values derived from the
two lines, it would be surprising if the y and A determined
from the line AB were as much in error as {4; e.v. and a factor
of 3 respectively.

The values of the thermionic constants determined from
the line AB are, strictly speaking, valid only for the particular
accelerating field applied to the surface of the filament in
making the observations. Probably, however, as in the
case of W-Th, these values do not differ greatly from those
for zero field.

Measurements of the contact difference of potential between

(see Section IV of this chapter), as in the case of uniform distribution, think
of all the charges at and near the surface of the emitter as smeared out into
uniform sheets of charge parallel to the surface.
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clean tungsten and tungsten covered with cwsium have been
made by Langmuir and Kingdon.® The value found was
2-8 volts. On the assumption that A, had the same value for
the contaminated as for the clean filaments, this means that
the work function of the caesium-covered filament must have
‘been 4-54 — 2-8 = 1-7, e.v. This is much greater than the
'value of y found from the slope of the line AB in Fig. 23. The
two results are not really comparable, however, since the
contaminated surface was prepared by simply letting ceesium
condense on the clean, cold filament. In this way the filament
must have become covered with more than a single layer of
cesium atoms and so its properties probably became those
of bulk cesium. Indeed, the y found from the contact differ-
ence of potential agrees with that for bulk casium determined
thermionically by Kingdon (see Chapter 1I) within less than
0:1e.v.

Oxygenated Tungsten.—A process for oxygenating tung-
sten prior to exposure to ceesium vapour has been described
by Kingdon.?s After having been cleaned by flashing for a
short time in a vacuum at 2700°K., the filament is exposed
for a few seconds to oxygen at a pressure of about 0-02 mm.,
either cold or (preferably) heated to about 1900°K. The
excess oxygen is then pumped out, with the filament cold.
If coesium vapour is now allowed to come into contact with
the filament, only very small emissions are obtained. If,
however, the filament is heated for a few seconds at from 1200°
to 1600°K. and is then cooled to lower temperatures, very
much higher emissions are obtained in casium vapour, e.g.
about 0-35 amp./cm.> with the filament at 1000°K. and the
‘ceesium vapour saturated at 30°C. Kingdon supposes that
'the heating at from 1200° to 1600°K. probably frees the sur-
.face of the filament of excess oxygen and of adsorbed deleterious
‘gases such as CO. The remaining oxygen is probably held to
the filament as a monatomic adsorbed film.

. Below about 1500°K. the electron emission from oxygenated
‘tungsten is too small to be measurable. If the filament is
- heated to much above this temperature, however, the rate of
evaporation from it becomes appreciable, so that it is impossible
‘to determine how the emission varies with the temperature
before the quantity of oxygen on the filament has changed.
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Kingdon has, nevertheless, attempted to obtain a Richardsor -
line for oxygenated tungsten by supplying oxygen to the .
experimental tube at a steady rate and allowing it to be con-
sumed by the filament while the measurements were being
made. In this way he obtained a Richardson plot which was
a straight line, and from this he deduced for the thermionic
constants of oxygenated tungsten the values

A = 5 X 10! amp./cm.2deg.?, = 9-2 e.v,
p g X

It is, however, open to serious doubt whether the equilibrium
amount of oxygen adsorbed on the filament remained constant
over the whole temmnergture rance emnloved for the ohserva-
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tions. The value of A found is enormously greater than would
be deemed possible according to present-day thermionic theory.
Also the high value of ¥ cannot be reconciled with the value
subsequently found by Langmuir and Kingdon % for the con-
tact difference of potential between clean and oxygenated
tungsten, which was a mere 0-8 volt. It might, perhaps, be
objected that the oxygenation was not carried out in quite
the same manner in the experiment of Langmuir and Kingdon
as described above, the oxygen merely having been allowed to
come into contact with the cleaned, cold filament. It does
not appear likely, however, that this would have affected the
order of magnitude of the result obtained.

Oxygen is not lost from oxygenated tungsten at an appreci-
able rate at temperatures below about 1550°K., even in the
presence of casium vapour.®? The adsorbed oxygen is ap-
parently chemically quite indifferent to the ceesium, although.
under ordinary circumstances, these two elements would com-
bine with avidity.

Electron Emission from Casium on Oxygenated
Tungsten.—An early attempt to determine the thermionic
constants of casium on oxygenated tungsten was made by
Kingdon.?s After an oxygenated filament had been brought
to a state of maximum activity in cesium vapour, the bulb
was cooled to liquid air temperature in order to prevent any -
more cesium from condensing on the filament. It was then
found that the rate of evaporation of casium from the filament
up to temperatures of about 700°K. was so small that the
activity did not change appreciably while data for a Richardson
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plot were being obtained. Unfortunately, however, the points
representing these data lie on a slightly curved, rather than on
a perfectly straight Richardson line, and numerical values of
the thermionic constants derived from them cannot therefore
~ 'be accepted without a certain amount of reserve. The values
‘of the constants derived by Kingdon from the straight line
that seemed best to represent the points were

A = 0-003 amp./em.%deg.?, x = 0-72 e.v.

The equilibrium curves of log ¢ plotted against 1/T for
oxygenated tungsten in ceesium vapour at various pressures
are of the same general shape as those for non-oxygenated
tungsten. It would appear, then, that the common tangent
to these curves should be the (log+¢)-1/T line for ceesium on
‘'oxygenated tungsten in or very near its state of maximum
activity, and that, as in the case of Cs on W, one should be
able to find the corresponding thermionic constants from this
tangent. Two equilibrium curves for Cs on W-0O, obtained
'by Langmuir and Kingdon, are shown in Fig. 23, and two ob-
‘tained by Becker are shown in Fig. 22. Tt will at once be noticed
that while the common tangent to the curves of Langmuir
and Kingdon for Cs on W-O have a much lesser slope than
‘that to the curves for Cs on W, indicating a correspondingly
smaller work function, the reverse is the case with Becker’s
curves. The thermionic constants for Cs on W-O in its most
active state derived from the curves of Langmuir and Kingdon

are A =15 X 107* amp./cm.2deg.?, y = 0-50 e.v.,
while those derived from Becker’s curves are
A = 2-7 X 108 amp./cm.?deg.?, y = 2-24 e.v.

'These results are wildly at variance, not only with one another,

but with those obtained by Kingdon using his method. The
first value of x is almost certainly too low, while the second
is much too high. Also both values of A are most improb-
able. It is difficult to assign reasons for the want of agreement
between the various determinations. Becker’s curves were
obtained at much lower vapour pressures than those of
Langmuir and Kingdon.
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If an oxygenated tungsten filament, initially free, or nearly
free, of adsorbed ceesium, is exposed at a fairly low tempera
ture to ceesium vapour at a constant pressure, interesting
time changes of the emission from it may be observed. A
series of curves obtained by Becker, showing the variation oi
log ¢ with time of exposure for a number of different filament
temperatures is reproduced in Fig. 24. Positive ions were
first drawn with the filament at 1040°K. to rid it of practically
the whole of its adsorbed caesium. The temperature was then
suddenly dropped and af
/-"'— 7is°| the same time the plate

o

aoi’| voltage made positive with

oy respect to the filament sc
as to draw electrons, aftex

ga5'| which the emission was ob-
-4 h_‘_if/ V-‘-— served as a function of time.

It will be observed thai
N__| s10° at the three lowest tem:
o0° | | peratures the emission first
rose to a maximum and
then fell away again, ap-
proaching asymptotically a
550 final value. The final values
attained at the various tem--
-7 1+ N5 peratures cgrrespond, of
020 B0 10 180 200 za0 course, 1:0 pf)lnts on one of
TIME (Secands) the equilibrium curves fox

Cs on W-O in Tig. 22. It
will further be observed
that all three maxima occurred after very nearly the same
time £,, of exposure at the reduced temperature to the caesium
vapour. The most natural inference to draw from this is that
up to the time ¢, there was no important amount of re-
evaporation of condensed cesesium from the filament and that
at t,, 0 had its optimum value for electron emission. We
should therefore expect the three maxima to give three points
on the Richardson line for W-O-Cs. Actually the three
[log (/T2)]-1/T points corresponding to the maxima are not
quite, though nearly collinear. From the straight line that

—Tﬁ\
D

Fig. 24.
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yoes most nearly through them we obtain the values of the
shermionic constants

A = 2-5 X 107 amp./cm.2deg.?, x = 2-1le.v.

' Although these values are in tolerable agreement with those
derived from Becker’s two equilibrium curves for Cs on W-O,
they are both almost certainly much too high. The only reason-
able explanation would appear to be that although at the time
t,. approximately the optimum total amount of cewesium for
slectron emission may have been adsorbed on the filament
at each of the three temperatures, the surface was nevertheless
not in the same condition in each case. The respect in which
the condition at the maximum differed in the three cases must
have been the distribution of ceesium atoms on the surface.
The higher the temperature and the more rapid, therefore,
the surface migration, the more nearly uniform must the
distribution of the atoms deposited at random on the surface
become in a given time. The effect of this must be to make
the Richardson line plotted from the maxima too steep and
the values of both the A and y derived from it too high.

Curves similar to those of Fig. 24 were also obtained by
Becker when he exposed initially clean (non-oxygenated)
!tungsten to csesium vapour. He found, however, that for
a given casium vapour pressure f,, was always about 10 per
cent. greater in the case of oxygenated than in that of plain
tungsten. From this he inferred that the number of atoms
per unit area in an optimum film of ceesium on oxygenated
tungsten must be about 10 per cent. greater than the corre-
sponding number on plain tungsten. He assumed this number
to be the maximum that can be accommodated in a single
layer in both cases. We shall see later, however, that there
iis a certain amount of evidence against this assumption.

The Generation of Positive Ions.—We have seen that
‘when a plain or oxygenated tungsten filament is heated
sufficiently strongly in casium vapour, a current of Cs* ions
‘may be drawn from it whose saturation value is independent
of the temperature.

Langmuir and Kingdon 27 ¢% 4 have found that not only
tungsten and oxygenated tungsten, but also molybdenum,
tantalum, nickel and carbon filaments ionize ceesium when

10
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burnt at sufficiently high temperatures. They have found.
moreover, that in ceasium vapour at a given pressure the .
positive-ion emission from all these filaments is the same; "
From this they have drawn what would appear Lo be the only

reasonable conclusion, viz. that at high temperatures these

filaments must ionize every camsium atom that impinges on

them. On the other hand, they have been unable to observe -
any appreciable ionization of cesium by heated thorium or

fully activated thoriated tungsten.

They have put forward a rough explanation of these
observations in terms of ‘‘ electron affinities.”” The electron
affinity (worlke of ionization) of cmsium is 2-87 e.v. The
electron affinities (work functions) of tungsten, molybdenum,
tantalum, nickel and carbon are all greater than this, being -
4-54, 4:15, 4:12, 5-01 and 4 e.v. respectively. On the other
hand, the work functions of thorium and of fully activated
thoriated tungsten are both less than the work of ionization
of caesium, being only 3-38 and 2:63 e.v. respectively. Thus
it would appear that a surface will or will not ionize ceesium
according as its electron affinity is greater or less than that
of a cesium atom.

A simple theoretical reasoning leads to the same conclusion.
We may obtain a positive ion and an electron from a hot body
either by extracting them separately as such or by first ex-
tracting a neutral atom and then ionizing it. In either case
the same amount of work must be done. Hence if y, x, and
Xo represent the reversible works of extraction of an electron,
a positive cesium ion and a neutral casium atom respectively,
and U, represents the energy required to ionize a csesium atom,

we must have X+ Xo = xa« + U,
or Xe=Xp=x—Us . . . (6)

This equation was first derived by Schottky 5 in 1920. It
shows that according as x is greater or less than U,, more or
less work has to be done to extract a neutral atom than to
extract a positive ion. We should therefore naturally expect -
that in the former case adsorbed particles of cmesium would
evaporate rather as ions than as atoms, while in the latter
they would evaporate rather as atoms than as ions.

We shall consider a more rigorous theory in Chapter VI.
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It will there be shown that there is really no sharp transition
‘between a state of a surface that will ionize czsium and one
that will not, and that while it is true that most of the
particles evaporate as ions when y is greater than U, and as
‘atoms when x is less than U, there must nevertheless be
| some evaporation of atoms when y is slightly greater than U,
‘and some evaporation of ions when y is slightly less than U,.

Adsorption and Evaporation Characteristics.—We
have seen that at a certain temperature of a tungsten filament
exposed to cssium vapour the 6 for the cesium adsorbed
on it has an optimum value (f,,) forelectron emission. At
higher temperatures 6 is, of course, less than 60, and at
lower temperatures it is greater.

An interesting method for determining relative values of
the equilibrium 6 at higher temperatures has been devised
by Becker.? From the fact that the slopes of the lines A’C’
in Fig. 22 and AB in Fig. 23 are approximately the same,
it is probably safe to infer that when the emission from a
non-oxygenated filament on to which cesium is being con-
densed at a low temperature passes through a maximum,
§ is very nearly equal to 6, Thus it would appear that in
order to find the approximate relative equilibrium values of
6 at various temperatures above that at which the equilibrium
activity is a maximum, all that is necessary is, after the
establishment of equilibrium at the higher temperature, to
suddenly lower the filament temperature to a value at which
evaporation of cesium from it is negligible, and to note the
times taken for the activity to reach a maximum. These
times should be proportional (approximately) to O, — 6.

The curves ABC and ABDEFGA in Fig. 25 show the 6-T
relationships found by Becker, using this method, for plain
tungsten exposed to camsium vapour at a certain pressure.
" The curve ABC was obtained with an electron-accelerating
field applied to the surface of the filament, while ABDEFGA
was obtained with an ion-accelerating applied field. A,ByC,
and ABDEJFGA, are the corresponding curves obtained
with oxygenated tungsten in ceesium vapour at the same
' pressure.

It will be noted that below a certain critical filament tem-
perature T,, the equilibrium value of 6 is the same whether
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the applied field is electron-accelerating or ion-accelerating.
On the other hand, above a certain higher critical temperature
T, the equilibrium @ is always much smaller when ions are .
drawn than when electrons are drawn. At intermediate
temperatures the value of # that establishes itself when ions
are drawn is either practically that characteristic of an electron- .
accelerating field or much less according as the temperature .
has been raised from below T,, or lowered from above T,,.

Let us now consider the explanation of these phenomena.
Since the caesium vapour pressure was kept constant, atoms
arrived at the surface of the filament at a constant rate, and
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the evaporation rate under given field conditions was equal
to this constant arrival rate. Thus, for example, the curve
ABC, which was obtained under field conditions such that all
evaporating ions were driven back to the filament, is the §-T
curve for a given rate of evaporation (equal to the arrival
rate) of atoms.

Suppose we start with the filament relatively cool and
gradually increase its temperature while an ion-accelerating
field is applied to its surface. When T is low, 6 is high,
x — U, is negative, and practically all the evaporating particles
are atoms. Thus for low temperatures the 6-T relationship
is the same when ions are drawn as it is when electrons are
drawn. Just below a certain critical temperature T,;, however,
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where y approaches U,, positive ions begin to evaporate at

‘an appreciable rate, and so the equilibrium § is less when ions

are drawn than when electrons are drawn. At T,, the increase
in the rate of evaporation of ions brought about by a given
decrease in 6 becomes greater than the corresponding decrease

. .in the rate of evaporation of atoms, and consequently at this

.temperature the filament spontaneously cleans itself, # falling

to a much lower value. This sudden evaporation, which is
mainly ionic, has been observed by Becker to register itself
as a ballistic throw of the galvanometer used for measuring
thermionic currents. Beyond T, practically only ions evap-
orate, and so DE is the 6-T curve for the given rate of
evaporation of 7ons.

Let the temperature now be decreased again. The curve
BD will not be retraced, since the lower, vertical part of
it does not represent equilibrium conditions. Instead, § will
remain low and the evaporating particles will continue to be
practically only ions until a certain lower critical temperature
T, is reached. Here a value of 6 is attained, such that the

-tendency for the rate of evaporation of ions to increase with

a further increase in the number of adsorbed particles is more
than counterbalanced by the corresponding decrease in the
probability of evaporation of any particular particle, due to
the fall in y — U, as well as in T. A surface concentration of
caesium is then quickly reached, such that the evaporation of
ions practically ceases entirely. At the same time 6 is still
too small for atoms to evaporate at an appreciable rate, and
so practically every atom that strikes the surface sticks until

0 approaches the equilibrium value which it has at this tem-

perature when electrons are drawn. This value is presently

"attained and the 6-T relationship for temperatures below

T, is represented by GA.
In Fig. 22, the curve PQRSUSVWP represents the
logarithm of the current that may be drawn from a tungsten

' filament in ceesium vapour as a function of 1/T when an
. ion-accelerating field is applied to its surface. This shows the
same hysteresis loop as the curve ABDEFGA in Fig. 25, and
- for any given csesium vapour pressure the critical tempera-

tures are the same in the two cases. The only part of the

' former curve that now calls for explanation is the rising part
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SU which occurs at high filament temperatures. The rise’
is due, as Ives 22 has shown, to a photo and thermal emission E
of electrons from the plate and can be suppressed by means
of a magnetic field parallel to the filament.

The number of adsorbed atoms that makes 6 an optimum
is obviously equal to the product of the time ¢, taken by the
initially clean (just flashed) filament kept at a low temperature
to attain its maximum activity and the rate at which atoms
condense on the filament surface. And to find the latter
quantity one has merely to make use of the fact that at suf-
ficiently high temperatures the filament converts every atom

inet it 1 i rrioal sode do oioao T
incident on it info an ion. Thus the arrival rate is simply

equal to the maximum ion current obtainable divided by the
ionic (= electronic) charge. '

By multiplying the arrival rate found in this way by £,
Becker obtained the figure 3-9 X 10* for the number of atoms
adsorbed per cm.? of apparent filament surface corresponding
to the optimum 6. He estimated this to be correct to within
about 5 per cent. Of course the true surface must exceed
the apparent surface. As we have already noted (p. 112),
Langmuir 3 has shown that the exposed crystal faces of
tungsten that has been etched by heat treatment are exclusively
those of the rhombic dodecahedron. From this he deduced,
by a faulty reasoning, that the ‘roughness factor,” or ratio
of true to apparent surface, for an etched tungsten wire must
be 1-06. More recently, Tonks 58 has calculated that the
roughness factor must be at least 1-225, and that it may be
greater. This, in conjunction with Becker’s result, gives us
an upper limit for the concentration of cwsium on the exposed
crystal faces corresponding to the optimum #. This is, within
about 5 per cent., 3:2 X 10 atoms per cm.2,

Now according to Simon and Vohsen,? cesesium crystallizes
in a body-centred cubic lattice whose lattice constant at liquid-
air temperature is 6-05A., and thus at this temperature the
shortest distance between atoms or the “ effective diameter
of a cesium atom is 5:24A. If the effective diameter were
the same in an adsorbed layer on tungsten at the temperatures
of Becker’s experiments and the atoms were close-packed,
their surface concentration for 6 = 1 would be 4-2 x 104
atoms per cm.?. In the case of square packing the number
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vould be 3-6 X 101 per cm.2. It would, of course, be rather
in extraordinary coincidence if the effective diameter of a
esium atom in a two-dimensional ¢ crystal ” adsorbed on
10t tungsten happened to be exactly the same as that in a
ihree-dimensional crystal of ceesium at liquid-air temperature,
ind so it would be going too far to draw any conclusions as
50 the precise arrangement of the adsorbed atoms and value
of By from a comparison of these figures with that found
sxperimentally by Becker. Such a comparison does never-
theless show that the concentration of the atoms in the
sptimum adsorbed film is of the order to be expected for a
monatomic layer having some fairly close arrangement.

In addition to the two arrangements discussed, there is,
of course, a third possibility that suggests itself, viz. that the
ceesium atoms arrange themselves in conformity with the
underlying tungsten lattice. Such an arrangement has been
assumed by Langmuir.?» 33 From the fact that cesium and
tungsten both crystallize in the same system (body-centred
cubic) and that the lattice constant of casium is almost
exactly double that of tungsten, considered in conjunction
with the fact that the forces between cwsium and underlying
tungsten atoms must be much greater than those between
neighbouring ceasium atoms, Langmuir has argued that it
may be asserted with considerable confidence that for 0 =1
there must be just a quarter as many ceesium atoms on the
surface as there are underlying tungsten atoms. If this is
s0, then the number of atoms in a full layer on hot tungsten
must be 3-5 X 101¢ per cm.?, and so, according to Becker’s
result, 6,y cannot be greater than 0-9.

A new method of determining concentrations of ceesium
on tungsten has recently been developed by Langmuir 3% and
'by Langmuir and Taylor.#* * When the concentration (o) is
low, practically every particle evaporates as an ion, and o
may therefore be found by simply flashing the filament at a
high temperature while a cylinder surrounding it is held at
'a negative potential, and measuring the ballistic ““ throw ” of

* Full particulars of the work of Taylor and Langmuir on the properties
" of cmsium adsorbed on tungsten have recently been published by them
' __unfortunately too late for discussion in this section—in the Physical Review,
' Vol. 44, p. 423, Sept. 15, 1933.
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a galvanometer included in the space-current measuring
circuit. When o is high, however, atoms evaporate as wel
as ions. The method used for determining ¢ in this case was.
to measure the number of ions generatud at the surface of a
second, parallel filament which was kept at a high temperature
and at whose surface an ion-accelerating field was maintained,
while the first filament was flashed. The temperature at which
the first filament was flashed was high enough to drive off the
great majority of the adsorbed particles, but on account of
an ion-retarding field maintained at its surface none were
allowed to leave it permanently as ions. Incidentally, this
method has also heen developed for measuring the rate of -
evaporation of atoms (i,) and of positive ions (i,) separately.
Langmuir # reports that “Taylor’'s experiments have
shown that at low temperatures and high cwsium pressures,
the surface concentration approaches a definite limiting value
of 4:8 x 10" atoms per em.? of apparent surface corresponding -
to 0= 1." (The order of temperatures and pressures referred
to is unfortunately not stated. Of course at sufficiently low
filament temperatures and high cmsium vapour pressures,
cesium in bulk would be formed on the filament surface.)
This exeeeds Langmuirs theoretical maximum concentration
for a single layer adsorbed on the face of a dodecahedral crystal
by a factor of between about 1-35 and 1-37—the exact figure -
depends on the temperature of the filament, whose thermal
expansion should be taken account of. This factor was there-
fore assumed to be the actual roughness factor of the filament
surface. 1t is fo be noted that the value found for it exceeds,
as we might have expected it to do, the minimum possible
value of the roughness factor (1-225) ealeulated by Tonks.
Langmuir further reports that according to Taylor’s data
the optimum electron emission occurs at § — 0-67, correspond-
ing to o= 24 X 10" atoms per em.®. This means that the
number of atoms per ecm.? of apparent snrface found to give
the maximum emission must have been 3-2 % 1014 (Langmuir
took 1-347 to be the roughness factor). This is to be compared
with Becker’s 39 x 104, Perhaps in view of the experi-
mental uncertainties involved in both determinations the .
agreement between the two figures may be regarded as toler-
able. At the same time, however, the discrepancy between



ADSORPTION AND EVAPORATION CHARACTERISTICS 153

them serves as a warning that the precise numerical results
.obtained from these experiments cannot be accepted without
a certain amount of reserve.

The fact that both Becker’s and Taylor’s experiments
‘indicate that 6, is less than 1 is highly interesting. That
.it should be so is perfectly feasible, as Langmuir has pointed
out. The lowering of the work function by the adsorbed atoms
must be due to their formation, with the underlying tungsten,
of electric dipoles, of which the positive poles are on the out-
gide. These must have a certain depolarizing action on one
another. Thus it may well be that when o has reached a certain
value the rate of weakening of the average dipole strength
with progressive crowding of the adsorbed particles is such
that the electric moment per unit area no longer increases
with 6. This is the theory that has been advanced by
Langmuir. It should be borne in mind, however, that while
the optimum 6 may well be less than 1 in the case of caesium
on tungsten, it by no means necessarily follows that it is also
less than 1 in other cases of adsorbed electropositive atoms.
Where the optimum 6 occurs in any particular case will depend
entirely on the importance of the mutual depolarizing action
of the adsorbed particles. The only generalization that can
be made from the existence of this mutual depolarizing action
is that as 6 increases the effectiveness of additional adsorbed
particles in lowering the work function must become pro-
gressively less.

Independent evidence of the mutual depolarization of
neighbouring adsorbed atoms is provided by evaporation
data. With progressive depolarization we should expect the

'tenacity with which an atom of casium is held to underlying

tungsten or oxygenated tungsten to become less and less,
and if crowding results in mutual depolarization we should
thus expect the rate of evaporation of casium per unit surface
concentration to increase rapidly with 6. This is, in fact,
just what has been found. Becker ¢ has reported that as a

“first approximation the logarithm of the rate of evaporation

of casium from oxygenated tungsten varies linearly with 6.
And Langmuir 38 has reported that at 800°K. the rate of

' evaporation of cesium from plain tungsten divided by 6 has

been found to increase about 101°%-fold as # increases from 0 to 1,
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Adsorbed atoms of cmsium, like those of thorium, have ~
been found to have a quite appreciable mobility along the -

surface of tungsten, and measurements of the coefficient of
surface diffusion 7 have been made by Langmuir and aylor.*

A straight tungsten filament was stretched along the axis
of three cylinders placed end to end and separated by short
gaps. A cesium film was allowed to form on the filament,
the ceesium vapour was frozen out by immersing the bulb
in liquid air, and ¢ was thereupon reduced to a very small
value (< 3:6 X 10'® atoms per cm.?) by heating the filament
to a suitable temperature. From a film of such small con-
centration practically only ions evaporate. This fact was
made use of to establish a known non-uniform distribution of

cesium along the filament. The filament was heated to such

a temperature that the atom evaporation rate was quite
negligible, but not so the rate of evaporation of ions. At
the same time, by making the central cylinder negative and
the end cylinders positive to the filament, the field at the
surface of the filament was made ion-accelerating along a
definite central portion, but ion-retarding nearer the ends. In
consequence, almost the whole of the csesium was removed
(in the form of ions) from the central part of the filament,
but practically none from the ends. The ion current to the
central cylinder was measured during the removal and the
current-time integral gave the total amount of ceesium re-
moved, and from this and the known length of filament from
which this ceesium came the original concentration on the
central portion and the still existing (equal) concentration on
the ends could be calculated.

The filament was now raised to a certain temperature for
a certain length of time while all evaporating ions were driven
back by an ion-retarding field. During this time a certain
migration of cesium from the end sections to the central
gection took place. The number that had migrated was
then measured by flashing the filament with all three cylinders
at a negative potential, and measuring the quantity of ions
collected by the central cylinder.

From the data obtained in this way the coefficient of
surface diffusion y was calculated, assuming % to be independent
of 0. It was found, however, that the values obtained varied
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vith the original concentration on the uncleaned ends, in-
rreasing with the latter. Thus at 812°K. the value of 5 in-
sreased from 1-4 X 1075 em.? sec.™ to 34 X 1075 cm.? sec.™*
vhen o for the ends was increased from 1:74 X 102 to
2-73 X 10'% atoms per cm.2. Thus the assumption that 7 is
ndependent of ¢ is not justified and the values of » obtained
san only be regarded as a kind of average for the range of
values of ¢ involved.

The temperature dependence of 7 for a given ¢ was found
0 be expressed by

n oc eI, . . . . (7

where T, is a constant whose value is 7050 degrees. The
form of this indicates that the adsorbed atoms move along
the surface by a succession of jumps from one position of
squilibrium (definite arrangement with respect to the under-
lying tungsten lattice ?) to a neighbouring one. Dividing T,
by 11,600 we obtain 0-61 e.v. for the energy required for the
jump.

In cases where o is so large that the rate of evaporation of
atoms is no longer negligible relative to that of ions, the above
method of determining » ceases to be applicable, and so a new
method has been devised for such cases by Langmuir and
Taylor.#* This depends on the fact that when an ion-
accelerating field is applied to a tungsten filament in ceesium
vapour the adsorbed casium can, at certain filament tem-
peratures, exist in two phases, which have been called the
« and B phase, the « phase being the more and the 8 the less
concentrated. Particles from the « phase evaporate, as we
have seen, as atoms, while from the 8 phase they evaporate
as ions. Both evaporation rates are, of course, equal to the
arrival rate from the vapour. By suitably manipulating the
potentials of the three cylinders it is not difficult to establish
both phases at the same time, separated by a definite boundary.
At the boundary, where there is a sharp concentration gradient,
there is, of course, a continuous diffusion of ceesium out of
the « into the B8 phase, but under equilibrium conditions this
is balanced by differences between the rates of evaporation
into and arrival from the vapour, and so the boundary remains
stationary. If, however, the vapour pressure is changed, the
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boundary will move with a definite velocity in either one o1
the other direction, depending on whether the pressure has
been increased or decreased. Langmuir and Taylor have
shown that this velocity is a definite function both of the
change in pressure and of the coefficient of diffusion %, and
by measuring the velocity associated with a given change in
pressure, they have, using the theoretical relationship between
the three quantities, been able to determine 5. For a con-
centration of 7-3 X 10'® atoms per cm.? in the a phase they
have found % at 967°K. to be 6 X 1074 cm.? sec.”’. Extra-
polating the %-T relationship found by the first method for a
concentration on the ond portions of the filament of 2-73 x 10
atoms per cm.? they have calculated for this concentration and
a temperature of 967°K. a value of 1-1 X 1074 e¢m.2 sec.!
for n. They attribute the higher value of » found experiment-
ally by the second method to the higher concentration.

The explanation for the increase of # with ¢ given by’
Langmuir and Taylor is that the diffusion is not due merely
to random heat motions, but also to the existence of a definite
“ spreading force,” associated with the mutual repulsions of
the dipoles, and that the importance of these repulsions in-
creases with o.

Other Cases of Alkali Metal Contaminations.—
The electron and positive-ion emission characteristics of tungsten”
and of oxygenated tungsten exposed to the vapours of rubidium
and of potassium at various pressures have been studied by .
Killian,?* and those of tungsten exposed to czesium, rubidium,
potassium and sodium vapours by Ives.2?

For the electron emissions in both rubidium and potassium
vapours, families of (logi)-1/T curves have been obtained
by Killian which are quite similar to those of Langmuir and
Kingdon obtained with cwsium vapour, except that Killian’s -
curves for oxygenated tungsten have not the peculiar kink
shown by the corresponding curves of Langmuir and Kingdon.

The envelopes to Killian’s families of curves for plain
tungsten in the two different vapours are straight lines, and if
we assume that they represent the constant, most active
conditions of the filament, we obtain for the thermionic
constants of W-Rb the values

A = 0:0022 amp. /em.2deg.?, y = 1'14 e.v.

Tn10
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mnd for those of W-K
A = 0-25 amp./cm.deg.2, y = 171 e.v.

Ne have no means of estimating the accuracy of these figures.
Che apparent value of y for W-Rb is certainly remarkable
n being less than that obtained from the measurements of
Langmuir and Kingdon on W-Cs, instead of greater, as we
thould have expected. And hardly less remarkable is the
mallness of the apparent A for W-Rb.
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F1a. 26.—Temperature variation of positive-ion emission from tungsten
exposed to rubidium vapour at various pressures.

i In Fig. 26 is reproduced a family of curves obtained by
Killian showing the variation with 1/T of the logarithm of
she positive emission from a plain tungsten filament exposed
0 rubidium vapour saturated at various temperatures. A
juite similar family was obtained when potassium vapour
was substituted for rubidium. These show the same sudden
nerease at a critical filament temperature and the same
sonstancy at high temperatures as do the correspond-
ng curves for tungsten in cesesium vapour. Also, it will be
noted, the magnitude of the constant, high-temperature
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positive emission increases with the alkali vapour pressure, ai’
it should do. '

Just as Langmuir and Kingdon found the carriers of th
positive emission in cesesium vapour to be singly chargec
cesium atoms, so Killian found those in the vapours o
rubidium and potassium at all pressures studied to be singly
charged rubidium and potassium atoms respectively. Ives
on the other hand, found the currents in the three vapour:
to be carried by Cs*, Rb* and K* particles only at the highe
vapour pressures. At low pressures he observed current
voltage relationships indicating a higher average mass of the
carriers than the atomic, In the case of sodium vapour, Loo
Ives found the average mass of the ions to be greater at low
than at high pressures. Here, however, the mass found a1
the highest pressures was not that of a single sodium atom
but of two atoms. It would appear, then, that hot tungster’
is unable to ionize single atoms of sodium. It is interesting
to note that while the works of ionization of ceesium, rubidiun
and potassium (3-87, 415 and 4:32 e.v. respectively) are less
than the work function of tungsten (4:54 e.v.), that of sodiun
(5-11 e.v.) is greater.

The mnegative and positive emissions from the metals
tungsten, molybdenum and tantalum in potassium vapow
saturated at various pressures have been studied by Meyer.*
While for the negative emission, (log¢)-1/T curves were ob-
tained whose general character agreed with that of the curves
of Langmuir and Kingdon and of Becker for tungsten ir
caesium and of Killian for tungsten in rubidium and potassium
they differed from these in one important respect, viz. that
the maxima all occurred at the same temperature. The
positive emission curves, too, differed from those of Becker
and of XKillian in showing no discontinuity in the rapidly
rising parts. These differences may have been due, at least
in part, to the non-uniformity of the temperatures of the
filaments along their lengths, which, with the dimensions
employed (lengths 6-8 cm., diameter 0-1 mm.), must have beer
rather serious.

De Bruyne 7 has reported an effect on the electron emissior
from tungsten in cessium vapour due to the presence of
nitrogen. The emission-temperature relabionship for the
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tungsten in ceesium vapour alone showed the single maximum
at a low temperature observed by Langmuir and Kingdon.
When, however, nitrogen was also present and the electrons
were accelerated to something between 4 and 9 volts, a
gecondary peak appeared at a somewhat higher temperature.
There was no secondary peak when lower accelerating volt-
ages were used. Its appearance must therefore have depended
in some way on the formation of “ activated *’ nitrogen.

It was at one time believed that nitrogen forms an adsorbed
layer on tungsten when a discharge is passed through it, de-
pressing the emission. It has since been established by
Langmuir,?* however, that this effect is not really due to nitro-
gen, as such, but to oxygen. Metastable molecules of nitrogen,
which begin to be formed at something like 9 volts, on coming
into contact with the walls of the tube (however well baked
out) and the surfaces of the electrodes, decompose adsorbed
water molecules or metallic oxides, which are almost always
present, liberating oxygen, probably in the atomic form,
This then reacts with the filament.

It would appear, then, that the phenomena observed by
de Bruyne were probably due to the formation of a partial
adsorbed film of oxygen on the tungsten, on which ceesium
could remain adsorbed at a higher temperature than on plain
tungsten.

Secrion IIT.
BARIUM ON TUNGSTEN AND ON OXYGENATED TUNGSTEN.

I An exhaustive study of the thermionic properties of mon-
atomic films of barium on tungsten and on oxygenated tungsten,
and also of multiple layers of barium and oxygen on tungsten,
was made some years ago at the Research Laboratories of the
General Electric Co., Wembley, by Messrs. J. W. Ryde and
N. L. Harris, who have now very kindly placed their unpublished
results at the author’s disposal. Where not otherwise stated
it is to be understood that it is this work that is referred to in
the following discussion. Researches in the same field have
also been carried out by Eglin,18 Becker,? and Nelson,*? short
reports of which have appeared in the literature.
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The Experimental Tube.—The electrode arrangement
employed by Ryde and Harris consisted essentially of two
equal, straight tungsten filaments, one of which served as the.
cathode and the other as a comparison wire for the purposes
of temperature measurement, and three barium-coated cylin-
drical spirals placed end to end and separated by short gaps,
which served as the anode. The tungsten filaments were
stretched parallel and close to the common axis of the three
spirals. On passing a heating current through the spirals in
series, barium could be distilled from them on to the test
filament, whereby the thermionic activity of the latter was

2 and Mha alant 44~
increased. The electrons emitted from this filament were

collected by the spirals, which were kept at a positive potential
with respect to it, but only the centre spiral was included
in the thermionic current measuring circuit, the end spirals
merely functioning as ‘ guard rings.”

The spirals were of 0-4 mm. vacuum-furnaced nickel wire,
wound on an 8 mm. “former ”’ to a pitch of 2:5 mm. The
centre spiral was 1-5 cm. long and the end ones were either
of the same length or longer. The filaments were 0-0249 mm.
in diameter and 12 em. or more in length.

Before being coated, the spirals were given a final outgassing
by mounting them in separate bulbs and heating them in a
vacuum for several minutes to a bright yellow by means of
a current. The bulbs were then broken open and the spirals
coated to a thickness of about 0-2 mm. with barium azide
(BaNg) by being dipped several times in succession into a
creamy suspension of the azide in distilled water and dried
between dips in a current of air at about 80°C. They were
then ready for assembly. The azide was decomposed (at
about 160°C.) on the pump, the bulk of the nitrogen being
pumped away and a black residue of finely divided barium
remaining on the wire. The barium residue still contained
some nitrogen in an occluded form, but most of this was got
rid of in a subsequent operation before the tube was used.

To the bulb, which was of lime-soda glass, was attached a
short length of wide tubing of the same material, continuous,
vie a graded seal, with a hard-glass tube, closed at the end
The hard-glass tube contained outgassed charcoal which coulc
be cooled by liquid air and thus made to act as a very cfficicnt
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oump. In addition, four previously outgassed nickel discs,
o each of which was attached a small piece of outgassed
nagnesium, were supported by the filament leads. These
sould be heated by high-frequency induction and the mag-
aesium “ dispersed ”’ from them so that it should act as a
“ getter ”” for the clean-up of residual gases not dealt with by
she charcoal. Incidentally, barium, a plenteous deposit of
which was always formed on the glass walls, is also a very
officient getter—in fact much more efficient, as is now known,
than magnesium. All the electrode supports, as well as the
slectrodes themselves, were outgassed before assembly.

For the supply of small doses of oxygen to the bulb, a
long piece of narrow tubing was attached to it and closed at
the end remote from the bulb. This contained near the closed
and several small grains of potassium permanganate from which
oxygen could be liberated by heating the tube locally with a
small flame. Condensible gases evolved from the glass were
prevented from reaching the bulb by a * trap ” immersed in
liquid air between the permanganate and the bulb. In some
cases arrangements were made for the supply to the bulb
of gases other than oxygen, also through a trap cooled by
liquid air.

The operations carried out on the pump were usually
as follows : The charcoal was outgassed for some hours at
550°C. and the side tube containing the potassium permangan-
ate thoroughly ‘ torched ” with a flame, the permanganate
crystals being moved about as required, i.e. away from the
part of the tube that was being heated, by tapping. An
electrically heated cylindrical oven was then lowered over the
bulb and charcoal tube. The apparatus was first baked for
ten minutes at 120°C. to dry the azide and incidentally drive
off much of the moisture held by the glass walls. The tempera-
ture was then raised to 160°C. to decompose the azide and
held there until no more nitrogen was evolved. Finally the
temperature was raised to 300°C., where it was kept for at
least two hours. The reason why a higher temperature, e.g.
'400°C., was not employed was that baking temperatures
much in excess of 300° were found to result in a chemical
attack of the barium by the gases evolved. The long bake
at 300° was certainly adequate in the present instance, since

11
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the bulb never became hot in operation and in any case eventu-.
ally became completely covered on the inside with a film of

barium, which has a strong gettering action for moisture and -
for various gases. After the bake, magnesinm was dispersed
from the dises by high-frequency induction heating. The

spirals were then heated in turn to just below visible redness

to drive off occluded nitrogen, the bulb becoming coated in

the process with a thin transparent film of barium. The

tungsten filaments were thereupon ° flashed ” at 2900°K.

for two minutes, and the apparatus sealed off. Finally, the

charcoal tube and trap for condensable gases were immersed

in liquid air for at least an hour before experimental work

was begun.

No systematic measurements of vacuum were carried out, -
but that the vacuum must have been very good indeed is
indicated by the fact that after the test filament had been,
given a certain barium covering it could be left cold for days
(during which time the charcoal tube was kept immersed in:
liquid air) without the occurrence of any appreciable change
in its thermionic activity.

The Main Phenomena.—A typical emission-time curve
obtained during and after the condensation of barium on

tungsten is shown in
8 Fig. 27. The curves
obtained with barium
on oxygenated tung-
sten were qualitatively
similar. With the
spirals hot and supply-
ing barium, the test
filament was kept at a
temperature sufficient-

A

Emission

|
Spaff Time ly high to keep it
Fie. 27. practically free of bar-
ium. The filament

temperature was then suddenly dropped to a much lower value,
so that an appreciable covering of barium could form on the
surface, and the emission measured as a function of time.
The emission at first remained immedsurably small, and then
rose rapidly to a maximum at A, after which it fell away
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to a lower, steady value. The current through the spirals
was then suddenly switched off, allowing them to cool. This
caused the emission to rise to a second maximum at B. Finally
it again fell away at a more or less rapid rate, depending on
the filament temperature.
. The explanation of these phenomena in general terms
is not difficult. The first maximum at A corresponds to a
quantity and arrangement of barium on the filament surface
very near the optimum for electron emission. As in the
case of cesium condensing on tungsten or on oxygenated
tungsten, however, it was not quite the optimum, owing to
the random distribution of the points of arrival of the barium
atoms and the finiteness of their surface mobility. Beyond
A the quantity of barium continued to increase until so much
had collected on the filament that its rate of evaporation was
equal to the rate of arrival. The emission then became steady.
When the supply of barium was cut off, barium was lost by
evaporation from the filament, more particularly from the
regions where the concentration was greatest or where a
second layer had begun to form, and during this evaporation
the optimum condition for electron emission was again nearly
- passed through at B—in general, more nearly than at A,
" just as the point ¢' in Fig. 22 represents a more nearly ideal
covering of cmsium on tungsten than does A’. Thus the
second maximum was usually higher than the first.

The exact shape of the curves varied with the temperature
of the spirals with respect to that of the filament in a way that
is easily understood. With a given filament temperature, the
higher the temperature of the spirals, and the greater, there-
fore, the rate of supply of barium, the sooner was the first
maximum reached, and, owing to the increased importance
of condensation relative to evaporation, the less nearly did
the corresponding state of the filament approach the optimum.
Also, of course, the higher the spiral temperature, the more
the emission was depressed by the presence of excess of barium
between the two maxima. On the other hand, the lower the
gpiral temperature, the less pronounced did the maxima
become, until, with sufficiently low spiral temperatures, they
disappeared altogether, the first tending to do so before the
second.
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In cases where the filament temperature was sufficiently
low, it was found that while the emission rose at an appreciable
rate to the second maximum, its rate of fall beyond this
maximum was relatively very small indeed. The suddenness
with which, in these cases, the evaporation practically ceased
when the second maximum was attained indicates that at this
point some very definite condition of the surface must have’
been reached, and strongly suggests that this condition was
different in kind from that obtaining just before the maximum,
when the evaporation was relatively rapid. If the condition
corresponding to the second maximum was that of the ad- -
sorption of just one complete layer of barium atoms this is -
quite understandable, for we should naturally expect the
rate of evaporation of second-layer atoms to be of a higher
order than that of first-layer atoms. It would, however, be
difficult to account for if 6, were less (or greater) than 1.

Thermionic Properties.—Use was made of the relative
stability of the condition for maximum emission in determin-
ing the corresponding thermionic constants. After sufficient
barium had been deposited on the filament to make 8 greater
than 0y, the spirals were allowed to cool and the filament
was heated to a temperature such that while the excess of
barium evaporated reasonably rapidly, the evaporation prac-
tically ceased entirely as soon as 60, was reached. The
filament temperature was then varied while observations were
taken for the plotting of a Richardson line. Plots obtained
in this way for W-Ba and W-O-Ba are reproduced (with others)
in Fig. 28.

The values of the thermionie constants found for W-Ba were

A = 1-5 amp./cm.2deg.2, y = 1-56 e.v.
Those found by Iiglin '8 for the same system were
A = 2-5 amp./em.2deg.?, x = 1:66 e.v.

The values found by Ryde and Harris for W-0-Ba were
not always the same, x, for example, varying between 1-34
and 1-44 e.v. There is, however, as we shall see later, reason
to believe that the cases in which values of y higher than the
lower limit, viz. 1-34 e.v., were obtained were those in which
the layer of oxygen underlying the barium was not quite



THERMIONIC PROPERTIES 165

complete. For .what appeared to be complete layers of
oxygen and barium the constants obtained were

A = 018 amp./cm.*deg.?, x = 1-34e.v.

Values were also obtained for the thermionic constants of
tungsten with two layers of adsorbed barium and of barium
in bulk. We have seen that with a given filament temperature,
the higher the temperature of the spirals the less was the
equilibrium emission between the two maxima. On plotting
this equilibrium emission for the barium-on-tungsten case
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F1g. 28.—Richardson lines for W-Ba, W-0-Ba, tungsten covered with a
double atomic layer of barium, and barium in bulk.

against spiral current, curves like that of Fig. 29 were ob-
tained over a certain range of filament temperatures. This,
it will be observed, has a fairly well-defined kink at C. This
kink must correspond to the passage through some critical
condition of the surface of the filament, and since in the build-
ing up of a barium film on the filament the stage where there
.is one complete layer of adsorbed barium atoms has already
‘been passed through, it is natural to suppose that the kink
'at C must correspond to the stage where there are just two
“layers of adsorbed atoms. Of course we should not expect
‘the double layer of barium atoms ever to be perfect. There
'is probably considerably less difference between the rates of
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evaporation of second and third layer atoms than between:
those of first and second layer atoms, and so we should expect
an appreciable amount of third layer to begin to form before.’
the second is complete. Nevertheless, we might reasonably
hope that a Richardson line corresponding to the C-kinks
obtained at various temperatures would give some sort of
approximation to the correct values of A and y for two layers.
Such a line is shown in Fig. 28, labelled W-Ba-Ba, and the
values of the constants obtained from it are

A = 41 amp./em.?deg.2, y = 1:86 e.v.

48 Oy |
— FILAMENT TEMPERATURE S50°K
< B Maximum 111 MA,
340 ———:T— -

-4

232

(]

2] \

= I
52 \

=

2 18 \— |

& N

S 8 ool j\

=4 _ s D
Ll o>

Oz'n 22 24 26 28 30 232 34 a6 38
SPIRAL CURRENT (Amps)

Fia. 29.

At sufficiently high spiral temperatures, e.g. in the region
of D in Fig. 29, the emission was found no longer to vary with
the temperature of the spirals. This can only mean that
the rate of supply of barium to the emitting filament was suf-
ficient to keep it covered with an atomically thick film of this
metal. The Richardson line representing the emission-tem-
perature relationship for this condition is shown in Fig. 28,
marked Ba. The thermionic constants derived from this
line, which must be those for barium in bulk, are

A = 60 amp./cm.2deg.?, y = 2:11 e.v.
The values of the temperatures used for making the various

Richardson plots were calculated from the filament currents
on the basis of the tables given by Jones and Langmuir,?? assum-
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ing the radiation from the filament not to be affected by the
presence on it of a contamination of a mere monatomic order
of thickness. There can hardly be any question regarding
the validity of this assumption. Apart from possible errors
due to end cooling and thermal effects associated with the
passage of the space current, the temperatures so determined
‘were estimated to be accurate to within 1 per cent.

By measuring the distribution of thermionic current between
the centre and end spirals in the case of barium-activated
filaments of different lengths at various temperatures, it was
ascertained that over the whole range of temperatures em-
ployed the part of the filament in the centre whose temperature

-was sensibly uniform was longer than the centre spiral. Also
it was readily calculated that below a certain temperature in
‘the case of each contamination the combined effect on the

. filament temperature of the cooling associated with the latent
heat of evaporation of the electrons and of the heating due to
the passage of the thermionic current along the filament was
negligible. At the higher temperatures, where it was no longer
negligible, the centre part of the test filament was matched
by eye against that of the comparison filament from which

no space current was taken. After a little practice, this

eould be done very accurately, the possible error of matching

‘never being greater than 2 per cent.

" On considering all the possible sources of error in tem-
perature measurement and taking into account the “ gpread
in the thermionic constants obtained in separate runs and with
different tubes, the values given above for the work functions
of W-Ba and W-O-Ba were estimated to be accurate to within
'3 per cent., and the corresponding values of the emission con-
‘stants to within a factor of about 2. The constants obtained

.- for W-Ba-Ba and for barium in bulk are probably less accurate.

' The values obtained for the thermionic constants in the
various cases are, of course, valid only for the particular
accelerating field used. The emission readings were all taken
‘with the spirals at 30 volts positive to the test filament. This,

. while sufficient to avoid space charge limitation of the therm-

.ionic current, corresponded to only a very weak accelerating

. field at the surface of the filament. The constants obtained

. may therefore be taken to be very nearly those for zero field.
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The variation of log ¢ with # for barium on tungsten at
1100°K. has been determined by Becker,’ and is shown by the
curve in Iig. 30. The data for this curve were obtained by
distilling barium at a uniform rate from an alloy filament on
to one face of a tungsten ribbon which was kept at a low
temperature except when readings were being taken, and
observing the emission from the tungsten filament as a function
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F1a. 30.—Relationship between log ¢ and 8 for barium on tungsten at 1100°K.

of time. The value of 6 was assumed to be 1 when the emission
was a maximum.

Adsorption and Evaporation Characteristics.—Evi-
dence of surface migration of barium on tungsten has been
obtained by Becker * as follows : After a certain quantity of
barium, not sufficient to form a full monatomic layer, had been
deposited on the front face of a tungsten ribbon, the tem-
perature of the ribbon was raised to about 900°K., and it
was found that the emission from the front face thoreupon
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decreased while that from the back face increased. Finally
a steady state was reached when the emission was the same
from both faces. The amount of barium on each face could
then be calculated from the previously determined relationship
between log 7 and 6. Thus in a case where 80 per cent. of a
full monatomic layer had originally been deposited on one face,
the amount of barium found on each face after the heat treat-
ment was 40 per cent. of a full layer. The barium must, there-
fore, have migrated from one face to the other without any
appreciable loss by evaporation.

In the course of some experiments the author once had
occasion to carry out in parallel with those of Ryde and Harris,
he observed that if a plain tungsten filament that has been
covered with a complete layer of barium atoms is * poisoned ”’
by oxygen and is then heat-treated at a temperature rather
above 1000°K., the emission gradually recovers, ultimately
reaching a value and exhibiting a stability of the same order
as that from W-O-Ba. If the properties of the filament are
not practically those of a perfect W-O-Ba system after the
first poisoning and recovery, one or more further poisonings
and recoveries will generally make them so. This phenomenon
can only be accounted for by supposing that the poisoned
system W-Ba-O is transformed by the thermal treatment into
the system W-0O-Ba, the layers of barium and oxygen changing
‘places without any appreciable loss of barium.

Subsequent further study of the phenomenon by Ryde
and Harris showed that the less complete the poisoning, the
more readily does the ‘“reversal”’ occur. Indeed, if oxygen
reaches the barium-activated filament sufficiently slowly, the
reversal appears to be practically instantaneous, the rate of
decay at high temperatures (due to the evaporation of barium)
changing abruptly, without the occurrence of any appreciable
‘poisoning. On the other hand, a filament that has been
sufficiently completely poisoned at a low temperature normally
shows no tendency to recover. It is as if vacant places in
‘the poisoning oxygen layer were necessary to give the barium
‘and oxygen atoms room to change places.

It was found that with successive poisoning and recovery
‘treatments, y showed a tendency to decrease, approaching
‘a limit which was about the same as the lower limit of the
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x-values obtained in the case of W-O-Ba formed in the more

orthodox manner. From this it seems that the lowest values
of x correspond to the most complete layers of oxygen under-’

lying the barium.
Reversal of Ba-O on tungsten may in any given case be

accelerated by nitrogen which, acting on the hot filament, .
removes oxygen from it. Small amounts of nitrogen remove -

small amounts of oxygen and a normal reversal ensues. On
the other hand, if large doses of nitrogen are admitted, the
bulk of the oxygen may be  stripped off ” before reversal
has had time to occur, and then repeated oxygen poisonings
and recoveries are necessary in order to establish anything
like a perfect W-O-Ba system. '

There is evidence that nitrogen is able to remove oxygen

from tungsten itself at 1600°K.

By noting the rates of decay at different temperatures of
the thermionic activity of plain tungsten filaments covered
with various amounts of barium, Ryde and Harris have found
that for any given condition of the filament the temperature
variation of the atom evaporation rate ¢, may be expressed

by a formula of the type
tq oc Wl 3 . . (8)

where w, is & constant. This constant cannot be very different

from the reversible work of evaporation of an atom. The: -
various conditions of the filament surface were defined by the:

quantity
__logi —log i,
~log i, — log 4,

where ¢ is the electron emission from the filament at a certain
temperature and ¢, and ¢, are the corresponding emissions

for § = 0 and 8 = 1 respectively. Now by means of Becker’s.

curve shown in Fig. 30 we may find the values of 8 correspond-
ing to each ®. In Table XVI the experimental values of

w, are given for a number of values of @, and also the cor-
responding values of # according to Becker’s curve. We see’

that there is an important decrease in w, as 6 increases. This

is further evidence of the mutual depolarization of neigh-.

bouring adsorbed atoms.

(9)
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The evaporation of barium from oxygenated tungsten was
Jlways found to be much slower than from plain tungsten.
Chus, while at 1250°K. it took only about thirty seconds for
he emission from barium on plain tungsten to fall to half
ralue after the passage of the B peak, it took many hours at
he same temperature in the case of barium on oxygenated
ungsten. Incidentally, in the latter case the oxygen layer
vas left practically complete after the evaporation of the
)arium.

TABLE XVI

RELATIONSHIP BETWEEN @, § AND w,.

® /] w, (electron-volta).
0-5 0-29 58
0-6 0-37 54
0-7 0-46 5-1
0-8 0-58 4-9
0-9 0-73 4.7

. Multiple Atomic Layers of Barium and Oxygen on
. Tungsten.—Ryde and Harris have investigated the properties
"' 10t only of the systems W-Ba and W-O-Ba, but also of
~ N-Ba-O and of the systems in which several atomic layers
)f oxygen and barium were adsorbed on the tungsten filament.
While, in view of the experimental difficulties, they claim no
rreat quantitative accuracy for the values of x and A arrived
6 in the various cases, they do feel justified in claiming that
she manner in which they found these quantities to change
with changes in the contaminating layers is qualitatively
sorrect.
. We have seen how the systems W-Ba and W-O-Ba were
formed. Beginning with these, the two systems which were
probably W-Ba, W-Ba-0O, W-Ba-O-Ba, .. ., and W-O-Ba,
W-0-Ba-O, W-O-Ba-O-Ba, . . ., respectively, were built up.
This was done as follows : In order to add one complete layer
of barium atoms to a system which had last been treated
with oxygen, barium was condensed on to it until the emission
had passed through a maximum, and then, by careful heat
treatment, the excess was evaporated off in the manner already
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described for W-Ba and W-O-Ba. And in order to add
full monatomic layer of oxygen to a system ending with Be
successive doses of oxygen were admitted, with the filamen
cither cold or held at 800°K., until no further depression c
the emission, measured at 800°K., occurred. The measurin
temperature was too low for reversal to occur at an appreciabl
rate. At the same time, it was probably high enough for an
second and further layers which might have condensed on to:
of the first layer added to be driven off. The constancy «
the emission beyond a certain number of oxygen doses admitter
was taken to be a criterion that some perfectly definite state
probably that of the addition to the previous system of jus -
one complete layer of oxygen atoms, had been achieved.

It was found that the building up of a given multiatomi
contamination could in the simpler cases be reversed step b;
step by evaporating off the barium layers and either also evapor
ating off the oxygen or else stripping it off with nitrogen. ¢
rather striking example of this process by the pure evaporatio
method carried out at 1250°K. with W-0-Ba-O-Ba is give
in Table XVII.

TABLE XVII.
VariaTioN or EmissioNn DuriNg EvaporaTioN AT 1250°K. rrROM
W.0-Ba-0-Ba.

System. Time (hours). Emission (mA).
W-0-Ba 0-925
W-0-Ba-O 0-00725

W-0-Ba-O-Ba 0 0-70
10} 0-15 (min.)
27% 0-4
35% 0-55
‘W-0-Ba (probably) 561 0-94 (max.)
76 0-19
83 0:004

It is seen that the emission measured under given conditions
after passing through a minimum, reached a maximum at
563 hours which agreed very closely with the emission obtainec
from W-O-Ba during the building up. It thereupon decayed
again, owing to the evaporation of barium. The minimum
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rst passed through did not agree with the value obtained
ir the emission from W-0-Ba-0O, presumably because oxygen
egan to evaporate, exposing underlying barium, before the
vaporation of the outermost layer of barium atoms was
ymplete.

The thermionic properties of the members of the two series
rere  determined by observing their emissions at various
smperatures and plotting their Richardson lines. In the
ases where barium formed the last layer the thermionic
ctivity was always much higher, and so much longer and more
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iccurate Richardson lines could be obtained than in the cases
vhere the last layer consisted of oxygen. Even in the latter
\ases, however, results which were of some quantitative value
;ould be obtained by using a sufficiently sensitive galvanometer
‘or measuring the thermionic currents. Typical sets of values
f log A and x obtained for the two series are plotted in
Tig. 31. A shortened notation has been used for labelling the
soints whose meaning will be obvious. W-(Ba-0O);-Ba, for
sxample, stands for W-Ba-0-Ba-O-Ba-O-Ba.

. Tt will be observed that, according to these data, log A
is roughly a linear function of x for all the completed systems
n which barium forms the last layer, irrespective of whether
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Ba or O is next to the tungsten. On the other hand, th
points representing systems ending with oxygen do not a)
lie near any one straight line. Possibly all the points repre
senting systems of the type W-(Ba-0),, where n is a whol
number, lie near one straight line and those representin;
systems of the type W-(O-Ba),-O lie near another, but sinc
only three points were obtained corresponding to each type
of which two are very close to one another in the former cas
and all three in the latter, this has not been establishet
experimentally. It is interesting to note that the straigh(
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line which passes most nearly through the W-(Ba-0), pomté
is roughly parallel to that representing the systems ending
with Ba.

In certain experiments strontium took the place of barium;
and the two series of systems W-Sr, W-Sr-O, W-8r-O-Sr, . . .|
and W-O-Sr, W-0-Sr-O, W-O-8r-O-Sr, . . . were built up
Sets of (log A)-x points corresponding to members of both
series, with the exception of those of the type W-(Sr-0),.
for which the experimental data were not very accurate, are
plotted in Fig. 32. It will be noted that the points correspond-
ing to all the systems ending with Sr lie close to one straight
line, irrespective of whether Sr or O is next to the tungsten, "
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ust as do the points for all the systems ending with Ba. The
oints corresponding to the five first systems of the type
V-(0-8r),-0 all lie close to another straight line. In addition
o these two lines, those of Fig. 31 are re-drawn, dashed, in
fig. 32 for comparison. It will be observed that the line
or systems ending with Sr is very close to that for systems
nding with Ba. The other two lines are also, as it happens,
lose together, although the types of systems they represent
re not really comparable.

It is to be noted that while the work functions of the sys-
ems ending with O are all higher than those of the systems
nding with Ba or Sr, they are still very much less than the
vork function of clean tungsten, viz, 4:5 e.v. Thus an over-
ying layer of oxygen must fall considerably short of neutral-
zing the whole of the beneficial effect of the Ba or Sr on the
hermionic activity.

As for the emission constant, this, it will be noted, is in every
ase except that of W-(Ba-O); less than 120 amp./cm.2deg.2.
‘he A found for this system was 3500, which is greater than
he theoretical A, by a factor of nearly 30. This is, perhaps,
ot greater than the factor of uncertainty for systems ending
vith oxygen.

In the case of the series of systems containing strontium,
+ pair of layers added to a given contamination was generally
ound to increase both y and A. An increase of both constants
n the addition of a pair of layers was also frequently observed
n the case of the systems containing barium. The increase
n A must, according to the modern theory which will be
liscussed in Chapter V, be due to a decrease in the effective-
ess of the resultant potential hump which reflects electrons.
‘he electron-reflecting hump is that part of the potential hill
vhich projects above the final image level. The hump can
iardly increase in thickness as more layers are added and yet
iecome less effective in reflecting electrons. Possibly the only
rojecting part of the hill is that in the region of the first
trontium or barium layer.

. It is a remarkable thing that the A of W-Ba-O was actually
ound to be less than that of W-Ba, in spite of the raising of
he final image level due to the addition of oxygen. According
o the modern theory this must mean that oxygen, adsorbed
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on top of the barium, somehow increases the height and/o:
thickness of the projecting hump although this is, presumably
underneath the barium.

The manner in which log A varies with x as an additiona
layer is gradually built up on a given contamination has alst
been investigated. An example of this, in which the origina -
system was W-Ba and the added layer oxygen, is illustratec
in Fig. 33. Only very small doses of oxygen were admitted a
a time and the thermionic constants determined after eacl
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one. FEmission readings for the plotting of a Richardson lin::
were in each case confined to temperatures sufficiently low
to avoid ‘‘ reversal ’ of the barium and oxygen layers. The
various (log A)-y points in Fig. 33 are numbered in the orde: '
in which they were obtained. The decided loop which repre.
sents these data is in striking contrast to the straight linei
representing those for the various series of completed systems

A qualitatively similar (log A)-x loop was found in the cas
of the transition from W-Ba-O to W-O-Ba by reversal, only
of course, in this case the points were obtained in the revers
order. ‘
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Seorion 1V.
GENERAL.

Miscellaneous Contaminations.—In addition to the
ases of contaminated metals discussed at length in the
receding sections, there are a number of others (all, incident-
lly, cases of gas contaminations) which have been studied
n a general way and which we shall now briefly consider.

Hydrogen, when it has any effect at all, usually enhances
he emission from metals. A beneficial effect of hydrogen
n the thermionic emission from platinum, for example, has
wen reported in much of the earlier literature.* More
ecently, DuBridge 1% has observed a large increase also in
he photoelectric emission from platinum after heat treat-
nent in hydrogen. In this case the platinum had had a very
horough outgassing prior to exposure. The emission sub-
equently decreased to the value characteristic of clean
latinum when the specimen was heated for a short time in
» vacuum. Lockrow,*® on the other hand, has reported that
he effect of hydrogen on the thermionic emission from pure
latinum is probably nil. There is reason to believe, however,
see Chapter 1I), that the final surface of Lockrow’s specimen
vas less clean than that of DuBridge’s.

According to Simon,5 hydrogen will, in a comparatively
hort space of time, increase the emission from tantalum
ieated in it to a value which is very close to that obtained in
he absence of hydrogen only after a very prolonged and severe
utgassing treatment. Probably in this case the hydrogen
imply helps to remove adsorbed oxygen, perhaps in a manner
limilar to that in which nitrogen removes oxygen from barium
n tungsten and apparently also from plain tungsten.

. The opposite effect, viz. a depression of the emission due
0 hydrogen, was observed many years ago by Langmuir.®
Chis was found to be only an indirect effect, however. Glowing
jungsten causes hydrogen molecules that come into contact

!

. *For a comprehensive survey of this and other early observations on
he effects of gases on thermionic emission, see O. W. Richardson, ‘ The
Tmission of Electricity from Hot Bodies,”” Longmans, Green & Co., 2nd edition
1921), Chapter IV.

12
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with it to break up into atoms,*: 3 and the atomic hydroge:
is a very powerful reducing agent for metallic oxides, such a
tungsten oxide condensed on the walls of the bulb or film
of oxide present on the lead-in wires. The resulting watc
vapour, coming into contact with the hot filament, oxidize
it, with liberation of hydrogen. While the bulk of the oxid
formed on the filament surface immediately evaporates,
monatomic film of oxygen will, except at the highest ten
peratures, remain behind, depressing the emission. Langmui
found the emission to remain depressed, even after the hydroge
had been pumped away. When, however, the bulb containin
hydrogen was immersed in liquid air, evaporation of watc
vapour from its walls being thus prevented, the emissio
obtained from the filament after flashing at a high temperatur
was that characteristic of clean tungsten, the hydrogen n
longer having any effect on it.

In contrast to Langmuir’s results, Simon % has reporte
that hydrogen enhances the emission from tungsten. N
appreciable time-lag was found in his experiments, th
emission returning to the value it had before admission of th
hydrogen shortly after it was pumped away.

An effect of hydrogen on the emission from potassium we
observed a few years ago by Laird.?? Observations of th
thermionic activity after successive cleansings of a potassiu
surface by distillation, followed by contaminations of th
surface by hydrogen, led to the conclusion that the larg
thermionic currents frequently obtained from potassium ar -
due to hydrogen contamination.

Oxygen has almost invariably been found to have a depres
sing effect on thermionic and photoelectric activity. Wit
the case of oxygenated tungsten we have already deak
DuBridge 1% has also observed a depression of the photoelectri
emission from platinum after heating in dry air. The activ
constituent of the air was presumably oxygen. These tw
cages are but examples of what probably occurs to a greate
or lesser extent with all metals.

Water vapour, also, has generally been found to poiso
the emission from metals. It is mainly for this reason the
it is so necessary to bake out all glass work at a high tempers
ture in a good vacuum before thermionic or photoelectri
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measurements are made, for otherwise water vapour will be
ziven oft from the glass at an appreciable rate for almost
ndefinite periods. Probably in most cases the water vapour
simply oxidizes the surface of the metal, its effect thus being
she same as that of oxygen. The oxides of carbon have also
been observed to have an effect similar to that of oxygen.

i A depression of the emission from tungsten due to nitrogen
nas been reported by Langmuir.3® There was no effect, how-
sver, until the accelerating voltage applied to the anode
*xceeded a certain minimum value. Langmuir has recently
shown 3¢ that, as in the case of hydrogen, this effect is an
ndirect one, and is in reality due to oxygen poisoning. When
'he energy of the electrons exceeds a certain value, metastable
nolecules of nitrogen (“active ”” nitrogen) are formed, and
vhen these come into contact with oxidized electrode surfaces
r with the glass walls (no matter how well these may have
»een baked out) reduce the metallic oxides or adsorbed moisture,
iberating oxygen, which then poisons the emitter.

A remarkable empirical relationship has been found by
Wilson,*® Richardson 5 and others to hold between the A and
: of metals contaminated with various kinds and quantities
if gases. This is

logA=¢fnmy, . . . (10)

vhere ¢ and 75 are constants, % being positive. Examples
f this are shown in Fig. 34, where the values of log A and y
ound by Langmuir,* DuBridge,'® and Richardson and Young®?
or variously contaminated tungsten, platinum and potassium
espectively are plotted. We have seen that the same kind
f relationship holds for certain definite groups of the various
iases of completed single and alternating multiple layers of
)arium and oxygen on tungsten investigated by Ryde and
Tarris.

A possible theory of such a variation of A with y for cases
f atomically thick contaminations will be considered in
shapter V. In this, the A found experimentally is assumed
0 be the true A, i.e. it is identified with (1 — 7)A,. While,
owever, this theory might well account for the potassium
éata represented in Fig. 34, if we disregard the highest point,
b is certainly not possible to apply it to the corresponding




180 CONTAMINATED METALS: GENERAL

data for tungsten and platinum and at the same time take

A, to have its theoretical value, viz. 120 amp./em.’deg.?
since most of the values of A found for these metals exceec
the theoretical A, by large factors. There is as yet no theory
by means of which these data could be accounted for.

While, empirically, eqn. (10) describes the variation of A~
with y in a large number of cases, it by no means always doe:
go. Thus, as we have seen, when the surface concentratior
of barium or oxygen forming the outside of a multiple-laye:
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F1¢. 34.—Showing approximately linear relationship between log A and x -

for potassium, tungsten and platinum, variously contaminated.

contamination on tungsten is varied, log A does not var

linearly with x. For the somewhat analogous case of varis -
tions in the surface concentration of a single layer of foreig - -

atoms adsorbed on a metal we have unfortunately not ye
any very accurate experimental data. R

The Condition of the Adsorbed Particles.—We hav .
seen that the particles at the surface of an emitter, bein
subjected to asymmetric forces, must be distorted, and the
the associated polarization is an important factor contributin
to the surface potential hill. This must be true whether th '
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surface particles are of the bulk metal or are those of an
adsorbed foreign material. In the latter case, the more
slectropositive the particles, the more we shall expect them
50 be distorted, and the question naturally arises whether
some or all of them may not be ionized.

I Now when the metal is at a high temperature, the ad-
sorbed particles will naturally not all be in exactly the same
sondition at any moment, and it is perfectly feasible that
some might be atoms and others ions. And from the observed
fact that when adsorbed electropositive particles like casium
svaporate, some do so as neutral atoms while others evaporate
18 positive ions, Becker ¢ has argued that both kinds of particle
must, in fact, be represented in the adsorbed film, and for one
case, that of barium on tungsten, he has attempted to cal-
sulate what proportion of the particles is ionized.

This calculation is as follows : It is assumed that an adsorbed
atom has no effect on the work function, the observed de-
pression of this quantity by the contamination being due
antirely to those particles that are ionized. Let the number
of these per unit area be N,. The positive charges in the plane
secupied by the ions may be thought of as smeared out into a
iniform sheet of charge, whose surface density is N,.e. There
will be an equal sheet of charge, but of opposite sign, induced
on the ““surface” of the metal underneath and the field E
between these sheets must, therefore, by well-known electro-
static principles, be given by

E = 300 . 47N, e volts/om. . . (11)

[f the distance between the sheets of charge is I, the lowering
»f the work function by the positive ions must be

— Ay = eEl = 300 . 47N, €% electron-volts, . (12)

and by equating this to the observed lowering of the work
function due to the contamination one may determine the
value of N, 7. Hence, finally, if one knows the total number
of adsorbed particles per unit area and the distance I, the frac-
tion of the adsorbed particles that are ionized can at once be
found. 3

| We have seen that — Ay for an optimum film of barium
atoms on tungsten is 4:54 — 1:54 = 3-0 e.v. For I, Becker
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assumed the value 1:53 X 1078 ¢cm., which is the radius of a
Ba* jon in a polar compound. Substituting these values in -
eqn. (11) one obtains 1-1 x 104 for N,. Becker took — Ay
to be 2-8 instead of 3-0 e.v., and this would make N, only
1:02 x 10 instead of 1-1 x 10!4, but the difference is not
important. For the maximum number of barium ions that
could be packed in a square or close-packed two-dimensional
lattice per unit area Becker calculated from X-ray data
1-06 x 10" and 1-22 x 105 respectively, i.e. something of
the order of ten times the value found for N,. Hence he
concluded that roughly 10 per cent. of the adsorbed particles

To~ran o fona and +ha noarmmarnd 4 aimon

in a full 1ayer ars ions and the remainder atoms. And since,
as the curve of Fig. 30 indicates, each barium particle is on the
average about twice as effective in reducing the work function
when # is small as it is when 0 is equal to 1, Becker further
concluded that when the surface is sparsely covered something
like 20 per cent. of the adsorbed particles are ionized. He seems,
however, to have overlooked the fact that if most of the
adsorbed particles are atoms, the maximum number in a single
layer must be less than the maximum number of ‘ons, and
that therefore the proportion of particles that are ions must,
for full and for sparse covering, be somewhat greater than
10 and 20 per cent. respectively. :

Becker’s theory is open to certain criticisms, quite apart
from this slip, however. It may in the first place be questioned
whether the maximum number of particles of either kind that
can be adsorbed in a single layer is uniquely determined, as
Becker supposed it to be, by the effective diameters of barium’
ions and atoms as determined from X-ray data, or whether
the adsorbed particles arrange themselves, as Langmuir has
agsumed in the case of thorium and of ceesium on tungsten,
in conformity with the underlying tungsten lattice. Accord-
ing to Ebert and Hartmann,'” barium crystallizes in a body-
centred cubic lattice, the lattice constant being 5-01A. And
tungsten, as we have seen, is also body-centred cubic, with
a lattice constant of 3-15A. Thus the shortest distance
between barium atoms in a crystal of barium is 4-34A., while
the length of a diagonal of a face of a tungsten unit cell is
4-45A., i.e. slightly greater. Hence if the adsorbed barium
conforms to the underlying tungsten lattice there would
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srobably be just half as many barium atoms in a full layer
vs there are underlying surface tungsten atoms, i.e. 7-13 x 101
ser cm.2.

It also seems questionable whether I should really be taken
" s small as the effective radius of a Ba* ion in a polar salt.
f it is assumed that an adsorbed barium particle is robbed
5f an electron, then, surely, this electron must revolve about
she underlying tungsten nucleus, making the tungsten particle
» negative ion. This negative ion will then be the *induced
sharge.” And if it is further assumed, as tacitly it is in
Becker’s theory, that the barium ion is undistorted, the same
wssumption ought logically to be made also for the tungsten
on. Thus it would appear that the effective distance between
the two sheets of charge should be taken as the sum of the
cadii of the barium and tungsten ions, rather than the radius
of the former alone. This would make I a round 3A. instead
»f the assumed 1-5A. Taking this value for I and assuming
sne adsorbed barium particle to every two underlying surface
bungsten particles, one finds by Becker’s method that about
8 per cent. of the adsorbed particles in a full layer are ionized.
It so happens that this result is not very different from Becker’s.

Finally, there is the more general criticism that Becker’s
theory is too simple. On the one hand, an adsorbed atom,
being subjected to strong asymmetric forces (strong enough
to keep it adsorbed) must certainly be distorted, or, on the
average, polarized, and must therefore have some effect on
the work function. On the other hand, an adsorbed ion must
also be distorted, and will therefore by no means be the same
thing as an isolated ion in space. It is easily seen that in this
case the distortion must be in such a sense as to tend to neutral-
ize its ionization. Thus an adsorbed atom contributes more
than the assumed nothing to the lowering of the work function,
while an adsorbed ion contributes less than the amount
ssumed. And since we do not know how much more, in the
one case, or how much less, in the other, the problem becomes
indeterminate. It seems, then, that little, if any, useful distine-
tion can be made between the two kinds of adsorbed particles.
It would probably be more correct to say that each particle
is, on the average, about one-twelfth ionized, than to say that
at any moment one-twelfth of the particles are ionized.




184 CONTAMINATED METALS: GENERAL

Field Effects.—It has been known for a long time tha
for relatively weak applied fields the emission from a meta
having a monatomic surface contamination does not saturat:
nearly so well as does that from a clean metal, particularl:
if the contaminating layer of atoms is incomplete. This i
shown, for example, by the curves of Fig. 10 and again by tha
of Fig. 17. Various attempts, already briefly referred to i1
Chapter I, have been made to explain this phenomenon, bu
so far none of them have been very successful quantitatively.

The only theory that in any way meets the case i
Langmuir’s “ patch ” theory.?” It is assumed that most o
the contamination collects into more or less definite patches
the surface concentration on the remaining areas being re
latively small. Let us suppose, in order to fix the ideas, tha
only two surface concentrations are represented and tha
the contamination is electropositive with respect to the bull
metal. If the emitter is in equilibrium with an externa
electron gas, the amount of work that must be done on ar~
electron in the interior of the metal to extract it must be the
same whether it makes its exit through a patch where the .
surface concentration is great (a ““ more active ” patch) o
through one where it is small (a ““less active > patch). Thi
can only be so if there are local fields which retard the exi:
of electrons from the more active patches and accelerate then
from the less active ones, the line-integral of the field betweer -
the two kinds of patches being equal to their contact potentia
difference. If now the equilibrium is upset by the applicatior
of an electron-accelerating field, the exit of electrons from the -
more active patches will be greatly facilitated by the gradua
neutralization of the local electron-retarding fields, while tha "
from the less active patches will be relatively little affected
since the fields there are already electron-accelerating. The
abnormal growth of emission with field will go on until the -
electron-retarding fields at the more active patches arc
entirely neutralized. Thereafter, the emission-field relation
ship will follow approximately the Schottky law. This
qualitatively, is precisely what is actually observed.

A few years ago, Compton and Langmuir 1° carried out ¢
quantitative investigation of the effects of certain kinds o:
patches, but were unable to make their theoretical curves
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imitate those observed except above a certain lower limit
of field strength and with assumed patches of quite improbable
dimensions. Their view of the matter was substantially as
follows : To each value of the applied field there corresponds,
as we saw in Chapter I, a certain distance z, from the surface
where the applied and image fields just balance one another,
and this distance increases as the applied field is made weaker.
Thus in the case of sufficiently weak applied fields, x, will be
greater than the greatest distance at which the local fields due
to any given system of patches are appreciable. All the
charges at and near the surface may then be thought of as
smeared out into uniform sheets of charge and the emitter
must behave as if there

were no patches, giving D
.a normal Schottky effect. K

'On the other hand, when
the applied field is so
strong that x, is of a
lesser order than the .
linear dimensions of the
'patches, we shall again A
‘have a normal Schottky
'effect. The Schottky line
for strong fields must, of JE

‘cgurse, lie apprGCia'bly Fia. 35.—Theoretical relationship between
higher than that for log 4 and V'E for a patchy surface.
weak fields, as will be

obvious on consideration of the changes with applied field of
the resultant potential hills in the regions of the two kinds
of patches. At intermediate applied fields there must be a
transition from the lower to the upper Schottky line. Thus
if AB and CD in Fig. 35 are these two lines, we shall expect

Log i

‘the (log i)-v/E relationship for the patchy surface to be
- represented by a curve qualitatively like AGHKD. We see

that the part HKD of this curve is similar to the experimental

i curve of Fig. 17.

The curve of Fig. 17, which is typical of those obtained
with partially covered surfaces, coincides with the Schottky
line for applied field strengths above about 20,000 volts per
cm. For this E, the value of 2, is, by eqn. (79) of Chapter I,
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about 1-3 X 107% ¢m., and since, according to the above theory,
this must be small compared with the linear dimensions of the.
patches, we may take these to be something like 1075 cm,
across and each to contain, therefore, something like 10°, o1
at the very least 104, adsorbed atoms. This is a serious diffi-
culty of the theory, for the spontaneous formation of two-
dimensional * crystals ”” of such a size seems hardly reconcilable
with the repulsions between neighbouring adsorbed atoms for
which, as we have seen, there is a certain amount of evidence.

Now let us consider the lower part of the theoretical curve
of Fig. 32. With patches of the assumed size the field strength
corresponding to the point & on this curve can hardly b
greater than 500 volts per cm. and it may perhaps be as small
ag 100 volts per cm. In the case of ordinary electrode dimen-
sions these fields would, if there were no space charge, occur
at the very low anode potentials of about 10 volts and 2 volts
respectively. On account of space charge the corresponding
anode potentials will in general be somewhat higher. In any
case, however, owing to the complications arising out of space
charge and, as we saw in Chapter I, also surface roughness,
it would be a matter of some difficulty to determine the precise
nature of the (logi)-v/E relationship for these low fields.
While a relationship such as is indicated by the part AGH of
the theoretical curve has never actually been observed, it has
also not, so far as the author is aware, been established experi-
mentally that such a relationship does not exist. Thus the
large scale it is necessary to assume for the patchwork, although
a serious difficulty of the theory, is, so far as we know, also
the only difficulty.
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CHAPTER 1V.
OXIDE CATHODES.

Ax oxide cathode may be defined as the system that results
when a metal is coated with one or more of the alkaline earth
oxides and the whole is then subjected to a suitable * activat-
ing ” or “ forming ” treatment.

Oxide cathodes are remarkable both for their high therm-
ionic activity and for their variability. Thus, for example;
one whose coating consists largely or entirely of barium oxide
will, under the most favourable conditions, give as much as ~
15—-1 amp./em.? emission at a barely visible red heat.4? 5¢
But the emission is very sensitive both to the residual gases -
to which the cathode is exposed and to its past history. The
phenomena exhibited by these cathodes are so complex, that
although they have been the object of serious study since
their discovery by Wehnelt ® in 1903, it is only quite recently
that anything approaching a complete theory of their action
has been worked out. l

The variation of the emission of oxide cathodes with
temperature is of the same type as that of other thermionic
emitters, obeying Richardson’s formula. There is, however,
little approach to agreement regarding the values of the -
thermionic constants. These undoubtedly vary considerably
with the physical condition as well ag with the chemical nature
of the constituent parts of the cathodes. The earliest pub-- -
lished values of the work functions obtained with the oxides
coated on platinum or platinum-iridium cores were all of the _
order of 3—4 e.v.5 3% 1% 46 Recently, however, much lower
values have been obtained. For example, those found by
Espe 1% in very careful measurements made in 1926 were 0-99
e.v. for BaO, 1:27 e.v. for SrO and 1-77 e.v. for CaQ, all on a
platinum-iridinm core. One of the main reasons for this
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‘hange is undoubtedly the great advance made in vacuum
iechnique in the intervening period.** The sensitivity of
yxide cathodes to vacuum conditions is well illustrated by an
sxperiment of Koller,3® in which, by merely exposing an activ-
wted coated filament to oxygen at 1/200 mm. pressure for a
short time, he changed the work function from 1-04 to 3-10 e.v.

Another condition with which the thermionic properties
of an oxide cathode may vary is the temperature.’>
Davisson and Germer ! found the sudden change of emission
accompanying an alteration in temperature to be followed
by a “ creep ” to a new equilibrium value. This is illustrated
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F1e. 36.—Graduel change in thermionic activity of an oxide cathode
following a change in temperature.

by the curve of Fig. 86, which was obtained by them. After
the emission from a filament heated by a current of 1-01 amp.
had become steady, the heating current was suddenly lowered
to 0-81 amp. The emission thereupon gradually increased
from an initial value at the new temperature in the neighbour-
hood of 0:285 mA. to a final steady value of 0-485 mA. The
curve shows all but the last part of this increase. Davisson
“and Germer also found that the Richardson line representing
. the initial emissions after sudden changes from a given tem-
perature differed in slope from that representing the final
_emissions sometimes by as much as 25 per cent. That the
" former gave the true work function is indicated by the fact that
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it agreed perfectly with the value determined calorimetrically
at the same temperature. Recent calorimetric measurement: .
by Heinze " also point to a temperature dependence of the
condition of oxide cathodes, the measured worlk function
having been found to increase quite appreciably with tem
perature.

Preparation of Oxide Cathodes.—The efficiency of &
cathode of given chemical ingredients seems to depend to some
extent on the method by which the coating has been appliec
to the core. For a full description of the various methods
employed the reader should consult an article by Statz.t
We shall confine ourselves here to a brief sketch.

The core wire or ribbon may be drawn through or dipped
into the coating material in the form of alkaline earth carbonate.
hydroxide, nitrate, peroxide or oxide, or a mixture of two
or more of these, held either in suspension or in solution in a
suitable “ carrier,” e.g. water or amyl acetate. Alternatively,
the coating material, together with a * binder,” may be
sprayed on to the core. If the compound chosen is the
nitrate, the carrier is sometimes dispensed with, the core
being simply drawn through a bath of the molten salt. If
the core metal is such that it is not easily oxidized, a length
of it may be kept red-hot in air by passing a current through.
it and a crystal of nitrate or finely divided alkaline earth
material contained in a stick of paraffin wax, sealing wax or
resin drawn along it.

If the coating material is first applied to the core in a form
other than the oxide it is necessary to break it down to the
oxide subsequently by a suitable heat treatment, whereupon,
incidentally, any remaining carrier or binder material is driven
off and the coating is rendered firmly adherent to the core.
This operation is known as ¢ sintering.”” In the case of an.
easily oxidizable core metal this must, of course, be carried -
out either in a vacuum or in a non-oxidizing atmosphere. If
the coated wire is to be exposed to air for any length of time
after sintering it is best to sinter in carbon dioxide and sub-
sequently break down the resulting carbonate in the vessel
in which the cathode is to be used while this is being pumped.
For the preparation of cathodes on a small scale a convenient
method is to dip the wire once or several times in a water
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suspension of a finely divided (ball-milled) alkaline earth carbon-
ate, drying after each dip. The wire is then given a final dip
" into molten paraffin wax, which, on solidifying, protects the
soating from mechanical injury. The cathode is now ready
for mounting. The wax all disappears in the ““ bake ”” on the
pump, and when the wire is heated to dull redness the carbon-
ate decomposes, leaving the oxide as a hard, tenacious coating.

Arnold 2 has found that if, in the process of coating a
platinum-iridium core with barium oxide, the sintering is
done in air, there is formed next to the core “ a firmly adhering
layer . . . due to chemical reactions between the coating
and the core.” Analysis showed the compound present in
largest amount in this layer to be barium platinate (BaPtOs).
Becker 4 states that these compounds are decomposed when
the cathode is subsequently heated to a high temperature in
a vacuum and that ¢ this leaves a finely dispersed metal mixed
with the oxides and gives the filaments a greyish appearance.”

While coatings prepared in the above manner are usually
of the order of 10,000 to 50,000 molecules thick, it is important
to note that there is no fundamental virtue in having so great
a thickness. A film of oxide distilled on to a clean wire from
a neighbouring coated wire and consisting of only a single
closely packed layer of molecules, or even less, has been found
to give an emission by no means inferior to that obtainable
from ““ bulk ’ coatings.!?

A technique for the preparation of oxide cathodes which
is quite different from those discussed above is that usually
known as the ‘ barium-vapour process.” The filament,
which is of tungsten, is not provided with any alkaline earth
material at all before it is mounted in its bulb with the other
electrodes, but is, instead, superficially oxidized. One of the
other electrodes, usually the anode, is coated on the side
facing the filament with barium azide (BaNg). This decom-
‘poses during the early part of the bake (as soon as its tem-
perature reaches about 160°C.), giving off nitrogen, which is
.pumped away, and leaving behind a black mass of finely
'divided metallic barium. At this stage the barium generally
istill contains a considerable quantity of nitrogen in an occluded
form, most of which is, however, readily driven off by heating
'the anode to dull redness for a few seconds, after which the
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tube may be sealed off [rom the pump. By now keeping the
anode at or just below a visible red heat, and simultaneously
heating the filament to bright redness, its coating of tungsten
oxide is reduced by barium vapour, barium oxide heing formed
in its place. This is intimately mixed with finely divided
reduced tungsten, which gives it a black or greyish appearance.
The anode may be kept hot during the reduction either by high-
frequency induction or by electron bombardment from the
filament.

The thermionic constants of barium-vapour-process cathodes
have been determined by Espel® The results of two such
determinations were A = 1-1 X 107! amp./cm.2deg.2, y =— 1:09
e.v. and A == 3:0 X 107! amp./em.2deg.2, y = 1:10 e.v. 'These
constants represent a much higher emission than those obtained
earlier by KEspe for a barium oxide on platinum-iridium
“ paste ”’ cathode, viz. A =3 X 107* amp./cm.2deg.2, ¥ = 0-99
e.v. During the last few years, however, ““ paste >’ cathodes
have been very considerably improved, and the emissions now
obtained from them are in no way inferior to those of vapour-
process cathodes.

Activation and Deactivation.—To activate or ¢ form ”

an oxide cathode it is sometimes sufficient to heat it to bright
redness for a minute or two.2% 26 89, 3 Thig ig particularly
effective if the core is alloyed with a small percentage of some
reducing metal. In general, however, a much better activation
is secured by drawing a strong electron current from the
cathode simultaneously with heating it.% 17 4% 45 The time
necessary to develop the full emission depends upon the
temperature, the space current taken, the thickness of the

)

coating and the residual gases to which the cathode is exposed. -

It may be as short as a few minutes or as long as several hours,
or even days. It is most rapid in the case of thinly coated
cathodes held at a relatively high temperature in a good
vacuum whilst a vigorous electron current is drawn. The
dependence of the growth of the emission (measured under

given conditions) on the temperature and the space current,

taken is well illustrated by the curve of Fig. 37 obtained by

Espe.” This represents the emission as a function of time as

the temperature and anode potential are changed in steps.
There is some want of agreement as to whether the growth
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»f emission is due to a change in the emission constant, or in
ihe work function, or both together. Richardson lines plotted
oy Espe 17 at various stages of activation are all parallel, in-
licating that A alone changes. On the other hand, Detels 14
wnd Huxford 3 have found that activation is accompanied by
1 steady decrease of both constants, there being, in the case
pf Huxford’s data,
v not quite linear
relationship between Ba 0
log A and x.

' Intheearlystages
f activation with
jpace current, gas
s evolved from
she cathode which
Detels 14 has suc-
reeded in identifying
spectroscopically as
xygen. Its initial
rate of evolution
aas been observed
by Horton 2° to be
within 8 per cent.
»f that required by
E‘aradayl’s law on the ., & s %0
wssumption that the Time (Hours)

zoating conducts the e, 37T ) Lo act .

A P 16. 37.—Time changes in the activity of an
)hermlonl_c current oxide cathode resulting from changes in its tem-
sJectrolytically. The perature and in the anode potential.

»xygen yield falls off

8 activation proceeds, however, and finally becomes quite
aegligible. According to Becker,* a well-aged cathode can be
made to evolve oxygen only by drawing a strong electron
surrent from it at not too low a temperature. If the tem-
serature is also not too high (not much more than about
300°K.) the oxygen comes off alone, i.e. unaccompanied by
ilkaline earth metal. »

[ From the fact that oxygen is lost by a cathode during
otivation, it is to be inferred that an activated cathode must
liffer from an unactivated one in being relatively richer in
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alkaline earth metal. It has, indeed, been shown by Becker
that if a well-activated cathode whose coating consists of
mixture of barium and strontium oxides is “ flashed * at abou
1250°K., barium evaporates from it, but that none is obtain
able at the same temperature from an unactivated cathode
(Incidentally, Gehrts 2 has recently confirmed that bariur
practically unaccompanied by strontium evaporates from ai
over-heated active mixed BaO-SrO-coated cathode by ob
serving spectroscopically the glow produced in the vaporize:
metal by an electric discharge.) And such high-temperatur
flashing has been observed by a number of investigators ti
result in a loss of activity.

An active cathode may be deactivated not only by flashing
but also by exposing it to an electronegative gas, such a
oxygen. During such exposure the excess alkaline eart]
metal must necessarily become oxidized and the cathode revert
at least chemically, to its original, inactive condition.

The Free Barium Theory.—We have seen that an activ
cathode differs from an inactive one in the possession o
excess barium * and that if this excess is destroyed, either b:
evaporation or by oxidation, the activity is lost. The onl
natural conclusion to draw from these facts is that it is to th
presence of the excess barium that the activity is due. Thi
theory was first advanced by Koller 2 and is now generall:
accepted. Further items of evidence supporting it are th
following : (1) Barium, distilled on to an inactive cathode
activates it.* (2) Barium has been detected spectroscopicall;
in the cores of activated, but not of unactivated filaments.
(3) Higher emissions and longer lives are obtainable fron
coated nickel alloyed with barium than from pure nicke
similarly coated.? ]

The barium obviously cannot be present in the cathod:
in ordinary bulk form, for then it would have a vapour pressur
in the normal operating range of temperatures of the orde
of some centimetres of mercury. The actual barium vapou
pressure is, of course, of a much lower order than this. T
is, in fact, so low that the useful lives of oxide cathodes unde;
normal operating conditions are of the order of hundreds o;

* In what follows barium will be written for short where barium and/o
strontium andfor caleium is meant,



THE FREE BARIUM THEORY 195

yousands of hours. In what form can the excess barium be,
sen ¢ Tt has been suggested that it combines chemically
ith the original oxide, forming a suboxide.®* Careful X-ray
nalysis of an active cathode fails to support this suggestion,
owever ; the only lines that appear are those of the core
nd of the normal monoxide.® There remain one or more of
he following possibilities : (1) The barium may be dissolved
1 the core; (2) it may be dissolved in the coating; (3) it
nay be adsorbed as a film of a monatomic order of thickness
n the surface of the core and/or coating. That barium
aay be dissolved in the core is, as we have seen, indicated
7y spectroscopic analysis. The question of its solution in
he coating will be discussed later. And its existence as a
nonatomic adsorbed film, at least on the surface of the coat-
ng, is the natural explanation of the high thermionic activity
f cathodes containing free barium. We shall see presently
hat there is strong evidence in favour of this in the depend-
mce of the emission from an initially inactive cathode on the
juantity of barium distilled on to it from an external source.
Now let us consider the question of how much barium there
nay be in the adsorbed form. The barium is first formed
rom the oxide by chemical reduction * and in general sub-
siequently also by electrolysis, first making its appearance at
she core/coating interface and thence diffusing to the outside
»f the coating. In the equilibrium condition, then, there must
se adsorbed barium on all the free faces of all the crystals of
s;he coating, and the core metal surface may perhaps be
similarly covered. Thus it is plain that the total quantity of
adsorbed barium may greatly exceed that which would suffice
to cover the macroscopic superficial area of the cathode. Un-
fortunately we have no very definite knowledge concerning
the sizes of the oxide crystals or of their relation to one another.

f * Tt has also been suggested 22 that barium may be produced in the
sathode by thermal dissociation of the oxide. 8. Dushman ! has pointed
sut, however, that it is highly improbable that this can occur below the
melting-point of nickel (a core metal in common use), calculations having
shown that *° with the most favourable assumptions the dissociation pressure
at T = 1000°K. would be less than 10-4? atm, On the other hand, it is prob-
able that there is a reduction of BaO by the metal of the core, which would
be analogous to the reduection of ThO, in tungsten filamoents by the tungsten
ptoms. It would not be necessary to have the reaction occur to any greater
extent than the reduction of a very small fraction of the barium oxide present.”
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It has, however, been shown by X-ray analysis of an activ
coating ® that no important fraction of the crystals have line:
dimensions less than 107% cm. or greater than 1073 cm. Thu
remembering that each crystal has six faces and assuming the
each face is a freely exposed surface, it may readily be ca
culated that of all the barium atoms (combined and wur
combined) in the coating the proportion adsorbed on cryste
faces must be between 0-05 and 0-0005 per cent. If not a
the crystal faces are free, the proportion may be less. In an
case, 0-05 per cent. must be regarded as the upper limit.

Becker has found that the quantity of barium that coul
be distilled from a well-activated filament whose coating wa
about 20,000 molecular layers thick without appreciabl
affecting its emission was as much as hundreds of times tha
which would have covered the macroscopic surface area wit!
a single layer of atoms, that is to say, several per cent. of th
quantity originally present (combined with oxygen) in th
coating. Unless there was a continual formation by reductio:-
of fresh barium during the flashing—which is, of course, :
possibility—this can only mean that in addition to the ad -
gorbed barium there must have been a considerable ‘ reser
voir ”’ of dissolved barium in the core and /or coating from whicl
the surface barium was replenished as it evaporated. Th
existence of such a “reservoir ”’ would account for a phenom
enon reported by Koller ¢ and Espe,!? viz. that the emission
from a cathode which has been deactivated by excessive
flashing may often be recovered subsequently by holding the
cathode for some time at a much lower temperature. The
probable explanation is that at the lower temperature frest
barium diffuses to the emitting surface to take the place o
that removed by flashing, just as thorium does in the case
of thoriated tungsten.

The dependence of the emission of an initially rather in. :
active coated filament upon the quantity of barium distille¢
on to it has been studied by Becker.? The filament was firsi
glowed for several minutes at about 1300°K. in order to par-
tially deactivate it. It was then held at a much lower tem-
perature, viz. 600°K., and exposed to a constant supply of
barium from a neighbouring active filament heated to 1460°K|
The emission from the test filament was observed as a function
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f time. The kind of relationship found is shown in the part
B of the curve in Fig. 38. Upon the supply of barium now
eing stopped and the filament held at the temperatures
25°, 710°, 800° and 890°K. in succession the further depend-
ace of the emission on the time was found to be represented
y the parts of the curve BC, CD, DE and EF respectively.
It will be noted that the general form of this curve is similar
) that of Fig. 27, which shows the analogous case of tungsten

gposed to a source of barium. It undoubtedly also has a
[
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milar explanation, except in this one particular, that whereas
1 the barium-on-tungsten experiments the time changes
peurring after the cut-off of the barium supply were due to
1e evaporation of barium, in the present case the tempera-
wres were far too low for appreciable evaporation to have
ecurred. The corresponding time changes must therefore
faJve been due, as Becker has shown, to the removal of barium
'om the emitting surface by diffusion. The exact mechanism
f the diffusion is open to question. It may be a mere spread-
ig of the barium over the crystal surfaces or a diffusion of
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the surface barium into the interior of the oxide crystals and /¢
core,

A rather surprising quantitative result is that the amour
of barium received by the filament up to the time of the firs
maximum was only about 4 that which would have bee
necessary to cover the macroscopic surface area with on
complete layer of atoms, and consequently an even lesse
fraction of what would have been required to completely covc
the microscopic area. As Becker has pointed out, this surel
can only mean that in the initial, comparatively inactive statd
the emitting surface was already almost completely covere
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with barium. The result is instructive in that it indicate
that the emission must be extraordinarily sensitive (at an
rate at low temperatures) to slight changes in the surfac
concentration of barium. The difficulty of greatly diminishin
the concentration of surface barium by flashing would be e:
plained by the existence of an equlhbrmm relationship betwee
this concentration and that in the reservoir, such that tt
former is not very sensitive to changes in the latter. !

Barium may be brought to the emitting surface not on]
by distillation from an external source but also by electrolysi
In Fig. 39 are shown the results of an experiment by Becke¢
in which this was done. The test filament was coated wit
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, mixture of barium and strontium oxides and held at a low
emperature while electrons were sent into it from an external
iource, the outside of the coating thus being the electrolytic
iathode. The activity was found thereby to rise to a sharp
naximum and then to fall to a much lower value. This is
shown by the part AB of the curve. Upon now stopping the
supply of electrons and raising the filament temperature to
300°K., the activity rose to a second maximum, after which
it slowly diminished again. Thus qualitatively we have once
more the type of behaviour shown by tungsten exposed to a
source of barium. Unfortunately here, as in the condensation
sxperiment, the filament was initially in a not very inactive
sondition. But from a similar experiment performed with
a strontium-oxide coated filament which was initially almost
completely inactive, Becker found that in order to establish the
maximum activity roughly 200 times as many electrons had
to be sent into the filament as would, according to Faraday’s
law, have electrolytically liberated sufficient strontium to
cover the macroscopic surface area of the coating with a
complete layer of strontium atoms. From this result he has
concluded that Faraday’s law does not apply to the conduction
of electricity through the alkaline earth oxides, only a rela-
tively insignificant fraction (about 5} in the present case)
of the current being carried by ions, and the remainder by
electrons.

Life.——After a certain time of burning, an activated oxide
cathode begins progressively to lose emission. The variation
with burning temperature of the rate of loss of the emission
measured at a given test temperature is extremely rapid.
Thus in the case of a filament coated with barium and strontium
oxides in about equal proportions the rate of loss is roughly
‘doubled for every 2 per cent. increase in the temperature.

We have already seen that high-temperature flashing
| causes some of the free barium, to which the thermionic activity
is due, to evaporate. Evaporation is a process whose speed
always varies very strongly with temperature, and, as the
same thing is true of the life of oxide cathodes, it is natural
‘to suppose that the loss of emission during life is due simply
to the loss by evaporation of barium. On this assumption
we should expect a cathode which has lost emission on account
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of thermal treatment, but which still retains the bulk of it
coating, to be in the same condition as an unformed or only |
partially formed cathode, so that it should be possible to fully
restore the emisgion by re-forming. It has in faot been founc
by Benjamin and Rooksby 8 that the emission from a filament
coated either with BaO or with 8rO may be repeatedly restored
by this means after its loss due to high-temperature flashing.

It has long been known, however, that in the case of the
cathodes in most widespread commercial use, viz. those coated
with a mixture of barium and strontium oxides, the emission
cannot be restored by re-forming after normal life failure.
Algo, if the emission of such a cathode has been destroyed hy
high-temperature flashing, it can, in general, be only partially
restored by repeating the forming process, and if it is flashed
several times in succession the recoverable emission is found
to be less and less after each flashing. It would appear, then,
that in the case of mixed oxide coatings something other
occurs than mere evaporation of barium. g

The problem of the irreversibility of the loss of emission
from mixed-oxide cathodes has been studied by Benjamin .
and Rooksby.® X-ray examination of these oxides by the
Debye-Scherrer powder method reveals the fact that when
derived by decomposition from a sintered mixture of finely
divided carbonates they generally form a solid solution in one
another, for the diffraction pattern is of the same type as for .
either oxide alone, but the positions of the lines are intermediate
between those for barium oxide and those for strontium oxide.*
The lines move continuously from the positions characteristic ‘.
of pure barium oxide to those characteristic of pure strontium
oxide as the proportion of strontium oxide is increased from *
0 to 100 per cent. Thus if the law connecting the positions
of the lines with the proportions of BaO and SrO in the coating
is known, the measurement of the former is a convenient
method of determining the latter. Assuming the position of
any given line to be a linear function of the molecular propor-
tion of either oxide in the coating, Benjamin and Rooksby
have used this method for the examination of filaments before
and after activation and also after irreversible loss of emission

* It has been found ? that a sufficient, though not a necessary condition

for the formation of a solid solution of oxides is their derivation from a solid
solution of carbonates,
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due to flashing. In an independent paper, Burgers® has
shown that the law connecting line positions with molecular
proportions of BaO and SrO is indeed linear.
Whilst Benjamin and Rooksby could detect no appreciable
" difference between the X-ray patterns of activated and of
unactivated filaments, they found that flashed filaments had
relatively less barium oxide in their coatings than comparable
filaments that had not been flashed. The same preferential
loss of barium oxide from the coating was found in the case of
a filament which had been run for several hundred hours at
1100°K. Burgers,!° in observations on coatings about 40 times
as thick as those of Benjamin and Rooksby, found a similar
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F1c. 40.—Variation with coating composition of the emission from a
Ba0O-8rO coated cathode.

loss by evaporation of BaO from the outermost parts of the
coating, but, owing to the slowness of diffusion, not from the
more deep-seated parts.

Quantitatively, the preferential loss of barium oxide from
the coating is such that it probably accounts for the whole
‘of the observed irreversible loss of emission. Benjamin and
Rooksby have measured the emissions at 1020°K. (the usual
running temperature) obtained after forming from a number
of nickel filaments, of 0-044 mm. diameter, 20 mm. length,
coated along the central 10 mm. to a thickness of about 4u
with BaO and SrO in various proportions. Their results are
plotted in Fig. 40.* Itis seen that there is a fairly flat maximum
1 * The curve published by Messrs. Benjamin and Rooksby was for 68 mm.
filaments. The corresponding curve of Fig. 40, which is for 20 mm. filaments

‘de-coated at the ends, has been plotted from date since supplied by them to
the author.
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at about 40%Ba0-60%SrO by weight. A filament having
the above dimensions and coated with 439%,Ba0-57%SrO by
weight gave 7 mA. after forming and was then flashed for
soeveral onc-minute intervals at 1600°K., being re-formed and
tested for emission after each flash. Finally it gave only
0-2 mA. at the testing temperature and the composition of
its coating was then redetermined by the X-ray method.
The result obtained was 99%,Ba0-91%,8r0 by weight. Accord-
ing to the curve of Fig. 40, the composition corresponding to
0-2 mA. emission is 7%Ba0-93%8cG. This differs from thai
found by X-ray analysis by less than the possible combined
error of the latter and of the emission curve.

Benjamin and Rooksby have also found that when a filament
initially having a coating of 809,Ba0-20%8rO loses BaO
through heat treatment, its emission does not immediately
begin to fall, but first rises to a maximum. From the known
relationship between emission and coating composition, this is
precisely what one would expect. !

It is interesting to note that a comparison between the
losses in weight of coating suffered by filaments during flashing
and the corresponding changes in the relative proportions of
BaO and SrO showed that practically only BaO was lost.
Of course at sufficiently high flashing temperatures there must-
be an appreciable evaporation of SrO also.

In a more recent publication,® Benjamin and Rooksby
have shown that in certain cases where the oxides are obtained
by decomposition of simple mixtures of the carbonates, the
final oxide coating may consist, not of a single solid solution
of BaO and SrO in one another, but of two such solutions,
one relatively richer in BaO than the other. Such coatings
gave lower emissions than they would have done had they
consisted of a single solid solution. This is, of course, what
was to be expected, in view of the fact that except at the -
extreme ends, the curve of Fig. 40 is everywhere convex up-
wards. By suitable heat treatment the two solutions may be
converted into a single one, and Benjamin and Rooksby
have shown that when not too much BaO is lost in the process,’
this gives rise to an increase in the emission, as it should do.

Effects of Gases.—The effects of various gases on the
emission from oxide cathodes have been investigated by
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Fredenhagen,?® Germershausen,?® Arnold,? Koller,?® Rothe,*®
Macnabb,?® Reimann and Murgoci,® and Benjamin and
Rooksby.® Arnold found the commoner gases to bring about
quite large changes in the emission at pressures of the order
of yggp mm. One of the most harmful of these is oxygen,
particularly if the cathode is heated during its exposure, when
it may be difficult or impossible subsequently to recover the
emission in a good vacuum. Water vapour also depresses
the emission. Carbon dioxide is reported by Arnold to
¢ poison ” the emission, but Koller and Macnabb both state
‘that bombardment of the cathode by positive ions produced
in carbon dioxide is actually beneficial. The ions produced
from carbon monoxide, hydrogen and argon are, according
to Koller, similarly beneficial, sometimes permanently enhanc-
ing the emission by a factor of 10-100. On the other hand, the
author has observed that whilst a short bombardment by the
ions produced from carbon monoxide frequently enhances
the emission somewhat, a long-continued bombardment in-
variably results in deactivation. Possibly this is at least
partially due to oxygen poisoning, for a certain amount of
disintegration of carbon monoxide molecules into their con-
stituent atoms is known to take place in an ionizing discharge.*®
With regard to hydrogen, the majority of investigators are
agreed that it tends to enhance the emission. Both Freden-
hagen and Arnold have observed that a small quantity of
hydrogen in contact with a cathode of abnormally low emission
(e.g. one that has been partially poisoned) may have the effect
of restoring it to a normal condition. The same has been found
by the author to be true of nitrogen. Nevertheless, long-
continued bombardment by the ions of either of these gases
ultimately results in partial poisoning. In addition, bombard-
ment by the ions of mercury and of the inert gases when their
velocity exceeds 20-25 volts has been found by Hull * to
destroy the emission. Probably here the action is simply one
of sputtering of the emitting barium film.

From these results it appears that some gases may either
' increase or decrease the emission, according to the state of
' the cathode and the conditions of exposure. It should be
" mentioned that no treatment with a gas has been found that
will make a cathode more active than when correctly activated
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and used in the best possible vacuum. The only effect (if
any) that a gas can have on such a cathode is to lower the
emission. The effect is not always chemical. Sufficiently
fast positive ions, however chemically indifferent, must have
the effect of sputtering off the film of barium at the emitting
surface, and so of deactivating the cathode. On the other
hand, if the cathode has been activated and operated under
such imperfect conditions that it is partially poisoned, positive-
ion bombardment may well have the effect of sputtering off
the harmful contamination and so bring about an increase
in activity. This would appear to be the explanation of
the benoficial action of the passage of an ionizing discharge
in carbon monoxide, carbon dioxide, hydrogen and argon
observed by Koller. Tinally, it seems not improbable that
the enhancement of the emission from a partially poisoned
cathode obtained on exposure (without bombardment) to
nitrogen or hydrogen is due to the same thing as in the case
of oxygen-poisoned W-Ba exposed to nitrogen, viz. a stripping
off by the gas of the poisoning oxygen layer.

In many cases a poisoned cathode may have its activity
completely restored by normal re-forming in a good vacuum.
In the case of poisoning by oxygen, however, recovery by
this means is not always possible. If the exposure to oxygen
has lasted only a very short time the emission may, perhaps,
be recoverable by ordinary re-forming once or a few times after
successive poisonings, but not an unlimited number of times.

It may seem strange that a badly oxygen-poisoned cathode
cannot be re-formed in the ordinary way, for one would
naturally suppose that such a cathode would, after all, only
be in the same condition as one that had never been formed.
Apparently, however, this is not the case. The most natural
inference is that there is on the surface of the poisoned cathode
a film of adsorbed oxygen which, like adsorbed oxygen on |
tungsten, is extremely difficult to remove. If this is the
case, it should be possible to dislodge the oxygen either by
very drastic heat treatment or by sputtering. Actually,
Benjamin and Rookshy # have found both these agencies to
be effective. By heating an oxygen-poisoned filament coated
with a single oxide to near the melting-point of nickel and
then giving it the ordinary forming treatment they were able
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to completely recover the emission. In the case of a filament
coated with a mixture of barium and strontium oxides this
method is, of course, inapplicable, since it would result in the
loss by evaporation of most of the barium oxide. The emission
from such a filament has, however, been shown by Benjamin
and Rooksby to be completely recoverable by substituting
bombardment by argon ions for the high-temperature flashing.
They also tried bombardment by ions of mercury instead of
argon and succeeded in recovering most, though not the
whole of the emission. Their failure to completely recover
the emission in this case was presumably due merely to the
fact that, in order to drive the mercury out of their vacuum
vessel after bombardment, it was necessary to re-bake it and
so expose the filament to fresh poisoning.

The author has found that an oxide cathode may suffer
partial poisoning during activation by its own gas (oxygen)
which is given off in this operation. This effect may be ob-
served by mounting several similar independent coated fila-
ments side by side within the same anode. If each in turn is
given a short forming treatment, a definite cycle being followed,
it is found that between successive formings of the same
filament it loses an appreciable part of its emission, due, un-
doubtedly, to the poisoning action of the oxygen given off by
the others. With each repetition of the cycle, the poisoning
becomes less and less—a result that is in harmony with
Becker’s observation of the diminution in the rate of oxygen
evolution as activation proceeds. It may also be observed
that if all the filaments are formed together in parallel, the
system then being equivalent to a single large cathode, complete
activation takes longer and the final emission per filament
may be less than in the case of any one of the filaments formed
alone.

Miscellaneous Peculiarities of Oxide Cathodes.—
A peculiarity of oxide cathodes which has already been referred
to in Chapter I is the poorness of saturation of their emigsion.
This seems to be true of all cathodes of this type, irrespective
of the materials of the core and coating.

One cause that sometimes operates to make oxide cathodes
appear to saturate badly is the heating of the coating due to
the passage of the space current radially through it. This
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heating is particularly important when the coating is relatively
thick or has a poor electrical conductivity, and it may then
considerably outweigh the cooling associated with the evapora-
tion of the electrons. Rothe,*® for example, has reported a
case in which the effect was so great that even when the
filament-heating current was switched off the filament did not
grow cold or cease to emit.

Poorness of the apparent saturation due to this cause is,
however, of no really fundamental interest, since it arises merely
irom iailure to maintain the emitting surface at a constant
temperature. The effect may be avoided, as Espe 17 has pointed
out and confirmed experimentally, by working with sufficiently
thin coatings. It may also be avoided by taking readings only -
at low temperatures. This follows from certain results of
Reimann and Murgoci®® It has been found by these that
the apparent conductivity ¢ * of a formed coating varies with
the temperature T according to the formula

c= ac Pt | . . (D

where « and B are constants. We may also, with negligible
error, express the temperature dependence of thermionic emis-
sion by the similar formula

i =ac ¥, . . . . (2)

in which @ and b are other constants. The energy dissipated
in the coating when saturated { space current passes is there-
fore given by

w=—e T ., ; . . (3)

Now it has been found 4% 4% that for a well-activated cathode
2b — B is a positive quantity of the same order as . Hence
the energy dissipation must fall off very rapidly as the tem-
perature is lowered. In spite of this, the saturation has been
found by Reimann and Treloar ¢ actually to become poorer
with decreasing temperature, and at very low temperatures they

* This, as we shall see later, is probably not the true conductivity. It
is, however, the quantity that determines the energy dissipation in the
coating when a current passes through it.

+ There is generally some approach to saturation, and we are here dealing
morely with ordors of magnitude.
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. ound no sign of saturation at all. Obviously, then, we must
ook for some other cause of poor saturation than mere energy
lissipation in the coating.

We have already considered two causes of genuine poorness
»f saturation. These are the Schottky effect and the “local-
- ield ” effect, due to patches of unequal work functions in the
urface of the cathode. The emitting surface of an oxide
sathode is rough and probably contains many sharp edges
ind points. At these there may be very intense fields, sufficient
s0 produce a large Schottky effect even with quite moderate
wnode voltages. And since the emission is due to the presence
»f an adsorbed film of barium, any sufficiently large-scale
lack of uniformity of the film would manifest itself as patches
. of different work functions. Thus it seems possible that either
 or both of these two causes of poor saturation may operate
in the case of oxide cathodes.

Another peculiarity of oxide cathodes is a certain instability
of the emission that is sometimes observed. The activity may
apparently be changed by the current taken from a cathode
aven after careful forming and ageing. Espe !? has observed
that the taking of a large current enhances the activity, but
that when subsequently a smaller current is taken at the
same temperature the activity falls off again. Becker,® and
Kniepkamp and Nebel,3 on the other hand, have reported
" the opposite effect, large space currents causing the emission
to fall. An oxide cathode is so complex a system that such
contradictions can hardly cause surprise. The fact that the
taking of a space current may change the emission is, of course,
due to the fact that the current electrolyses the coating. In
the electrolysis, oxygen is liberated on the emitting side of
the coating, and the barium already there must move into the
i ‘coating. We should therefore naturally expect the emission
to be decreased. But at certain temperatures these electrolytic
effects may conceivably be completely nullified by diffusion,
and since the passage of a large space current causes a cathode
to lose oxygen it is also quite understandable that the emission
' should be increased.

A few observers have reported the emission of ions from
oxide cathodes. By a magnetic dispersion method, Barton 3
found the emission of electrons from a well-formed and aged
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cathode to be accompanied by that of singly negatively charge:
oxygen molecules. He was able to observe these at even lowe
temperatures than he could the electron emission. The tem
perature variation of the ion current was found to conform t
a law of the Richardson type. From certain other considera
tions, however, it must be concluded that the ion curren
cannot in general be more than a quite insignificant fraction
of the total negative emission. During a normal life of a
oxide cathode the number of electrons collected may be of the
order of 10% or even more times the number of oxygen atoms
originally present (combined with barium) in the oxide coating
And in general only a small fraction of the oxide is lost during
life. On the supposition that this evaporates as oxygen anc
barium separately and not as oxide, the number of electron:
evaporating per oxygen molecule would be at least of the
order of 107°. But Becker has found that no appreciabl
fraction of the oxygen given off from his cathodes at higt
anode potentials could have been electrically charged. We -
may therefore set the upper limit of oxygen-ion current ad
something like 10~? of the electron emission. It would seem .
that Barton’s cathodes must have been in some rather unusua;
condition.

Glass,? on the other hand, has reported an emission of
positive ions from a platinum-iridium wire coated with barium
and strontium oxides at temperatures exceeding about 1400°K.
Whether these were charged alkaline earth metal atoms or.
those of some impurity, such as sodium or potassium, was
not determined. Kozanowski and Williams 37 have also
presented evidence of positive ion emission from an oxide
cathode in the form of certain abnormalities in the shot effect. -
For reasons similar to those just discussed in connexion with
negative ions, however, the positive-ion emission from the
cathode cannot be more than an insignificant fraction of the
electron emission. Of course, under ordinary operating con-
ditions in a valve, positive ions, even if emitted, could not
escape from the region of the cathode as such. They would
swing about the surface of minimum potential due to the space:
charge until either re-absorbed by the cathode or until they
captured an electron. It does not seem unlikely that a large
proportion would do the latter and so be able finally to escape.



MATERIALS OF CORE AND COATING 209

Dependence of Thermionic Properties on Materials
[ Core and Coating.—Qualitatively the behaviour of cathodes
vated with all three alkaline earth oxides is similar. Those
»ated with barium oxide, however, give a much higher emission
wan similarly treated cathodes with strontium oxide at the
ime temperature, and strontium oxide cathodes, in turn,
ive a higher emission than those coated with calcium oxide.
his is reflected in the order of the work functions of the
1ree oxides, as measured, for example, by Espe.1®
{ From this it might be expected that a mixture of barium
ad strontium oxides would give a lower emission than
arium oxide alone. We have seen, however (p. 201), that
1is is not found to be the case. A coating consisting of a
)lid solution of about 40 per cent. BaO and 60 per cent. SrO
n nickel is capable of giving about eight times as much
mission at 1020°K. as is obtainable from BaO alone, also
n nickel.

Although we have no definite knowledge of what this is
ue to, it is not, when we consider it, after all very surprising.
rom the fact, already noted,* 2 that barium with only a
ery slight admixture of strontium evaporates at high tem-
eratures from a well-activated 509%,Ba0-509%,SrO-coated
athode, we may, perhaps, infer that until the proportion of
a0 in a BaO-SrO mixed coating becomes very small, the
dsorbed alkaline earth metal is almost entirely barium.
'his we may attribute to the fact that the heat of formation
f SrO is greater than that of BaO and that therefore the
saction

BaO 4 Sr = 8rO + Ba

oes more readily in the direction from left to right than from
ight to left. And we have seen that the thermionic properties
f a composite emitter are determined not only by the outer-
108t layer of atoms but to some extent also by those under-
eath. There is no apparent reason why the emission from
arium on a solid solution of barium and strontium oxides
hould not be greater than that from barium on barium oxide.

According to Spanner,?® compounds of the alkaline earth
aetals other than the oxides give a high electron emission.
rom measurements with the sulphides, arsenides, carbides,

14
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fluorides and hydrides, he came to the rather surprising co:
clusion that the emission from all except the hydrides is abo
the same as that from the oxides, the thermionic properti
being a function merely of the electropositive (melalli
constituent of the coating. The emission from the hydrid
was found to be greater than that from the other compound
a result which was attributed by Spanner to the relatiy
electropositiveness of hydrogen.

Spanner has also measured the electron emissions fro
cathodes coated with the oxides of the related metals, may
nesium and beryllium, finding that magnesium oxide (pr.

sumablv activated) has a hicher worlz function than calein

MALGAy AlRIVALCL, LiGs & Lligil Lin 2RIV VAl CRiCill

oxide, and beryllium oxide the highest of all in this grou
In addition, he has studied the thermionic properties of ti
oxides of the elements of the third and fourth columns of tt
periodic table. A systematic study of the properties of
very large number of oxides was made much earlier (190:
by Jentzsch.?? Owing to the relative poorness of the vacv
obtainable in those days, however, but little reliance can ¥
placed in the results. Thus the values found by him for t}
work functions of the alkaline earth oxides were of quite
different order (> 3 e.v.) from those obtained more recent!
under really good vacuum conditions.

Until comparatively recently, very little consideration we
given to the possible effect of the core metal on the behaviot
of oxide cathodes. One reason for this is that Deininger,
as early as 1908, presented what seemed like convincing ev
dence that the role of the core metal is nil. The emissior
obtained from platinum, carbon, tantalum and nickel, coate
with lime, were found to be representable as a function ¢
temperature by points, all of which lay on a single Richardso
line. Recently, however, the results of similar experimenf
performed by Lowry 3° under far superior vacuum conditior
have pointed just as convincingly to the opposite conclusior
Lowry found that an alloy of Pt-109,Ir, coated with th
usual BaO-SrO mixture, has to be raised to a temperatu
150°-200° higher than that of an alloy of nickel, cobalt, iro
and titanium similarly coated in order to give the sam
emission. Experience accumulated at Wembley also show
definitely that the nature of the core has an important effec
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1 the emission, and also on the time changes of the activity
hich accompany the taking of emission.

" The Seat of the Emission.—It is natural to assume in
e absence of evidence to the contrary that the thermionic
stivity of an oxide cathode is determined solely by the con-
ition of the outer surface of the coating. Recently, however,
eimann and Murgoci 4® and also Lowry 3 have suggested
yat the seat of the observed emission might well be the
arium-contaminated surface of the core metal rather than
rat of the coating.

. The evidence advanced by Lowry in favour of this view
as the observed dependence of the emission on the material
- [ the core. He supposed the electrons, emitted at the surface
t the core, to simply diffuse through the gaps between the
xide particles and so to find their way into the vacuum.
eimann and Murgoci, on the other hand, observed a remark-
ble parallelism between the current-voltage characteristics
[ a system in which current passes between two metal
ectrodes separated by a formed alkaline earth oxide and
108e of an ordinary oxide-coated-filament diode valve. From
1is they inferred that there is really no difference between
16 two systems save one of relative geometrical dimensions,
e. that there is a finite gap between each metal electrode and
1e oxide in both cases. They pictured the current as passing
aermionically across the gap between the core and coating
nd again thermionically from the external surface of the
sating to the anode. Now in such a case, as many electrons
lust condense on the inside of the coating as evaporate
‘om the outside. Therefore the work function as measured
alorimetrically must be that of the barium-contaminated
ore. Hence, from the known agreement of this with the
alue of the work function calculated from the slope of the
lichardson line it was argued that the observed emission is
robably that of the core. In the system imagined this could
e so only if of the two surfaces in series that of the core had
ae lesser emission and so limited the space current.

' The view that the observed emission is that of the core
{ now no longer tenable, however. It has been shown by
lecker and Sears ¢ that bringing barium to the outer surface
f the coating of a cold, relatively inactive cathode either by
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electrolysis or by depositing it there from an outside sour
changes the emission in the same kind of way as we has
already noted on pages 197 and 198. The emission w:
lested ab inbervals ab 500"°K., a temperature at which no tin
changes in activity could be observed, and at which, therefor
presumably no appreciable diffusion of barium toward tl
core occurred.

Becker and Sears also succeeded in removing, by mea
of a mechanical shock, the whole of the coating of one of the
cathodes. After this the emission at the testing temperatw
was found to have decreased by a factor of 6000.

Tn nvlnfhnv- exynariment Rnn](or and SQaears fauund that £1
Al anoyaer exXperimens, Decxer an G oears Iouna Tnat

emission was not affected by a change in the effective area ¢
the core, that of the coating remaining constant. After

first coating had been applied to a metal cylinder, a ribbc
of the same metal was wound helically about it and tt
whole then covered over with a second coat of oxide. It we
found that at a given temperature the emission was the san
whether the cylinder alone, the ribbon alone, or both togethe
were connected in circuit and made the negative metal electrod: -
Had the currents been limited at the core surface they woul
of course, have been proportional to the area of metal electr
cally connected and thus have been very different in the thre
cases.

Thus we may definitely conclude that the emission is nc
limited at the core. The réle of the core metal in determinin.
thermionic behaviour must, then, be an indirect one. Tk
material of the core probably affects the equilibrium quantit
of free barium present in the coating. '

Conduction in the Coating.—There is considerab’ °
evidence for the occurrence of electrolysis when a currer
passes through an oxide coating. Thus we have seen the
an oxide cathode may in general be activated much moi
easily by drawing a strong electron current from it simu
taneously with heating it than by thermal treatment alon:
and that during activation with space current oxygen is evolve«
We have also seen that oxygen may be obtained from a wel
aged cathode provided a sufficiently strong thermionic currer
is drawn from it. And finally, polarization effects in forme
cathodes have been observed both by Becker 3 and by Meyz
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nd Schmidt.#t There can be no doubt, therefore, that both
1 formed and in unformed cathodes at least a part of the current
wrough the coating is carried by ions.

An apparent objection to the picture of an appreciable
ynic conduction is that during the life of an oxide cathode
»mething like 107 times as many electrons may be drawn
:om the coating as there are oxygen atoms lost from it. There
re, however, strong reasons for believing that the products
f electrolysis may continually recombine without evaporating,
nd in view of this the long life ceases to be a difficulty. We
mow that in an activated cathode there must be a film of
arium covering the whole of the emitting surface. We should
herefore naturally expect oxygen appearing there electro-
ytically to recombine with this barium instead of simply
vaporating. Of course this can go on only if the barium so
sed up is continually replaced by fresh barium diffusing from
he inner surface of the oxide where it is electrolytically
iberated. Such diffusion is, however, already required by
ur theory of forming.

The diffusion of material in an outward direction must
)e compensated for by an equal transfer of material inwards
f the coating is to remain on the core. What more natural
han to suppose that the latter is of barium ions ¢ We have
hus the picture of “ barium circulation *’ proposed by Reimann
ind Murgoci.®* We do not need to postulate any movement
f oxygen ions, for in view of the unipolarity of most solid
Jlectrolytes it appears not improbable that the oxygen ions
iake no active part in the electrolysis.

Incidentally, it should be noted that the theory of barium
sirculation appears to provide a natural explanation of the
svolution of oxygen from a well-aged cathode which occurs
when a strong electron current is drawn. For a strong current
means vigorous circulation, the diffusion part of which requires
2, correspondingly strong barium concentration gradient across
the coating. It is only what we should expect, therefore,
that the drawing of a sufficiently strong current might cause
the film of adsorbed barium at the emitting surface to become
so depleted that some of the oxygen appearing there electro-
Iytically would evaporate before having had a chance to
recombine with barium.
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Employing the picture of barium circulation, it is possib.
to compute the average life of a particle of barium at tk .
emitting surface in terms of the electrolytic current. Tht
Reimann and Murgoci have shown that in the case of a
electrolytic current of } amp./cm.? the mean ‘‘adsorptio
life ”* of a barium particle would be about 10~3 second. No
} amp./cm.? is a fairly good representative figure for the orde
of thermionic emission generally obtained from oxide cathode
at normal operating temperatures. And 10~3 second happen
to be just the order of adsorption life of a barium particle cal
culated by Schottky 47 from the magnitude of the flicke
effect in an oxide cathode as observed by Johnson.®* On
is thus tempted to infer that an important part, if not th
whole of the thermionic current is carried through the coatin,
by ions. Perhaps in view of the uncertainty of the theor:
of the flicker effect, however, this should not be taken as :
logically necessary conclusion from the evidence.

Evidence of a different kind bearing on the question o.
the nature of the conduction has been advanced by William
and Huxford.®® They have reported that the conductivity o
an oxide coating falls with increasing frequency of alternatin;
potential applied across it in such a way as to “ indicate :
transfer of electrical charges through the coating by ionii
conduction, the process being inhibited at the higher fre
quencies.” Meyer and Schmidt 4 have been unable to confirn
this result, however, finding no dependence of the conduc
tivity on the frequency either with formed or with unformec
oxides.

Becker * has reported that in order to form a monatomic
film of strontium on the emitting surface of an initially inactive
strontium-oxide cathode by electrolysis he was obliged to senc
into the coating about 200 times as many electrons as woulc
bave been necessary, had the conduction been purely ionic’
This figure was based on the assumption that the emitting
area was equal to the macroscopic surface area of the cathode.
Although part of the factor of 200 was probably due to a dis-
crepancy between the real and assumed emitting areas, it might
not be possible to account for the whole of it in this way,
Becker inferred that by far the greater part of the current
must have been carried through the coating by electrons,
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\actors of the order of 200 were also obtained with barium
xide and mixzed barium and strontium oxide cathodes.

Tt may be questioned what role parium circulation could
ave played in Becker’s experiments ; for it must be re-
1embered that barium and /or oxygen circulation is a necessary
art of any picture of conduction in which more than about
0-7 of the current is carried by ions, and according to Becker’s
esults at least something like 1/200 must actually have been
o carried. Obviously, if the barium circulated freely it might
)e possible to account for the whole factor of 200 without
iaving to suppose that any of the current was carried by
lectrons. It is probable, however, that at the low temperature
4 which Becker carried out his electrolysis diffusion was in-
;ppreciable. The part AB of the curve of Fig. 39 was obtained
luring electrolysis. The part of the curve beyond B was
/btained by subsequently glowing the filament at 800°K.
[he changes in activity brought about by the glowing can
mly be attributed to diffusion. If, however, there was already
sarium circulation at the (lower) temperature of the electro-
ysis, how could the activity subsequently change at 800°K.
»n account of diffusion 2 There would appear to be only one
way in which this might occur, viz. if there were at 800°K.
v volume diffusion (from the crystal surfaces into the oxide
attice) which was inappreciable at the temperature of the
slectrolysis, the only important diffusion at the lower tempera-
sure being that along crystal faces. In the absence of positive
,vidence for these two kinds of diffusion at the two tem-
peratures, however, the more natural inference to draw from
Becker’s observations is that, unless the real surface of his
specimen was about 200 times the apparent surface, the
sonduction in it at the temperature of the electrolysis was
mainly electronie.

There remains to be accounted for Horton’s result, referred
to on page 193, viz. that the rate of evolution of oxygen from
o coated cathode at the beginning of forming is within 8 per
cent. of that required by Faraday’s law. If we may take this
result at its face value we must conclude than an unformed
coating conducts entirely, or at least mainly, ionically. Yet
Becker’s result also applies to a coating which was, at least
initially, *inactive.” However, Becker’s vacuum conditions
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were so much superior to Horton’s that his cathode, eves
initially, was perhaps only relatively inactive. The mere heat
ing in contact with the core metal to which the oxide wa,
subjected before the experiment was carried out might haw
produced an appreciable amount of free barium which wa
not subsequently oxidized.

Can it be, then, that the conductivity of a formed coating
is different from that of an unformed coating 2 From certair
experiments of Reimann and Murgoei it appears that it i
at least quantitatively different. Tn these experiments, twc
coated wires were twisted together and a fresh coating ther
applied over the whole. Observations were made both o
the currents that passed through the oxide when various
potential differences were maintained between the wires anc
of the thermionic currents obtained from the system wher
the two wires were connected together and potential differ-
ences applied between them and a neighbouring anode. The
observations were carried out both at different temperatures -
and for different states of activation of the oxide. A remark-
able parallelism was found to exist between the slope, ¢, of
the conduction current-yoltage curve at the origin at any given
temperature and the thermionic emission, also at a given
temperature. Both quantities wore observed to grow by orders
of magnitude during the forming process, and it was also found
that anything that subsequently reduced the emission (e.g.
gas poisoning) also reduced ¢. Later investigations of Krokzek
and Liibke,* Albricht,! and Meyer and Schmidt * confirm
these results. If, as scems likely, ¢ is related to the con- -
ductivity of the oxide, we must conclude that the conductivity
depends on the same thing as the thermionic emission, viz.
the presence of free barinm in the coating. This could hardly
be the case unless there were barium metal dissolved in the
oxide crystals, for, as we have already seen, X-ray analysis
fails to reveal any bulk material in formed coatings that is
not present in unformed coatings. Thus the combined
evidence (including that of Horton and Becker) suggests that
the presence of dissolved barium in the oxide lattice causes a
strong electronic conductivity to be superimposed on an already
existent weak electrolytic conductivity.

This suggestion is strongly supported by some recent-
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theoretical investigations of Wilson,®® and of Fowler and
Wilson.1* Wilson has shown how the conductivity of elec-
tronic semi-conductors might be accounted for by the presence
in the lattice of foreign atoms of an impurity of the right kind.
Fowler and Wilson have further shown that the general
features of observed current-voltage curves for formed alkaline-
earth-oxide coatings at not too low temperatures are capable
of explanation on the assumption that the formed oxides
are ‘‘ impurity conductors > of this type. There can be little
doubt that the impurity is free barium.

' We saw in Chapter I that in an insulator in which there
is no thermal excitation all the allowed energy bands up to
a certain one are completely ‘ filled ’ with electrons, and the
next higher allowed band, which is empty, is separated from
the last filled band by a considerable interval. Wilson has
discussed the combined effects of thermal excitation and
applied field in such a case, and has shown that if the energy
interval between the highest filled band and the lowest
unoccupied band is AW, the electronic conductivity ¢ must
vary with the temperature according to the law,

o = o, e AW/ERT, i ) . (4)

where o, is a constant.

This result is remarkable for the occurrence of 1AW in the
exponential factor, instead of simply AW, as might, at first
sight, have been expected. The reason for the occurrence
of a quantity less than AW is that before an electron that
has been excited into the higher band can return to the lower
one, it has, so to speak, first to find a “ hole ”’ in the latter.
The difficulty of return gives rise to a heaping up of electrons
in the upper band so that the equilibrium number present in
{it is much greater than it would be if return were easy.

A very simple derivation of eqn. (4) is the following : *
On any theory of conduction the conductivity ¢ must obey
the relationship

o oc nl, . . . . (5

'where # is the number of conducting electrons per unit
volume and ! is the mean free path. There is no important

* For this the author is indebted to Prof. R. H. Fowler,
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variation in [ at ordinary temperatures, and so we have, very
nearly,
o o n. . . . . (6)

Now = is the (small) number of electrons in the upper band,
maintained there by thermal excitation, and is also the number
of holes in the lower (nearly full) band. The situation is one
of dissociative equilibrium, the dissociated elements being a
free electron and a hole and the combined substance a bound
electron. The ordinary laws of dissociative equilibrium will
apply, and these always yield an expression of the form

N4y
— =K(T), . . . . (7
e — K(T) Q)
dlogK AW
where T = . . . (8)

Here n, = n, = n, and n,,, the number of bound electrons, is
practically a constant, so that

n? oc AW, . . . (9)

and hence, substituting for » in (6),

0 = 0y HAVIT, i i . (4)

Now according to Wilson, AW is probably always of the
order of a few electron-volts, except, of course, in the case of
metals, for which it is zero, and he points out that * if this is
true, then no pure non-metallic solid can ever have a signi-
ficant natural electronic conductivity at ordinary temperatures,
and the observed conductivity of semi-conductors must be due
to the presence of impurities.”

He then discusses the case of a lattice containing atoms of
an impurity, each of which possesses a single electron in a
discrete state of energy W,, where W, lies between the lower
limit W, of the lowest unoccupied allowed band and the upper
limit of the next lower, full band. The impurity electrons
cannot fall into this lower band, since it contains no un-
occupied energy levels. They may, however, be thermally
excited into the upper band and thus become conducting
electrons. They will make this transition more easily than
the electrons occupying the highest filled band, since W, — W,
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. is less than AW, and, as Wilson has shown, the conductivity
due to the impurity is given by

Wa—W
o= o, T "l T l, . . . (10)

where o, is a constant which is proportional to the square
root of the concentration of the impurity. The temperature
variation of ¢ in (10) is dominated by the exponential factor
and could not be distinguished experimentally from one of
the type

o = o,'¢ ", . . . (1)

where o,’ and w are new constants. The constant w is not
very different from (W, — W,).

Wilson’s theory of impurity semi-conductors has recently
been experimentally verified in a most striking manner by
Jusé and Kurtschatow 3 in observations of the temperature
dependence of conductivity of a number of specimens of cuprous
oxide containing various amounts of oxygen as an impurity.
The quantities of oxygen were found by chemical analysis.
The (log,,0)-1/T curves representing their results are plotted
in Fig. 41, each curve being marked with the atomic percentage
of oxygen impurity in the corresponding specimen.

It will be observed that at low temperatures the curves
are linear, and all have practically the same (negative) slope,
‘but that—except for the case of the specimen containing
0-47 per cent. of oxygen—the conductivity at a given tem-
perature increases with the amount of impurity. This is as
it should be according to the theory. As the temperature is
increased, however, each curve presently bends sharply up-
wards and again becomes linear with a much steeper slope
than for low temperatures. Also the conductivity at high
‘temperatures no longer depends upon the amount of impurity,
the upper parts of the curves coinciding, within the limits of
experimental uncertainty, with the line for pure Cu,O. This
again is what the theory would lead us to expect, for although
AW is greater than W, — W, there are far more electrons
‘available for excitation in the highest full band than there
‘are at the impurity level, and so as the temperature is in-
‘creased the conductivity due to the impurity must eventually
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be swamped by the intrinsic conductivity of the material.
From the slopes at high and low temperatures the values
0-73 e.v. and 0-14 e.v. are obtained for AW and w respectively.
The corresponding value of 3(W, — W,) is 0:17 e.v.

The apparent anomaly in the case of the specimen contain-
ing 0-47 per cent. of oxygen impurity is due, as Jusé and
Kurtschatow have explained, to the fact that the impurity

3
Yy xi0®

F1@. 41.—Relationship between log o and 1/T for specimens of Cu,0
containing various proportions of oxygen impurity.

was not uniformly distributed in this specimen as it was in
the others, so that the effective concentration of the impurity
was less than that given by chemical analysis. That the dis-
tribution was not uniform was shown by the presence of little -
crystals of CuO. These were visible under a microscope.

Now Reimann and Murgoci have found that for a formed
alkaline-earth-oxide coating the quantity ¢, defined on page
216, varies with the temperature according to a law

c=ac T, | . ; . (1)
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where « and B are constants. This is of the same form as
(11). Thus if ¢ represents the conductivity of the coating,
the observed nature of its temperature dependence is not in
conflict with the supposition that the conductivity is elec-
tronic. We cannot go further than this, for a temperature
{dependence of conductivity of the type represented by (11) is
known to be characteristic of solid electrolytes as well as of
electronic semi-conductors. The observed dependence of ¢
‘on the state of activation of the coating is also in qualitative
agreement with Wilson’s theory, on the assumption that ¢
represents the conductivity and that dissolved barium is the
relevant impurity, for, as we have seen, ¢, in (10) becomes
greater with increasing concentration of impurity.

Becker,5 working at rather lower temperatures than Reimann
and Murgoci, found that in order to represent his results
on the temperature variation of ¢ he required two terms on
the right-hand side instead of one, thus :

¢ = oy Pt ane T . . (12)

This he supposed to be due to the existence of a mixed con-
duction, the electronic current being represented by one term,

-and the ionic by the other. If we assume this interpretation
“to be correct we must conclude that the conduction is mainly

electronic at high temperatures (where ¢ varies with the barium
content of the coating) and mainly ionic at low.

It is natural to assume that the potential difference between
two metal electrodes separated by a mass of alkaline earth
oxide is the same as the potential drop across the oxide. This
assumption leads to a difficulty, however. According to all
that is known the conductivity of solid electrolytes is ohmic,
and the same should, according to Wilson’s theory, be true of

- electronic semi-conductors. Yet current-voltage relationships

have been observed by Reimann and Murgoci,*® and by

' Reimann ‘and Treloar,** which are certainly not ohmie.

According to Reimann and Treloar the non-linear relationships
are characteristic of the higher temperatures. A typical
curve obtained by them at a relatively high temperature
(922°K.) is reproduced in Fig. 42. It will be observed that

! the curve is linear for low voltages, but that as the voltage

is increased it presently bends toward the voltage axis and

- then, finally, bends away from it again.
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Now Fowler and Wilson!® have recently shown that a
current-voltage relationship of just this nature is to be -
expected on the basis of Wilson’s theory of electronic semi-
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conductors when account is taken of the rectifying properties ,

of semi-conductor/metal contacts and of the consequent

potential falls across these. A
The theory of semi-conductor/metal rectifiers has been :

worked out by Wilson,¢ Frenkel
r ‘ and Joffé, and Nordheim.*2 The
W, region of the boundary between :
Ee—| ______. w, the metaland the semi-conductor :
is pictured as in Fig. 43. The"
continuous curve represents the
potential energy of conduction '
electrons, the left-hand and right-
‘ , hand horizontal portions corre- .
sponding to the potential energies
iy in the metal and semi-conductor
respectively. At the boundary between the two, a hump
occurs. The level E, in the metal corresponds to the critical
energy of the Fermi distribution and the level W, in the semi-
conductor is that of the lower limit of the first unoccupied
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allowed band. W, is the energy level of the unexcited impurity
electrons. For electrons to pass from the metal to the semi-
conductor, they must acquire kinetic energies corresponding
to the normal velocity component not less than W, And
for electrons to pass from the semi-conductor to the metal
they must also be raised by thermal excitation to the level
W,, for otherwise they cannot become conduction electrons
in the semi-conductor. In the semi-conductor, electrons are
raised twice as high at any given temperature as they are in
the metal, and it may be shown that when an equal number
of electrons flows in either direction (the equilibrium * no-
field ” condition), the potential of the metal has adjusted
itself relative to that of the semi-conductor so that E, is just
about half-way between W, and W,. The hump has the same
transmission coefficient for either direction of travel and may
be ignored in a rough qualitative discussion.

Let us denote the equilibrium current in either direction
when there is no applied field by I,. Now suppose the
potential of the metal to be raised by the small quantity
V(< W, —E,). The current from right to left will still be
I,, but that from left to right will now be I,’V#T, and so the
net current from left to right must be I (¢V** —1). If, on
the other hand, the potential of the metal is lowered by the
small quantity V, it is easily seen that the resultant net current
from right to left must be To(1 — e *V/T),

We have so far neglected the effect of the applied voltage
on the hump and so on the transmission coefficient. We have
also not considered the effect of the temperature on I, It
may be shown that on account of the former effect the current
from left to right must be multiplied by ¢ *V/¥ and that from
right to left by ¢V, The quantity T, is a constant and is
in general great compared with T. Also it may be shown that
the effect of the temperature is to make I, proportional to
e where w is nearly equal to (W, — W,). More accurate
expressions contain factors of small powers of T, but for the
sake of simplicity these have been neglected here, being of but
.small importance compared with the exponential factors.
~ Now let us consider the application of all this to the case
rof a current flowing from one metal electrode, through a semi-
conducting oxide, to another metal electrode. There are, as
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Fowler and Wilson have pointed out, three separate voltage
drops to be taken account of, the sum of which makes up
the potential difference between the metal electrodes. These
aro (1) that across the metal/oxide contact, V,, (2) that across
the oxide, V,, and (3) that across the oxide/metal contact,
V;.  The total voltage drop is

Vo=V, +V,+V,, . . . (13)

and if there is a current I flowing, we have

I = Ge (VAT 1)e=V1*Te (metal joxide), (14)
I = He“*V, (Ohm’s law in oxide), . . (18)
and I = Ge*(1 — *VollT)e®VoltTo (oxide/metal), . (16)

where G and H are constants.

It is easily seen that for sufficiently small currents (and
therefore voltages), eqns. (14) and (16) both approximate
to the form )

I = Ge VT VIkTo, . . .17

and for eV < kT, such a relationship between I and V must
be linear. And since in (15) I also varies linearly with V,
it follows that the slope of this curve in its linear part, which
we have denoted by ¢, must vary with the temperature like
e™¥ Thus if the theory applies to the case of a formed
alkaline-earth oxide between two metal electrodes, we may
identify w/k with B8 in (1), so that the temperature dependence
of ¢ is the same as that of the conductivity o of the oxide.

Let us now consider the case where I is so large that *Vv/*T
is great compared with 1. For this case, comparing (14) with
(16), we easily see that the voltage V, dropped across the
metal /oxide contact becomes relatively unimportant and may
be left out of consideration. The shape of the current-voltage
curve for the whole system is then essentially that represented
by (16) with all the voltages increased by an amount propor-
tional to the current on account of the ohmic resistance of the
oxide expressed by (15).

It is obvious by inspection of (16) that the current at first
tends to saturate at Ge ™*T and later increases again owing
to the increased transmissibility represented by the last factor.
The shape of the high-temperature current voltage curves
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+ found by Reimann and Treloar is thus qualitatively accounted
for. For a quantitative comparison we should, of course,
need to know the values of the parameters. Of these, w
enters into all three equations (14)—(16) in the same way and
merely gives the common scale factor ¢ *“*T, The actual
““ character ’ of the curves, on the other hand, is determined
by the ratio G/H and by T,. The independent parameters
are Ge~** G/H and T,.

In Fig. 44, currents are plotted to an arbitrary scale against
the corresponding applied voltages V, for various assumed
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values of Ty and G/H, and for a temperature of 922°K. These
. all show the initial linear rise and the tendency to saturate,
!'followed later by a further increase. For comparison, the experi-
mental curve of Fig. 42, which is for 922°K., is also shown.
It is seen that except for a too rapid increase at higher voltages
(~ 5YV.) it is possible to imitate very well the observed curve
by choosing appropriate parameters. We need not be unduly
i disturbed by the want of agreement at the higher voltages,
ifor this, according to Fowler and Wilson, is due merely to the

. 'faulty approximations used in the theory.
It is readily seen that beyond an I corresponding to a V,

15
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that makes ¢ *V/*T < 1, the theoretical curves given by any .
set of parameters must be the same for all temperatures except
for the scale factor ¢ **. Actually, however, there is no
approach to similarity of shape between the experimental
high-temperature and low-temperature curves. As the tem-
perature is lowered, the “‘ character ”” which is such a marked
feature of the high-temperature curves is gradually lost, and
the curves for the lowest temperatures are, when time changes

= D,
9 g0 ’/
Q /
X /
(2]
2 50 r
< 4
= 40 //
Z 7
« /
5 Az
g /’
= 20 ’z_/‘/
17
z /
S0 H
A??‘i A
0 1 2 3 4
APPLIED POTENTIAL DIFFERENCE (Volts)
Fia. 45.

are allowed for, probably linear. From this it must be inferred :
that the nature of the conduction at low temperatures is -
essentially different from that at high temperatures. Since
the conduction appears to be mainly electronic at high tem-
peratures it is probably mainly ionic at low temperatures.’
Indeed, it follows from the time changes observed at low
temperatures, quite apart from the shapes of the curves, that
at least a part of the low-temperature currents must be ionic.
The nature of the time changes observed at low temperatures :
may be seen from Fig. 45. In this the full curve represents -
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he relationship between the final equilibrium current and the
pplied voltage found by Reimann and Treloar for one of
heir specimens held at a temperature of 572°K. If, now,
tarting from the conditions represented by the points B, C
nd D on this equilibrium curve, the voltage was suddenly
educed to 0-5, the points A,, A, and A,, respectively, were
ybtained immediately after the change, and then the current
ell gradually to the value represented by A. The points
A, A, and A, lie nearly on the straight lines joining the origin
o the points B, C and D respectively. Thus the * instantan-
sous 7’ I-V relationships corresponding to equilibrium con-
litions at these points are probably linear, or very nearly so.

Fowler and Wilson have, with some reserve, proposed the
‘ollowing possible explanation of these time changes: When
» current passes, Ba*t ions travel to the cathode surface and
)~ to the anode. If the ions form layers of dipoles at these
surfaces they must modify the potentials in such a way as to
sncourage the passage of electrons both from metal to oxide
at the cathode interface and from oxide to metal at the anode
interface. Thus the electronic part of the current, originally
perhaps a small or even an insignificant part of the whole,
is greatly increased and eventually it may actually outweigh
the ion current. If this is the true explanation of the time
changes, the linearity of the instantaneous I-V curves must
be due to V, and V; both being small compared with £T/e
within the range covered by the observations.

The Mechanism of the Emission.—Let us now consider
the energy changes suffered by the emitted electrons in their
passage from the core metal, through the oxide, into the
vacuum. Suppose the continuous line in Fig. 46 to represent
the potential energy of the electrons carrying the current in
the core metal, oxide, and free space. There will be a potential
hump at the boundary between the metal and the oxide (cf.
p. 222) and probably another at the outer surface of the oxide,
associated with the surface polarization due to the adsorbed
barium. In free space the potential energy is asymptotic
to We.  Let its value in the oxide be W, and let W, and E,
'be the energy level of the impurity electrons in the oxide and
the critical energy of the Fermi distribution respectively.
At absolute zero E, would be exactly midway between W,
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and W,, and at higher temperatures it is still very nearly
midway between these values :

E, = HW;: + Wy). . : . (18

Neglecting small powers of T, we have for the number =,
per unit volume of electrons thermally excited from the im-
purity level W, to the conduction level W, :

Wi W,
g Ce 2T | | . . . (19

The concentration of electrons at the conduction level is slight

VACUUM

—w,— | === Yoo

Fig, 46.

and their distribution is therefore Maxwellian. Hence for
the thermionic emisgion we have
Weo — W
$ OCMge BT . . . {20)

which, on account of (18) and (19), reduces to

_WOO—Eu
foce BT .. L@y

This is the emission formula without the power-of-T factor.

It is interesting to note that the expression Wo — E, for.
the work function does not directly involve energy levels in
the oxide, although, of course, it does so indirectly, since the
potential of the metal must adjust itself so that E, is nearly:
midway between W, and W,. This is as it should be, for
otherwise the metal and the oxide could not be in equilibrium:
both with one another and with an external electron gas. '
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According to our picture the work function Wo — E,
nust be greater than 3(W, — W,) and therefore log ¢ should
rary more rapidly with 1/T than does log o or (cf. p. 224) log c.
Actually it has been found by Reimann and Treloar that the
lopes of experimental (logi)-1/T plots always are steeper
han those of the corresponding (log ¢)-1/T plots, but not
rery much steeper—the slope ratios found by them varied
etween 1-12 and 1-28. Hence it must be concluded that,
or their specimens at least, W — W, was never a very
mportant part of the total work function.

Since the emission is the result of a two-stage excitation,
he heat effect associated with it must also be made up of two
sarts.  There is a direct cooling due to the emission of electrons
rom the conduction level at the outer surface of the oxide,
»ut this only represents a part—and not necessarily an im-
sortant part—of the work function. The drawing-off of
lectrons from the conduction level at the emitting surface
nust be balanced by a supply of electrons to this level at the
urface of the metal. Thus a part of the cooling which accom-
»anies the drawing of electrons takes place at the metal/oxide
hterface. Of course there will be a continual flow of electrons
rom the impurity level to the conduction level also, but in
my particular part of the oxide this will be balanced by an
iqual flow in the opposite direction, and so there will be no
1et current between the two levels.

It might be thought that the emission constant A of an
ixide cathode, in addition to being affected by the shape of
he potential hill at the surface of the oxide, should be pro-
jortional to the concentration 7z, of conducting electrons,
vhich in turn increases,the concentration of dissolved barium.
[his is not the case, however, and is only suggested by
he approximations we have made. When no emission
urrent is taken, the metal and the vacuum, both being in
iquilibrium with the oxide, must also be in equilibrium with
me another, and so the ordinary thermodynamical theory of
be emission applies just as in the case where there is no oxide.
the A, for the oxide cathode must therefore be the same as
or the uncoated core metal, and A must be equal to the
roduct of A, and 1 — 7, where 7 is the mean reflexion co-
fficient for the surface of the oxide.
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The emission from an oxide cathode at a given temperatur
does nevertheless depend on the concentration of dissolvec
barium as well as on the state of affairs at the oxide surface
'I’his has been observed experimentally by Becker and Sears,
and is accounted for very simply by our theory. Let u
suppose for simplicity that the potential step and the shap
of the potential hill at the surface of the oxide both remai
constant while the concentration of dissolved barium increase
from zero. When there is no dissolved barium, E, will be abou-
half-way between W, and the upper limit of the highest fillec
band in the oxide. On the other hand, when the concentratior
of dissolved barium is high, B, is about half-way betwees
W, and W,. Thus, as the amount of dissolved barium i
increased from zero, E, rises, the work function We — E
becomes less, and the emission increases.
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CHAPTER V.

MODERN GENERAL THEORY OF ELECTRON
EMISSION.

THE older theory of thermal electron emission, whilst satis-
factory so far as it goes, raises three important questions to
which it provides no answers. These are: (1) What is the
absolute magnitude of the quantity A, which we must expect
to approach to universal constancy ? (2) On what physical
factors does the mean reflexion coefficient # depend ¢ and
(3) What energy distribution of the free internal electrons can
it be that makes the emission obey the T2 formula ? It is
with these questions that the more recent theoretical develop-
ments mainly deal.

The Constant A, —Thermodynamics alone gives ug no
information concerning the absolute magnitude of A, Tor
this it is necessary to appeal to quantum statistical reasoning.
The first to attempt a theoretical evaluation of A, by means
of the quantum theory was 0. W. Richardson # in 1914, and
he succeeded in obtaining a value approaching the right order.
A much closer approach to the correct value was found by
8. Dushman 18 in 1928, although this had also appeared some-
what earlier in a series of papers by M. v. Laue.®® Dushman
based his derivation on the value of the vapour pressure
constant * for monatomic gases as found by Sackur ® and
Tetrode.® As was later pointed out by R. H. Fowler®
however, Dushman’s value was in exvor by a factor of 4 on ac-
count of his not having taken into account the (then nnknown)
electron spin.

The condition of equilibrium at constant temperature and
pressure between an electron-emitting body and an external
electron gas is

=0, . A : . (1)

* This is the new name now coming into use for what was formerly known
ag the * chemical constant,”
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here & is the variation of the characteristic function @
lefined in Chapter I) of the system accompanying a virtual
‘ansference of electrons from the condensed to the gaseous
hase or vice versa. This condition is fulfilled only when the
aaracteristic function per gram-molecule of electrons in the
aseous phase, ¢,* is equal to that in the condensed phase, ¢’ :

b= . . . . @®

Let w, v, ¢y, €, s and w (= w -+ pv) represent the internal
nergy, volume, heat capacity at constant volume, heat
apacity at constant pressure, entropy and heat function at
bnstant pressure respectively per gram-molecule of electrons
1 the gaseous phase, and let the same symbols dashed represent
1e corresponding quantities per gram-molecule of electrons in
10 condensed phase. Then by definition,

w ) v
b=s—m—s— $p. RE
or a gas, u=c,I -+ b, . . . . (4)
‘here b is a constant, and
pv = RT, . . . . (8)
> that (3) becomes
b b
pms—cy—R— =50 . (6)

nd since the entropy of a perfect gas is given by
s=cy,log T —Rlogp+«, . . . (D

here K is a constant, we have, finally,

b

qS:o,,logT——Rlogp—l—K—c,,—T. . (8)
Tor electrons in the condensed phase, we have
¢ =38 — %’ . : : . (9)
E‘or the entropy, §', of the condensed electrons, we may write
1 s =8y + J-: —c—’lldT, . . . (10)

|
[ * This must, of course, not be confused with the constant of the empirical

'+ emission formula for which the same symbol was used in Chepter I.
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where s, is the value we choose to assugn to the entropy
absolute zero. The heat function, w’, is obviously given by

w=w-—1 . . . {1

where [ is the latent heat of vaporization of one gram- molecu
of electrons, and, as in Chapter I,

T 'f
l=1, + I (Cp — ¢, )T = Iy + ¢,T — j ¢, dT, . (1

where [, is the latent heat at absolute zero. Thus, substitul
ing (10), (11) and (12) in (9), and substituting for w its valv
on account of (4) and (5), we obtain

¢ =58y + ch—,i’,:dT — %J.Tc,,’dT —|—l,]—‘;—% - = W@
0 0
Our condition (2) now becomes
c,logT — Rlogp +x —c, =8,
+j % g Tj AT+ R (1

6,, S So'

or logp=%”logT—|—K_—R—

+%(%I:c,'dtr—j Sar) — o @

Neglecting ¢, as in Chapter I, and substituting for c,, its vali
for & monatomic gas, viz. §R, we have

_ b k—8, 5 Iy
logp—§108T+( R _§>_ﬁ’ . (lil
K — Bn Lo 5
and hence p=c¢ 2']_‘ *la” BT, . .o

The emission current, 4, may be expressed in terms of th
pressure, the temperature, the electronic charge and mass, an
the mean reflexion coefficient thus :

i=(1—fe (18

_'p—_ .
v 2nmkT
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Combining (17) and (18), we obtain, therefore, the emission
formula
k—8& b
_ee B T2 lo

= (- Ao T2 ®T, . . (19)

Comparing this with formula (31) of Chapter I, we see that
A, must be given by

A= 2 .. L (@0

The quantity

is the so-called * vapour pressure constant ” of our gas. Its
value in terms of known quantities may be found by comparing
the thermodynamical expression for the entropy of the gas,
viz.,

s=c¢,log T — Rlogp + «, } .7

with the value of s derived statistically from Boltzmann’s
hypothesis, which may be written

s — 8, =klog —‘%V?, . . .21

where W and W,’ are the so-called ‘*thermodynamic prob-
abilities ”” for one gram-molecule of the gas at the temperature
T and at absolute zero respectively.

The thermodynamic probability may be defined as the
number of different complexions of the gas molecules consistent
with their total energy. Perhaps the simplest derivation of
" this quantity for a monatomic gas that has yet been given is
~one due to Brody,® which we shall reproduce below, taking
" account of the fact that the particular molecules with which
we are concerned are electrons having a spin of angular
! momentum h/4m, where % is Planck’s quantum of action.
Let us consider a gram-molecule of gas enclosed within a
. cubical box of side I, whose faces are perfectly smooth and
elastic, so that at every collision of a molecule with a face,
the two velocity components parallel to the face are unaffected,
while that perpendicular to the face is reversed. The motion
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of each molecule is then ‘ conditionally periodic,” and the
quantum conditions applying to the three components of
momentum are

. B
mvdx = n'h

mo,dy = n"'h (s . . (22)

and mod, = n'""h

o ¥y

where the integrals are taken along a side and back again, i.e.
over a complete period. In these equations m represents the
mass of a molecule, v,, v,, and v, the three velocity components,
and »’, '/, and »n'"’ positive whole numbers.
From the equations (22) we have at once
19, | = n'h
sV oml
n''h
=_— . . . (23
1 2ml (23)
n”lh

and lvz|=m

Hence the energy of a molecule is
2
Im (02 + 9,2 + 0,2) = %zz (W' 4 "2 4 w78, | (24)

and the energy of the whole gas is

s N
E= %lzz (n,'2 + m,’"? + n'"%), . . (25)
r=1
where N is Loschmidt’s number, i.e. the number of molecules
in a gram-molecule.

The thermodynamic probability W is related to the number
of different sets of values of the positive whole numbers
', m"y m'", my, o . ., ny"’ which satisfy equation (25), or
rather, since in general no single set of values of the % can be
found to satisfy it, 1/dE of the number of sets of values corre-
sponding to energies between E and E + dE. This latter _
number of sets may be arrived at as follows. Consider n,’,
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y"”, . . ., ny''" as the rectangular co-ordinates of a point in
v 3N-dimensional space. Then the number we seek is the
wmber of points in this space whose co-ordinates are all
sogitive whole numbers and which lie between the surfaces

»f the 3N-dimensional spheres of radii
8mlZE
—

ind \/Smlz(E + dE)

Since the part of the 3N-dimensional space in which all the
so-ordinates are positive is the 27N fraction of the whole,
he number we seek is

1 dVSN dE,

23N

where Vjy is the volume of the 3N-dimensional sphere, and
the probability W is related to the coefficient of dE, viz.,

1 dVay
™ gE

The next question to decide is that of the relationship
between WX and W. One thing that makes these two
quantities differ from one another is the fact, now well estab-
lished, that an electron has a definite spin and may be in either
of two quantum states associated with this spin. In order
not to interrupt unduly our present line of reasoning, let us
now take this statement for granted, postponing its justification
until later. Since there are two possible spin arrangements
of each electron, there must be 2% spin arrangements of the
N electrons. The number of complexions is therefore greater
than W* by this factor on account of the spin, quite apart
from anything else.

If we suppose an individuality to be assignable to the
electrons, this is the only factor that differentiates W from
WX, and we have

W = (26)

W=29Wx . . . . (27

1f, on the other hand, we suppose this to be impossible, the
mere interchange of two identical electrons will not introduce
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a new complexion, and W must be less than the value given
it in (27) by the factor N!, the number of ways of arranging .
N different things. We shall cater for either assumption by
putting N ! in the equation

p

W= (N_!)W ] : . . (28)
in brackets. N! is to be thought of as present or absent in
(28) and in the equations immediately to follow where it is
bracketed, according as individuality is not or is assignable
to the electrons. i
On now eliminating W* between (26) and (28) we have
1 dVgy

W= oo

N(NT) d} ° (29)

It may be shown by the aid of Dirichlet’s multiple-
integration formula that the volume of a sphere of radius
r in 2n-dimensional space is

ﬂfrzn
n!
Hence, if 3N is even,
T /it T
w2 /8m N
V3N - 33" (_?;ru ) 3 (30)
and substituting this in (29) we have
Wi 1 g .
1 72 /8mit_\ 2 3 8ml? |
W=y g,( wE) o - G0

Now let us consider the quantity W', the thermodynamic:_
probability for the condensed electrons at absolute zero. As -
the temperature of any system falls, its W decreases, and at
the absolute zero it has reached the lowest value it ever can.
If we assume that individuality is not assignable to the
molecules, the lowest mathematical limit to W is unity, and .
we should expect this to be attained at absolute zero. On
the other hand, in the supposed alternative case where
individuality is assignable to the molecules we should expect
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o/, the value of W at absolute zero, to be N!. Thus, in either
se, dividing (31) by W, we obtain
3N 3N

W 1 a2 (Smb )7‘1 3N sml -
W, = PN13N, \ 72 R T
N

It might be thought that the condensed electrons at
isolute zero would be capable of as many spin arrangements
those in the gaseous phase. Actually this is not so, how-
er, as we shall see later when dealing with the theory of
etals. The spin arrangements as well as the states of linear
otion of the condensed electrons are “ frozen  into a unique
stem. It will be necessary, for the present, to accept this
atement on trust.

We may now simplify (32) by neglecting small factors
'hich we are entitled to do, since we are not interested in
‘W, directly, but only in its logarithm) and applying
irling’s formula for the factorials of large numbers, viz.,

nl=n"", . . . . (33)

id so obtain the equation  «

3N 5N
W ndmmEN 2 oy e\ ®
wo =2 we) PR - - e
hence, eliminating I, N and E by means of
RT
B==— . . . . (38
P (35)
R
N = 7 (36)
1d E=3RT . . . . (37

sspectively, taking logarithms, and substituting in (21), we
nd for s the expression
(27Tm)a/a]c5/z}

}=so'+gRlogT—Rlogp+Rlog{ i
+ iR 4+ Rlog2. (38)

m comparing this with
s =3RlogT — Rlogp + «, . (7
re see that

2 Ly
025 — Rlog{%} +§R +Rlog2, . (39)
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and so, finally, we find for the vapour pressure constant tl
value

k—8' 5 2(2mm) il
which, substituted in (20), gives us
drmek?
A, = T (4

or, if we substitute for the constants their numerical value
viz. m=8-99x 10728 gm., e=4-77x 1020 ¢ 5.u., k=1-371 x 10"
erg./deg., and b = 6-55 X 10~27 erg, sec,,

A, = 360 X 10" e.s.u./cm.%deg.? = 120 amp/cm.2deg.2. (4

This, then, is the upper theoretical limit for the emission cos
stant A of an emitter whose ¢, is zero.

The Energy Distribution of the Free Intern:
Electrons.—In Chapter I a brief, qualitative sketch we
given of classical and modern statistical theories and of the
application to the electron theory of metals. We shall no -
supplement this by a somewhat more detailed, quantitativ
discussion.

In the statistical treatment of a monatomic gas, phas
space, having six dimensions, three (z, ¥, 2) of position and thre
(¢, m, §) of momentum, is divided into equal phase cells, an
the various different, possible arrangements of the representativ-
points of the molecules among these cells are considerec
Each different arrangement is called a ‘‘ complexion,” an
the normal, or most probable ‘ statistical state ” of the gas i
assumed to be that which embraces the largest number o -
complexions. Characteristic of this statistical state is th
so-called “ distribution function ” f, which gives the mos
probable number dN of representative points in a smal
portion dx dy dz d¢ dn df of phase space about the point (z, ¥, 2
¢, 1, {) by means of the equation

N = f(x, y, 2, &, m, ) du dy dz d€ dy dL. . (43

If the gas is not subjected to any field of force, f will be ¢
function of the momenta £, 7, { only, and in this case it may
cagily be shown by a discussion involving merely three
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imensional “ momentum space ” that the number dN of
10lecules having (kinetic) energies between ¢ and & + de is
iven by the following equation involving the * energy dis-
ribution function > F(e) :

AN = F(e)de, . . . . (44)
there F = 22V (©2m)tdlf, . . . (45)

7 and m representing the volume of the gas and the mass
f a molecule respectively. On the assumptions made as to
vhich complexions are possible and different from one another
he forms of the functions f and F will depend.

~ In the classical statistics, all those complexions are taken
o be possible ones for which the mass, energy and volume of
he system as a whole are conserved, and the molecules are
hought of as having individuality, so that an interchange of
he representative points of two molecules between two phase
ells gives a new complexion. On the basis of these assumptions
he energy distribution function F takes the well-known
Taxwellian form

2 )
F(e) = 7WN,];)3/25 he #T, . . (46)
vhere N is the total number of molecules.

In 1924 Bose ? succeeded in treating statistically the
adiation corpuscles, or photons, contained within a uniform-
emperature enclosure and in deriving by this method Planck’s
vell-known black-radiation formula. It is now well established
hat the energy and momentum of a photon are respectively
w and hv/c, where v is the frequency of the radiation, ¢ is the
relocity of light, and 4 is Planck’s quantum of action. There
s nothing corresponding to a conservation of the identity of
; photon with a change of momentum (or of frequency), so
3ose abandoned all attempt to attribute individuality to photons
n any circumstances. He asserted that no new complexion
vould be introduced by an interchange of photons (supposing
hat such could be imagined) between two cells. This was
me important departure from the classical statistical method.
Another, quite as important, was the assignment of a definite
nagnitude, viz. A% to the phase cells. This was to bring
he new statistics into line with quantum principles.

16
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It then occurred to Kinstein ¢ that if, as indicated by th
success of the new method in deriving Planck’s radiatio
formula, Bose’s assumptions are valid for radiation corpuscle:
they might well be valid for material particles also, for th
parallelism between the properties of radiation and of materie
particles was at this time becoming increasingly evidem
If no individuality is assigned to the molecules of a monatomi
gas in complexion-counting and the cells into which phas
space is divided are each of magnitude A%, the energy dis
tribution function becomes

®lzgta
F(e) = %) N O

where A is a quantity which involves the temperature bu
is independent of ¢. It may be evaluated by equating th
integral of F(s)de from 0 to oo to the total number o
particles N,

Shortly after the development of the statistics of Bose ant
Einstein, Fermi,® and independently, Dirac,° proposed ai
important modification to their assumptions. This consiste:
in the extension to the statistics of material particles of Pauli’
exclusion principle, which had hitherto proved very fruitfu
in the realm of atomic structural physics. According to thi
principle, no two electrons in any given atom may simul
taneously be defined by the same set of four quantun
numbers. As extended to the statistics of a gaseous systen
the principle may be stated thus : No phase cell of magnitud:
h® may contain at any instant more than a single representa
tive point of any one kind of molecule. The incorporation o
this restriction into the Bose-Einstein statistics makes th
distribution function

1
flx, v, 2, & b)) = BS(GA—WF"F—U, . . (48._

and the energy distribution function
20V (2m)’l'te
TR 1)
where A is again independent of . Thus the mathematica
expressions of the Fermi-Dirac differ from those of the Bose
Einstein statistics in the replacement of the — 1 by + 1 ir
the denominators. ‘

Fle) (49
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For material gases at almost all temperatures and con-
sntrations realizable in the laboratory, both the Bose-Einstein
hd Fermi-Dirac distributions are, as we shall now see,
wdistinguishable from the Maxwellian.

It is easily seen that all three distributions must be the
yme when
‘ el > 1, . . . (50)

1

or F(e) is then the same kind of function of ¢ in (47) and
19) as it is in (46). Its integration over all values for any
iven temperature can give the same total number N of
‘Solecules in all three cases (as it must) only when

27V (2myhed 9N
h? - ah(ET)
i nh?
e. when €t = @ T) ™ (51)

'here n represents the number of molecules in unit volume.
'hus, bearing in mind that /** is not a very large quantity,
being of the same order as kT, we see that the condition (50)
or the practical equivalence of the three distributions may be
ritten

nh®

m’ < 1. . . o (52)

Let us consider, for example, the case of the monatomic
as helium at normal temperature and pressure. It is easily
alculated that for this case the left-hand side of (52) is only
bout 4 X 107% It would be possible to cool this gas to such
low temperature and subject it to such a high pressure that’
he condition (52) would no longer be fulfilled, and one might
npen hope to test experimentally which of the three distributions
i really has. All other gases, however, would liquefy long
efore the distributions became appreciably different.

Now let us take the case of the densest external electron
as that is ever likely to interest us—that which is supposed,
1 our thermodynamical discussions, to be in equilibrium
rith tungsten at its melting-point, 3655°K. (The high tempera—
iire is unfavourable to the fulfilment of (52), since n increases
;uch faster than T°:.) Assuming the reflexion coefficient to
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be 1, as is perhaps indicated by the fact that experimente
values of the emission constant of tungsten as low as abou
1A, have been obtained, and giving the emission at 3655°K
its value of 480 amp./em.’, we find for the lelt-hand sid
of (52) a value of only 1-2 X 1078, Thus there would be n
noticeable departure of this gas from the classical distributio
and our earlier assumption of this distribution is justified.
The case of the internal electron gas is, however, profoundl
different. We shall not expect to be wrong in order of mag
nitude if we assume that the number of free internal electron
is equal to the number of atoms. On this assumption, th

1 £ £ 1 v 1 im
number of frec cleetrons in a cubic centimetre of tungster

for example, would be 6-4 X 1022, For a gas of this con
centration whose molecules have the small mass of electron
the left-hand side of (52) would no longer be small compare
with 1, even at the highest temperatures. Thus at 3655°K
it would be about 120. The Fermi-Dirac and Bose-Einstei
distributions would therefore no longer be equivalent to th
Maxwellian or to one another.

But now it may be asked : Are we in any case entitled t: .
treat the system of internal electrons as a gas ¢ Can we ignor
the forces exerted by the electrons on one another and thos
between the electrons and the ions of the metal ¢ Doubtles
the assumption that we can do so is somewhat crude. W
are, nevertheless, encouraged to neglect these forces at leas -
for the purposes of a first approximation when we remembe
that (1) slow electrons are sometimes observed to go righ
through atoms as if these were non-existent, and (2) electron -
behave not only as particles, but also as waves, and a wave
train can travel through a system of obstacles, each of whic "
by itself would give rise to a dispersion, if these are arrange:
in a regular lattice whose spacing is smaller than the wave
length. This last-named condition is always fulfilled by a:
the electrons in which we are interested. The trial of treatin
the internal free electrons as the molecules of a gas with .
Fermi distribution has, in fact, succeeded so well in explainin
many of the properties of metals that the assumption seem
to be amply justified.

Let us now consider the justification of the statemen
made on page 237 concerning the clectron spin. A spin of th
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lectron was first postulated in 1921 by A. H. Compton,® but
he suggestion seems to have failed to attract the attention it
leserved. In 1925 Uhlenbeck and Goudsmit 2? independently
lut forward the same hypothesis in order to provide a physical
nterpretation of the hitherto mysterious fourth quantum
umber in the theory of spectra. In order to explain the
ieeman effect it is necessary to ascribe to the spinning electron
n angular momentum of 1A/27 and a magnetic moment ek /4mme.
"he new concept has not only proved very fruitful in the field
;I spectroscopy, but it has enabled the theoretical magnitude
if the magneto-mechanical (Einstein and de Haas) effect to
ye reconciled with the experimental value, and furthermore,
2auli 2? has shown that by means of it the magnetic properties
if the alkali metals can be satisfactorily accounted for.

In a magnetic field (which we may, if we like, take to be
ranishingly small), an electron will have its least potential
mergy when its spin-vector is parallel to the field and its
rreatest when it is anti-parallel. According to the quantum
heory, these are the only two orientations possible, since the
mmgular momentum about the direction of the field can change
mly by an integral multiple of A/27, and this is just twice
he angular momentum associated with the spin. And since
lectrons with opposite spins are necessarily in different quantum
tates, their representative points may occupy the same cell
f six-dimensional phase space without violating the extended
2auli exclusion principle. It is as if we had two different and
ndependent electron gases, the parallel and the anti-parallel,
he distribution of each being unaffected by the presence of
he other. Thus the Fermi energy distribution function for
he “ mixed ”’ electron gas is

27V (2m)"lie'ha

F(E):G.W—i—_{)’ .

(53)
where G, the ‘ statistical weight ’ for an electron, is equal to 2.

As stated on page 242, A may be evaluated by integrating
ihe energy distribution function with respect to the variable
; over all e-values from 0 to oo and equating the integral to
N. Sommerfeld 3% has shown that where ¢* is large the in-
iegral may be expressed in the form of a convergent series,
ihus :
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w GV dn wly LT 5
jo F(ode = N = — . 5 (2mkTa)" (1 +Rar ) 5

where for convenience « is written for — A. Let us assum
for a moment that « is so large that we may without seriou
error neglect all but the first term of the series. Then, writin
n for N/V as before, we have

o= %(;—%)ys. . . . (55

Assuming n to be equal to the number of atoms of metal pe
em.3, we should have for the « of 2 Fermi free electron gas it

tungsten at 3655°K. the value 5-95 and of course higher value
. A _
at lower temperatures. The corresponding value of 7—;—&‘2 i

0:035 at 3655°K. and less at lower temperatures. Thus ou-
neglect of the second and further terms in the series appear

to be justified.
If we now write

bt/ 3n\*h '
akT = ‘27"/ <m> = W, . . . (5{
the functions f and F become respectively
G [
f(x’ Y, % f}"]’ ﬁ)'—”——r— . . (5l
2 (e? L 1)
27V (2m)*lse'la

and Fe) = G (¢ -

. —
RR(e#T 4 1)

This distribution is patently very different from th
Maxwellian. Thus at absolute zero (where, incidentally (5¢
ceases to be merely an approximation),

G
= 7 0

?/agtl2

.27rV(2m) et 0

and F=0G 7

according as ¢ is less or greater than u. Each phase cell t
whose position in phase space corresponds an energy less tha:
i contains the representative points of just two electrons (c
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»pposite spins), whilst all cells beyond are empty. Thus the
rero-temperature distribution function for nickel, which has
swo free electrons per atom and for which pis equal to 11-7 e.v.,
s shown in its dependence upon ¢ by the full line in Fig. 47.

* As the temperature is raised, the sharp corners become rounded
5ff and the curve approaches the e-axis asymptotically. In
fact, as ¢ becomes sufficiently greater than p for the 1 in the
denominator to be negligible in comparison with ¢~/*t, the
distribution actnally merges into the Maxwellian. The dashed
curve shows the distribution in nickel at 1500°K.

h® ~

|
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|
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\
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Fre. 47.—Relationship between the distribution function f and the energy &
of the free electrons in nickel at 0°K. and at 1500°K.

The Escape of a Fermi Electron Gas through a
Potential Barrier.—The problem of the passage of electrons
through the potential barrier at the surface of a metal is of a
two-fold nature. First it is necessary to find the function
'N(W) by means of which we may express the number N(W)dW
of electrons having kinetic energies corresponding to their
normal velocity components between W and W + dW which
impinge internally on unit area of the surface in unit time.
Next we must find the transmission coefficient D(W) of these
electrons through the barrier. The electron emission is then
expressed simply by

. ej:N(W)D(W)dW,
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or, since D(W) must vanish for all values of W less than C, by’
- .
= ej N(W)D(W)§W. . . . (59
o

For a gas whose molecules are not acted upon by an externa
field of force, eqn. (43) may evidently be replaced by

dn = f(§, m, §) d¢ dny dg, : . (60

where dn represents the number of molecules per unit volume
having components of momentum between ¢, 5, { and ¢ -+ d¢

n + dn, { + d{. The number of molecules n(¢)d¢ having a
normal component of momentum between ¢ and £ | d¢ is ’

n({-“)df:dfjt: i: fodnd, .. (8D

and the number passing in the positive direction through a
unit of area of a surface x = const. is therefore

3 2 e
£ n(gyig = Wj_w fedd . (e
On changing the variable from ¢ to W, where W = £2/2m,
this becomes
4o p4oo
N(W)IW — dWI j Fodndl. .. (63)-.
—woJ—o
According to the modern electron theory of metals the -
free paths of the internal electrons are of the order of hundreds
of atomic diameters. We may therefore take it that the
emission is determined directly by the distribution of the
electrons right in the interior of the metal rather than by any °
modified distribution there may be in the immediate neigh-
bourhood of the surface. Taking for f the Fermi distribution’
function, Nordheim 25 has integrated the right-hand side of
(63) and thus found for N(W) the expression

27GmkT N
N(W):%log (1+e kT) . (64)
with the following approximations :
N(W) = 2"7?3”‘(,5 — W) for Wk;, F <o, . (64a)
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N(W) — Q’T_G":;’_’ﬂ" for Wep, . . . (64b)
W .
and N(W) = _2%‘5_ T for Wk Eso . (64c)

This function is represented by the dashed curve in Fig. 48.
The straight line represents the function at absolute zero.

N(W)

Fia. 48.

For our emission problem, however, it is unnecessary to
work out the complete expression N(W), for the function only
interests us for W > C. But, as we shall see in a moment, for
W > C, ¢ > 1, so that the distribution function reduces
to the simple Maxwellian form (so far as ¢ is concerned ; not,
of course, as regards temperature variation) :

]

G _&=»
fW>G=F,€ BT, : 7 . (65)

The integration of (63) thus becomes a perfectly simple matter.
That ¢~#/* = 1 for W > C is evident from the following
considerations. From (58) we see that at absolute zero, for
0 < & < p, the energy distribution function F(¢) of an electron
gas depends on ¢ only, and that beyond p it is zero. There
is an abrupt ““ cut-off 7’ at ¢ = u, and since, according to (56),
p depends directly on #n, so does the position of the cut-off.
Consequently, the energy gained or lost by the metal when
an infinitesimal quantity of electrons is condensed or evapor-
. ated at absolute zero is u per electron. Thus we may identify
. C — p with the latent heat of evaporation per electron at
! absolute zero, i.e, with the work function y. The lower the
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work function of an emitter, the lower are in general also the -
temperatures at which the emission is commonly observed, .
and thus & kT]?F' or x/kT is a quantity of a fairly constant
order. It is, in fact, something like 10-30. Clearly, there-
fore, C—#T 5 1,

In order, then, to obtain the expression for N(W) for this
cage, all we have to do is to neglect the 1 in the denominator
of the Fermi distribution function and integrate. Thus
from (63)

e} +00 p+ o
NWiwso = e[ [ “emana, . (69)

v L B
or, gince £ = E_ b%nl_ {_
and _{‘i =W, N

2m
G _Vowpptoo _ +0 __¢?
N(W)W>C — 7',—35 kT j € 2mk’1‘£h’j € 2kadc
—00 —o0
W—
= £ . 2emkT . e_—k'l‘—”. P . . (67)

Incidentally, it is important to note that if the transmission
coefficient D(W) is independent of W for all values of W greater
than C, the normal velocity distribution of the electrons that
get through the surface must still be Maxwellian after emergence.’
This is at once evident from the form of (67).

The expression (59) for the emission now becomes

=) W—p
i 4”’”‘T§"’TI D(W)e™ & dW, . . (68)
c
G having been given its value of 2. Obviously the integral
in this equation may be replaced by

o W-—p
]jj e T T gW,
o
where D is the mean transmission coefficient at the tempera--
ture T for all the .electrons whose W lies between C and oo.
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Thus, substituting this for the integral in (68) and integrating,
we obtain for the emission the formula

= : C=
i—D. e, L (e9)
which, if we may identify D with 1 — 7, may be written
==
1 = (1 — 7)AT?% T, . . (70)

where A, has the same value as in (42), viz. 120 amp. /cm.*deg.®.

The rate of escape of a Fermi electron gas through a plane
potential barrier was first calculated by L. Nordheim,¢ and
independently, without, however, taking into account the
possibility of a finite internal reflexion or of the electron spin,
by A. Sommerfeld.®* The emission formula arrived at in this
way is remarkable in that it not only agrees in form with
that derived thermodynamically, but the maximum emission
constant of which it allows is identical with that obtained
by v. Laue and Dushman, corrected for the electron spin,
from consideration of the vapour pressure constant of an
ideal external electron gas.

According to this theory C, the inner potential of a metal
multiplied by the electronic charge, must exceed the work
function y by u, the maximum Kkinetic energy of the electrons
in the cold metal. In the case of tungsten, for example, the
value of p would be 58, 9-2, . . . e.v. according to the number
(1, 2, . . .) of free electrons per atom, and since x for tungsten
is 4'5 e.v., the corresponding values of C would be 10-3, 13-7,
...e.v. Inthe case of nickel, u for one electron per atom would
be 7-4 e.v., and for two it would be 11-7e.v. The work function
of nickel is 50 e.v., so that the corresponding values of C
would be 12-4 and 16-7 e.v. respectively. There is good reason
to believe that the number of valency electrons in nickel is
two per atom, so we should expect the actual value of C for
this metal to be 16-7 e.v., or that of the inner potential to be
167 volts.

Now fortunately there is a method for determining the
inner potential of a metal which is independent of any therm-
ionic of photoelectric measurements. When electrons are
reflected by a metal single crystal, well-defined reflexion
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maxima occur corresponding to certain angles of incidence.
This is due to the penetration of the electron waves to several
atomic diameters beneath the surface and their interference
after reflexion from different net planes. Thus if the geometry
of the erystal lattice is known, it is possible from the positions
of the maxima to caleulate the wave-length of the electrons
in the metal, and hence, by means of the well-known de Broglie
relation

h
A= p—. (71)
connecting the wave-length A with the electron velocity w,
their kinetic energy. This must exceed the kinetic energy pos-
sessed by the electrons before they enter the metal by C.32

The metal for which the most reliable electron diffraction
data are available is nickel. The first observations with this
metal were made by Davisson and Germer ® in 1927, and inter-
preted by Bethe® and by Eckart.* According to the data
of Davisson and Germer the inner potential of nickel is 18
volts. Later results with this and a number of other metals
have been obtained by Rupp.®* The experiments are rather
difficult and it is not always possible to be sure of the aceuracy
of the results to within less than 2 or 3 volts. Ru pp’s best
value for nickel is 16:5 volts. This, ag well as the 18 volts
obtained by Davisson and Germer is in very satisfactory
agreement with the value we should have expected for this
metal, The values of inner potential obtained from electron
diffraction data for other metals are also generally of the
order to be expected according to the new theory.

The Transmission Coefficient.—The mean transmission
coefficient D is, of course, the same as 1 — 7, where 7 is the
mean coefficient of internal reflexion for the electrons whose
normal velocity is sufficient to enable them to eseape,

It is important to note at the outset that the reflexion
coefficient is the same for both directions of travel of the
electrons, into and ouf of the metal. More procisely stated,
the coefficient of external reflexion averaged over a certain
incident velocity range is equal to that of internal reflexion
for the electrons whose velocities would be spread over the
same range after emergence. For if it were not so, the
equilibrium of an external electron gas with a condensed
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phase could not be expressed, as thermodynamically it must
be, simply by eqn. (15), which takes no account of reflexion
coefficients. The equality of the two reflexion coefficients
has also been proved directly by Nordheim 26 on the basis
of the laws of reflexion.

The reflexion of electron waves incident on a plane potential
discontinuity or hill has been theoretically investigated by
Nordheim 26 27 and by Fowler and Nordheim,® and expres-
sions for D derived for a number of different cases.

By combining the de Broglie relation (71) with the
equation

TS AF_,

w = ;2V S, . . . (72)
describing the wave propagation of a sine-function S of the
time ¢ whose period is 7, the well-known Schrodinger wave
equation

2
veS + 8’}’7’”(E — U =0 .. (T3)
is obtained, in which E and U represent the total and potential
energies respectively of the particle.

For the case of electrons approaching a plane potential
barrier whose plane is perpendicular to the z-direction, the
substitution in (73) of

S = () (74)
in which k, and k, are constants (obviously having the
dimensions of momentum), and ¢ is written for v/ — 1,* gives us

2y, 42k,
Eh(yy g)

A%y | Sm'm k? + k2 B
dxz_l_-—};z—(E_ 2m _U>1’b_0’
2 2 2
or, writing »? for Sﬂgm and W for E — M, i.e. for the
h 2m

total energy apart from that associated with the components

of velocity in the y and z directions,

Z%‘/; + W —TU=0.. . . (15

Thus our problem is reduced to one in a single dimension.

* This symbol is used instead of the more usual 7, as the latter is already
in use to denote electron emission.
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In this equation, the square of the absolute magnitude
of the wave function 4 (i.e. the kind of quantity that would .
represent the energy of a wave in classical physics) in any -
particular rogion is, according to the wave-mechanical theory,
proportional to the “ probability-density ™ of a particle’s being
in that region. 'Thus the relative probability that the position
of an electron is in an element du is |y|*dz.

Let us consider, first of all, regions of constant potential,
and therefore of constant W — U. For such regions the
solution of eqn. (75) is

b= et W= 4 prewW-ws (g

The constants ¢ and ¢’ correspond to the electrons travelling

with speeds v = '\/ 2—(‘%
z-directions respectively. The density (oc probability) of the
electrons travelling in the positive direction is proportional
to | ¢|? and the current, therefore, to |c |2 multiplied by the
velocity, ie. to |c¢|YW — U)2  Similarly, the negative
current is proportional to |[¢' AW — U)"., Let us write
(W — Uy = and ¢’ (W — U)'" = a’. Then eqn. (76) may
be written

in the positive and negative

a (W) 2y a’ (W) ey

l/l — W‘e Wﬁ ( 77)
These substitutions are convenient, for now |a |* and la' |2
are proportional directly to the positive and negative currents
respectively. The constants a and o’ are, of course, in general
complex.

Now it has been found by Nordheim,* employing a
mathematical method due to Jeffreys,*® that under certain
conditions the solution for regions of variable potential may
be expressed in an analogous form. The quantity » is very
large, its numerical value being 4 X 10, and so Nordheim
sought to develop y(x) in a series of falling powers of x, thus :

o) =p@es(1+ i)

Substituting this in (75) and equating the coofficients of the
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various powers of % to zero (which must be their value for the
substitution to be valid), we obtain

dw\ 2 3
(@) (d—;’> =W -T,
de d?w
da da?
(®) ik ;(—h-u'
z|
af, ‘da®
© dx 9 dew
P
-+ terms in f, ete.,
whence (@) = ;{;j(W — U)'"da,
(80)

dw

® o= ()" —w -1yt

and therefore, where the series in (78) sufficiently strongly
converges, we have for an approximate solution of (75)

+ mr(w —U)'lean

g = (W — U) e (81)
and for the most general solution
’ s .[“ Ys
o —w | WUy o w)| (W—T) "
i = W — Oy L“ + W =0y & > (82)

’

.with the condition that i has the value (Wai_%ﬁ at z=u=,.

~ Obviously in (82), asin (77), | @ |* and | a’ |2 are proportional
‘to the positive and negative electron current, respectively, and
‘thus it is seen that wherever (82) is a solution the currents in
the two directions are constant with regard to z, i.e. there is
no reflexion.

This conclusion can no longer be drawn, however, when
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(81) is not a sufficiently good approximation to a solution of
(75), i.e. when the condition

§+J’:—22+...<1 . (83

is not fulfilled. From (79¢) and (80) we find that
Ldf, . —rd?U 5 _,/dU\?2
A L F =R S ¢
-+ terms in f, ete., . . . (84)

and so, if we may assume the order of magnitude of the left- |
hand side of (83) to be given by its first term, we have for our .
condition that (81) shall be an acceptable solution of (75),

Loy 0P {22 S o <. o0

It is at once evident on inspection that this condition will
not be fulfilled, and therefore the reflexion may become
2

appreciable, in regions where either %xlg or %J is sufficiently

large, or where W — U is sufficiently small. On the whole,

u the more gentle the transition from

the potential inside the metal to

—— that outside the less shall we expect

! ~ the reflexion to be.

Nordheim 2¢ has investigated the -

reflexion at a potential discontin-

uity, such as is depicted in Fig. 49.:

This case is interesting, being that

in which the potential change is

the most abrupt conceivable and

5 Which we should therefore expect '

to give the greatest reflexion poss-
ible where there is no hump.

Let the potential discontinuity be at « = 0. On each side

of the U-axis, then, the potential is constant, and the wave

equations may be written

W
;

el TR R e PP

8]
Fia. 49.

—eVW.g a =wVW.z

b=gme o .. (88),
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or z << 0 and
b —xVW—=0C .2 b xVW—C.
V= W=y T W=y

or x> 0.
Now it may be shown (as it has been, for example, by

faxén and Holtsmark 17) that both and% must be every-

vhere continuous. The condition that i shall be continuous
b = 01is

(87)

, , A% ‘1fa
o dif . .
.nd the condition that Te shall be continuous is
’ ’ W - C a
a——a=(b—b)< - ) (89)

f, in particular, there are no electrons impinging on the
liscontinuity from the right, b’ must be zero, and the trans-
nission coefficient is expressed by
2 J—
pw)y =2 — LWWYW—C
@~ (VW + VW0
It is seen from this that D(W) increases from 0 to 1 as W
nereases from C to infinity. Furthermore, it is evident from
'he symmetry of the formula that D(W) for electrons impinging
m the discontinuity from the left is equal to D(W — C) for
hose impinging from the right.
For the mean transmission coefficient defined on page 250 we
1ave

(90)

[e] W—n (o] YV_
~ j D(W)e™ B dW j D(W)e AW
B = Jo _ Je

- (91)
[='s) W—pn o« w
j AW j FAW
C

[o]

[he problem of evaluating this quantity is appreciably
implified if we now make use of the fact just stated that
D(W) for electrons travelling from left to right is the same as

17
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D(W — C) for those travelling in the reverse direction. Writin{

z for we then have

kT
. 0

D— I D(To)e%dz, . . . (92
0

and substituting (90) in (92), changing — C to 4 C on accoun -

of the change in the direction of motion of the electrons con:
sidered, we obtain finally

- J‘°° 44/ kTz VkTz + C -~ .
= A A e *dx, . (93
o (VETz 4+ VkTx + C)*

We need not consider the electrons which approach the,
metal with energies ¥Tx greater than C, for on account of the
exponential factor those with relatively large energies make
no appreciable contribution to the integral in (93). Thus we
may develop the factor under the integration sign with which
€ ? dz is multiplied in a converging series of powers of %, .
obtaining

\/ j V(1 — 4 kg“+127 lch_ + o )ede
=4«/@( \/’“T+51\/ =L S ) . (94)

Since the series alternates, it seems safe to assume that -
the error incurred by cutting it off short at a certain point
will not be greater than the last term considered. Thus

D

el Ole

KT 1 =

for '6 = E, D =024 + 0‘08,
ET 1 =

and for T = 100’ D = 0:18 + 0-02.

In the case of tungsten, for example, on the assumption that:
Cis 10-3e. v (corresponding to one free electron per atom) £T/C
would be £ and 1}, at the temperatures 2400° and 1200°K.,
respectively. Thus it is seen that the temperature dependence.
of D is not very important. I
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| By an analogous reasoning, straightforward but rather
borious, Nordheim 28 * has found the transmission coefficient
{

U
L
- -
I .
| .
w | s ¢
L] 1 1
C 1 X
X
Fia. 60.

electrons of energy W through the square-shouldered poten-
al hump of Fig. 50 to be expressed by

) DW)=0for W <C, )
8(W — C)lls

_ W
BB =0 oocn/(24B — Wyt

‘) D(W)

‘ Vv /B W )2
+Hir ) TG - E=)]
for C < W < B,
p , (95)
W — Gy
) = s(“w—)
[%Sv%lg) cos 2 (W — BYAl

Hie () T HEFD + =) ]

for W > B.

(W) is shown graphically as a function of W in Fig. 51.
owler ** has found that provided the hump is not too wide

* An algebraical slip which appeared in Nordheim’s paper was subse-
wently corrected by Fowler.1?
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in relation to its height, the mean transmission coefficient
approximately
Ya 1 '
D — sv;@]g—e‘z"’m“” a (9¢
A particularly interesting thing about these results is ths
the transmission of electrons becomes finite before the:
energy has attained the value B. Classically this would L
impossible.
Of course, no such sharp corners as are depicted in Fig
49 and 50 can actually occur in nature, and, as the discussio. -
on page 256 would lead us to expect, their rounding off bring-
with it an important increase in the transmission.

[ T, RESRIpRTRTRR——

Okscssnscoais

w
Fra. 51.

Thus, in the case where there is no hump, the upper par
of the potential step must be of the shape determined by thi
image force. If we again take C to be the energy correspondin;
to the total height of the step, the shape of its upper portio
is given by

e2
U=C-— 2 . . . (97

where x is the distance from the surface of the metal, anc
thus

ayu e?
B~ i (98
d2u e? .
and w = — Q—xa. (99

The kinetic energy with which the electrons that contribute
the bulk of the thermionic current emerge from the metal i
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nly a small fraction of an electron-volt, whereas C is generally
f the order of 10-15 e.v. Neglecting the difference between
> and W, then, we have by (97)
62

| W-U= s . ’ . (100)
1ence from (98), (99) and (100) we find that both terms under
he integral sign in (85) are of the same order and vary as
—°l,  We are thus led to expect that the bulk of the reflexion
jccurring in the image-force part of the potential step will do
‘0 at its lower portion. Incidentally, we have here @& postiors
ustification for our identification, for purposes of approxima-
ion, of W with C.

We do not know what proportion of the total potential
tep is due to the image force. If it were the whole, we should
1ave a hill of the form of the full line
n Fig. 52, the potential rise com- U
nencing abruptly at z = z,, where
2o = €2/4C. Thus if C were 12 e.v.,
sy would be 0-30A. But this is
nuch less than the distance between
udjacent atoms, and it is difficult
0 see how there can be a true —e3 X %
mage force until a distance of at least Fro. 59.
me or two atomic diameters from
he surface has been passed through. The real shape of the
ower part of the potential step might be something like that
't the dashed curve, for which both terms under the integra-
ion sign in (85) would be comparatively small.

For a pure image-force step of height 12 volts, Nordheim 27
a8 found, by a process which is rather too involved to be
onveniently reproduced here, that the transmission coefficient
8 0-93, the reflexion thus being only 7 per cent. For an actual
itep we should expect from the foregoing discussion that the
eflexion would be considerably less still, i.e. for practical
surposes negligible. The emission constant would then be
qual to the theoretical A, viz. about 120 amp./cm.2deg.2.
Trom the fact that the experimentally determined emission
sonstants of the majority of clean metals are of this order,*

{
¢

S o (N

' * As wo shall see later, departures of experimental values of A for clean
netals from 120 amp./em.2deg.? by factors up to about 2 may possibly be
lue to the finiteness of ¢,’.
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it would appear probable that the potential barriers at the
surfaces are of the type represented by the dashed curve
Fig. 52. '
Now let us consider the passage of electrons of energy '
through a potential barrier with a hump such as is depicte
in Fig. 53, the potential energy B corresponding to who:
highest point is greater than W. The last, asymptotic rit’
in which the potential energy approaches the value C is du
to the image force. Let the potential gradient be nowhe
steep enough or its rate of change rapid enough to render (8.
U invalid, except for regions withi

o cortain distance of the wnoints
W o Uvl il uiigvadive O viiv t}UllL [~

and d where the classical kinet:
energy of the electrons vanishe:
Apart from these regions, the:
(82) must be a solution of (75

P

B ¢ Sufficiently near ¢ and d, howeve:
b | the condition (85) will not be fu
o : filled, for as U approaches W th
i: ; ' quantity under the integration sig

Trc. 53. diverges. It is therefore not legit:

mate to take (82) as a solution fc
regions near these points. Nevertheless, the absence of an
obvious physical reason why a particularly important reflexio:
should be associated with the passage of the waves throug
these critical regions encourages us to hope that by proceedin
as if (82) were a solution for the whole potential barrier, onl: .
avoiding any attempt to attach a meaning to ¢ for the region
near ¢ and d, we might arrive at a value for D(W) which woul:
be at least approximately correct. According to Nordheim,*
a rigorous mathematical discussion, in which the critical region
are treated specially, justifies this procedure, and shows tha
the result to which it leads is a very good approximatio
indeed to the correct value of D(W).

For that part of the potential barrier to the left of ¢, U i
less than W, and, as we saw on page 255, |a |? and [ o’ |2 Iy
(82) are proportional to the positive and negative current
respectively, so that there is no reflexion. For values of ;
between x, and x, however, U is greater than W, and i:
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consequence the exponents in (82), become real.. The equation
may therefore be written
—ul® 0 =Wtz xr U —W) 2z
ae Yoo a'e < %o

‘/’ = (W — U)ll. + (W — U)‘l.

Finally, for # > =, U is again less than W, and we have there-
fore

(101)

= #j e —wy' e
ae To

.'ﬁzwe

z 1
mS ma(W—U) 2dz

, % Pou—wyhar o 3y
a'e 4% mj (W-U) %z
+ g—€ "
(W — U)"e
From this it is evident that the electron current travelling in
the positive direction has been weakened by the factor

. (102)

( —% md(U—-W)lhd@ a [ 1/,
late "o _ o etw-wihe - (103)
[a]® e

The mean transmission coefficient D is, as we saw on page
257, given by

D(W) =

=] w
L D(W)e BdW

. : ‘ . (91)

Tt is evident that this is the same as the transmission
through the hill of Fig. 54, on which electrons impinge with
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a Maxwellian velocity distribution. Thus (91) becomes

D = L[ Dw)e maw 104
= W, . . y

7). DOW)emaw, (104,
and, if B — C s of the order of an electron-volt, as it generally
is, this may, on account of the exponential factor, be replaced

by the approximate expression

— 1 (B-C W
D— -—j D(W)e @dW. . . (105)
kTJ,

Except in the case of geometrically very simple forms of
hill, the evaluation of D is a matter of considerable difficulty. "
However, if we perform the caleulation for an idealized, square-
shouldered hill, such as is shown dasghed in Fig. 54, we may
still expect to be able to arrive at a rough estimate of the
kinds of heights and thicknesses that would be necessary to
produce any given reflexion. We may, of course, ignore the
steepness of the sides and the sharpness of the corners of this
idealized hill, since we are not at present interested in the
reflexion this actual hill would produce, but only in that
produced by the curved hill it roughly replaces.

Let the imagined rectangular-shaped hill have a thickness
! and a height whose energy-equivalent is H. Then eqn. ( 103)
becomes

D(W) = e-zam-w's = (0g)

and substituting this in (105) we obtain

= 1 H_W(H_W)l/z_v_v
D:WLE mW. . . (107)

For W<H, we may write H’/=<1 — %‘%) for (H — W),

W
On account of the factor ¢ 7 we may still make this substitu-
tion even for those W for which it is no longer valid, without
incurring serious error, provided only that H is large enough,
and so obtain
— H 1 w W gy o't
HY:

(108)
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' If, for example, we take H to be 1 electron-volt, I = 3A. and
T
T = 1000°K., then »I/H": = 1-53, H/kT = 11-6 and % = 0-13.
Thus, where H is of this order, we may, neglecting small
quantities, replace (108) by
2

~ 1 -0-00013T" (109)

ol

The temperature dependence is seen to be quite trivial. That
it is less than in (96), even as it is less for an image-force hill *7
than it is for the rectangular step-up of Fig. 49, is to be ascribed
to the absence of the effects of sharp corners.

As an example of the application of this result to the in-
terpretation of experimental data, let us consider the case of
fully activated thoriated tungsten. Nottingham’s ¢ velocity-
distribution data for the electrons emitted from this system
suggest that B — C for this case is about 1-5 e.v.* Let us,
then, take, say, 1-25 volts to be the height of the nearly equi-
valent rectangular hill. According to the measurements of
Dushman and Ewald,’* the value of D(= A/A,) is about
1/40. If we substitute this and the assumed value of H in
(109), and take T to be 1500°K., we find for [ the value 3-4A.
This is of the correct order of magnitude for the thickness of
a hump such as we should expect an adsorbed monatomic
contamination to produce.

The question now arises : Is it possible to have a D which
varies strongly with the temperature, so that the empirical
A and y obtained from the Richardson line do not truly repre-
sent the emission constant and the work function respectively %
As Fowler 1? has pointed out, this will be the case when the
potential hump is wide and correspondingly powerful, letting
through only an inappreciable fraction of the electrons with
energies between C and B. It is easily seen from (104), by
taking D(W) to be 0 or 1 according as the electrons have not
or have sufficient energy to go over the top of the hump, and
substituting B — C for 0 as the lower limit of integration,

‘ * Nottingham’s own interpretation of his results differs slightly from that
given in Chapter I and leads to a value of 13 e.v. for B — C.
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B-C

that D will then behave somewhat like A’e” #T and that the
metal will ““ really emit electrons very much as if it had an.
apparent work function xy + B — C instead of the true .
Thermionic analysis would present it with a large x and a
normal D instead of with the true y and a very small tempera-
ture-dependent D.” We should, however, hardly expect such
a condition in the case of clean metals or of metals having
a surface contamination of a merely monatomic order of
thickness.

Reverting to the case of a relatively narrow hump, whose
mean transmission coefficient is given roughly by (109), we
see that, very nearly, log A must vary linearly with I[H®. Now,
as we saw in Chapter IlI, there is a remarkable empirical
relationship between log A and y for metals whose surfaces
hold various kinds and quantities of contamination, viz. :

log A=¢+qy, 1> 0, . . (110)

where ¢ and 7 are constants. It is at once evident that if it
could be shown that [H?, or the equivalent quantity for such
humps as actually occur in nature, is proportional to the
depression C’' — C of the work function due to the contamina-
tion, or to some power of the latter not much different from
unity, then the empirical relationship (110) would be satis-
factorily accounted for. Such a possibility has been discussed
by Fowler,'® who showed that the values of % found by
DuBridge * with contaminated platinum and by Richardson
and Young % with contaminated potassium are such as, with:
the assumption that B — C is equal to ¢’ — C, and apart from

the difficulty of the high A-values in the case of platinum,

would indicate a thickness of the hump of the order of 10-7 ¢mn.

and 7 X 1077 cm. respectively.

While, however, the assumption that the height of the
hump corresponds to the reduction in the work function
appears to be fairly reasonable in the case of relatively thick
humps, we shall not expect this to be true where the con-
tamination is of only atomic thickness. In this case we shall
probably not be far wrong if we assign to the electrical double
layer, and with it the hump, a thickness of something like 3A.
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The image contribution to the work function beyond a hump

_ of this thickness must be of the order of 1 e.v., and, as will be

evident on reference to Fig. 9, the energy-equivalent of the

~ height of the hump above the final image level must be less

than ¢/ — C by at least this amount. In the case of monatomic
contaminations, therefore, we should not expect such a relation-
ship as (110) to apply.

Anomalous Values of A.—We have seen that values
of A less than A, can be accounted for, at least qualitatively,
by means of reflexions at the surface of the emitting body.

" On the other hand, values of A greater than A, cannot be so
- accounted for, and in so far as such values have been well

established experimentally, it becomes necessary to seek some
other explanation. Thus, as we saw in Chapter II, platinum
has been found by DuBridge !? in experiments which must
inspire considerable confidence, to have the relatively enormous
empirical A of 17,000 amp./cm.2deg.2

We have seen that for a hypothetical metal the specific
heat of whose internal electrons is zero the emission formula is

i = (1 — 7)A T2 4T . . (111)

where y is a constant with respect to the temperature and A,
has the value 4mmek?/h3. Where the specific heat of the
internal electrons is not zero, however, while the emission
formula is still (111), in which A, has the value just given,
x is no longer strictly constant, but varies slightly with the
temperature. This temperature dependence of y naturally
affects the slope of the Richardson line and so the empirical
value found for (1 — 7)A,.

In order to arrive at an estimate of the importance of this
effect, it will be convenient once again to consider Sommer-
feld’s picture of a metal. On the basis of this picture, one
readily finds as a second approximation to the exact emission
formula

1 W2 (8n\%y | w% 2m (8m\%y oy
P (1 — AR mE BRI )
This differs from the first approximation hitherto considered

by the third, temperature-dependent term in y. The inclusion
of this term is, as Fowler 20 has pointed out, equivalent to
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taking account of the specific heat of the internal electrons.
Eqn. (112) may be rewritten

L fg_ 2 sy ,
i= (1 — 7)AyT% a0~ () b (113)
g,
where Af = Aje 1BWS 70 . . (114)

the symbol A, being retained for 4mmek?/h3,

We see at once that the exponent in the factor by which
A, differs from A, is of the wrong sign to account for values
of the empirical A in excess of 120 amp. /cm.?deg.2. As Fowler 1
has pointed out, however, observed specific heats of electrons
m metals are sometimes negative, instead of positive as t} ey
should be according to Sommerfeld’s theory. Incidentally
they may also be anything up to ten times as large as this
theory would lead us to expect.

For most metals, » is of the order of 1028, We shall not
expect it ever to be much less than 10%2. If we assume the
latter value and take T to be 2000°K., we obtain for A, /A,
the value ¢~%%* or 0-92, whose difference from 1 is quite
unimportant.!® Even the tenth power of this, 0-43, corre-
sponding to a specific heat of the internal electrons ten times
as great as it should be according to Sommerfeld’s theory,
is still not different in order of magnitude from 1, and this,
or its reciprocal 23, is about the greatest factor by which
Ay should ever differ from 120 amp./ecm.2deg.2. This con- .
clusion confirms that to which we were led by a different
reasoning in Chapter I (p. 36), viz. that ““ we shall not expect
the values of A, for different metals to differ by factors of
more than a few units.” *

In addition to the slight temperature variation of y just
considered, Fowler!® hag discussed two other conceivable
ways in which x might be dependent upon the temperature,
so giving rise to an apparent A greater than A,. These are
an increase with rising temperature of » or a diminution of
the inner potential C/e. If n increases with rising temperature
(incidentally, it could hardly decrease), it would have a direct
effect on the specific heat of the internal electrons. Thus to
account for the case of platinum there would have to be

* The A, of Chapter I is, of course, the same as the Ay’ of the present
digcuseion.
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between room temperature and 1700°K. a change of about
10 per cent. in % or of 5 per cent. in C. There might, of course,
also be a combination of the two. It must be remembered,
however, that while the necessary temperature variation of
x which might be due to either or both these causes is not,
" theoretically, impossible, it does not appear from such photo-
electric evidence as we have (cf. Chapter II), that it does,
in fact, occur.

In recent years there has been some discussion as to whether
the simple thermodynamical-statistical theory considered at
the beginning of the present chapter, which, so long as ¢, is
small, does not admit of any important departure of Ay from
120 amp./cm.2deg.2, really correctly takes account of all the
factors involved. Let us, therefore, examine this theory a
little more closely than we have done hitherto.

The reason why, when ¢, is negligible, the theory we
have considered does not allow of any important departure
of A, from A, is that according to it, y must be practically
equal to %lo, where 1, is the molecular latent heat of evapora-
tion of electrons at absolute zero, and that consequently y
must be practically independent of the temperature.

Whence comes this quantity l,? It comes from the
integration of eqn. (23) of Chapter I, viz.,

dl

7 = C» Cp- s . . (115)

This, in turn, is obtained by equating the heat that is
absorbed when the temperature of the emitting body is raised
from T to T + dT and one gram-molecule of electrons then
allowed to evaporate isothermally at T + dT to the heat
absorbed when the evaporation occurs at the temperature
T and the system is subsequently heated, without further
transition of electrons from one phase to the other, to T 4 dT.
~ Obviously, no exception could be taken to such a derivation
" in the case of non-electrical systems. Have we, however, in
the present case, which involves the transference of an
. electric charge, left something out of account ?

The actual course of events in the above thermodynamical
processes is not quite so simple as we have imagined. Although
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the evaporating electrons almost certainly originate from the °

interior of the conductor, the loss of electrons sustained by

the latter does not remain uncompensated, since charges can -

reside permanently only on the surfaces of conductors. Thus,
after the evaporation, it is the surface of the conductor, not
its whole volume, which has lost electrons. It might appear,
therefore, that just as in the simple theory the practical
temperature independence of y depends upon ¢, being suf-
ficiently small, so in any modified theory which takes account
of the surface charging it would depend upon one’s being able
to neglect surface charging heat effects.

As a result of a detailed thermodynamiecal investigation,
P. W. Bridgman * has been led to the conclusion that a
necessary and sufficient condition for the equality of A, and
A, “is that the difference between the specific heat of neutral
metal and of a charge on its surface vanish.” The problem
has also been studied in two other papers by Bridgman,* and
in addition by Tonks %% 3 and Langmuir 3 and by Herzfeld.??
In all these papers the theory is developed that abnormal
values of A may be explained in terms of surface charging
heat effects.

Davisson and Germer,® on the other hand, have come to
a different conclusion. After enumerating the complications
due to the electrical nature of the system, they stated that
“it has been shown? . . . for a system of simple geometry
that when these features of the system are properly allowed
for, one arrives at exactly the same relations as when he pro-
ceeds on the erroneous assumption that the vapour is un-
charged.”

The discussion of the heat of surface charging in its relation
to thermionic theory was begun at a time when little was
known about the mechanism of the emission, and for all that
was known to the contrary the emitted electrons might have
had their origin in the actual surface of the emitter. In such
a case, the possible importance of an associated heat effect
at the surface in determining the equilibrium between the
electron vapour and the metal would be obvious. Now,
however, that we know that the internal electrons have free
paths of hundreds of atomic diameters and, judging by the
snecess of the Nordheim-Sommerfeld theory, that the emitted
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_electrons come, in the main, from well below the surface, the

question of the heat of surface charging no longer appears
to have the same importance. According to the modern theory,
the surface charging is merely a secondary phenomenon, a
readjustment that takes place after the actual emission, and

'it is difficult to see how an investigation of the energy changes

accompanying such a readjustment can tell us anything about
the primary phenomenon of the electron emission itself.

To sum up, it must be admitted that, in examining every
possible alternative at present known, we have been unable
to find any really plausible and satisfactory explanation of
the discrepancy, in the case of platinum, between theory and

‘ experimental data. We can only hope that future develop-
' ments, either experimental or theoretical, may bridge the
gap. In the meantime it is satisfactory to note that the case

of platinum is quite exceptional in this respect. The great
bulk of other experimental data appear to support, in a most
reassuring manner, the conclusions both of the simple, straight-
forward thermodynamical-statistical theory and of the more
recent theory of Nordheim and Sommerfeld.
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CHAPTER VI.

THE EMISSION OF IONS.

WaILE the particles thermally emitted from metals and from
electronic semi-conductors are, in the main, electrons, those
smitted from electrolytes are ions. These may be -either
positive or negative (rarely both together), but the electrolytes
that emit positive ions are much more numerous than those
that emit negative. In addition, as we saw in Chapter III,
positive ions are emitted from certain metals when heated
to suitable temperatures in alkali metal vapours. They are
also emitted from metals containing alkaline and certain
other impurities. Finally, a slight positive emission has been
observed to occur from pure metals when heated to very
high temperatures. We shall, in the present chapter, briefly
examine these various cases.

SecrioN I.

THE EMISSION OF IONS FROM ELECTROLYTES.

The great bulk of the experimental work on the thermionic
properties of electrolytes has been done with heated salts,
and relatively little with glasses, and so it is with the former
that we shall mainly have to deal in what follows. There
appears to be no essential difference in thermionic behaviour
between the two.

Results of Earlier Experiments.—The conditions under
which most of the quite early experiments on the thermionic
properties of heated salts were performed were far from simple.
The space between the electrodes was generally not exhausted
to a pressure sufficiently low to be regarded as any approach
to a good vacuum ; indeed, a considerable number of the
‘ 18
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experiments were conducted simply in air at atmospheric -
pressure. In such cases it was well-nigh impossible to be
sure whether the currents observed were true thermionic
emission currents or were due to some other causc, such as o
volume ionization of salt vapour in the inter-electrode space
ionization by collision, or ionization resulting from chemica:
action in which the gas took a part. Only in later years were
the experiments so simplified that it was possible to draw
definite conclusions from them. Such of these more simple
experiments as were carried out up to 1921 and the con-
clusions to which they led have been discussed at length by
0. W. Richardgon *

It was found that at sufficiently strong fields the ion currents
obtained from heated salts generally saturate, as do the electron -
currents obtained from metals and from oxide cathodes.
These saturated currents depend upon the temperature, bute
in a manner that is often rather complex and is, moreover,
not always eagy to determine, since in general they also exhibit
complex time changes, associated with the presence of im-
purities. ¢ There is,” writes Richardson, however (p. 268 of
his book), “a very considerable amount of experimental
evidence which goes to show that when a salt is heated under
conditions such that the emission of ions is always caused by
the same substance the currents increase rapidly and con-
tinuously with rising temperature, and the relation between
the saturation current and the temperature is that expressed-
by the formula ... which has been found to govern the
temperature relations of other thermionic currents.”

As already stated, either positive or negative ions may be
emitted, the former being the more common. Concerning
the nature of these, Richardson, discussing certain experiments
by himself and others in which the ratio of charge to mass of
the ions was measured, writes (p. 280) : * These experiments
and innumerable others . . . establish quite definitely the
conclusion that the positive ions emitted by heated salts are
charged atoms of some metal. This metal is not necessarily:
a constituent part of the salt which appears to be under in-
vestigation, but may arise from the presence of some impurity

* Q. W. Richardson, ‘ The IEmission of Electricity from Hot Bodies,”\
Longmans, Green & Co., 2nd edition (1921}, Chapler VIIL,
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which has a greater power of emitting positive ions.” He
turther draws attention (p. 283) to the ascertained fact that,
with only two exceptions then known (the ions from zinc and
cadmium halides), these ions are always but singly charged,
sven in such cases where the charge usually carried by the ion
5f the corresponding metal in electrolysis is more than single.

Finally, Richardson points out (p. 298) that “so far as
the relative efficiency of different salts in emitting ions when
they are heated is concerned, it is clear that the electropositive-
ness of the metallic constituent is a most important factor,”
and goes on to say that in his experience °‘ the salts of the
alkali metals are the leaders in this kind of activity, the com-
parative efficiency of the metals within this group increasing
with increasing atomic weight.”

These are the main general conclusions it was possible
bo draw from the experimental evidence available in 1921,
Since that date a considerable amount of further work has
been done, chiefly by G. C. Schmidt and his students, as a
result of which much new light has been shed on the phenomena.
This work we shall now discuss.

Nature of the Ions.—In an investigation of the therm-
lonic emission from a large number of salts at temperatures
of the order of 600°~700°K., Schmidt 24 has found that positive
ions are the only ones emitted from CdI,, CdBr,, CdCl,, Znl,,
ZnBr,, ZnCl,, FeCl,, AlF;, AIC];, MgCl,, CaF,, NH,I, NH,Br,
NH,NO,, TII, TIBr, TICl, PbCrO, and Cul,. The first four-
jeen of these were later reinvestigated by Gossmann,' and
mn addition Cd(NOy),, NaNO; and KNO;, and only positive
lons found up to a temperature of 720°K. In the case of
NaNO; and KNO,, Schmidt 26 found only positive ions up to
1270°K. In addition, Kahra,!* Bélling ¢ and Murawkin 2
have been unable to find any but positive emission from various
zlasses up to the highest temperatures—in some cases as high
18 1600°K.

On the other hand, negative as well as positive ions have
been found by Schmidt 2® to be given off from alkali and silver
halides when sufficiently strongly heated, although in the
majority of cases the positive emission is considerably stronger
than the negative. Indeed, except at relatively high tempera-
tures the silver halides 2% and all the alkali halides examined
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except lithinm and potassium chlorides were found to emit
in measurable quantities only positive ions. The lowes!
temperatures (K.) at which emissions of the two signs coulc
be detected in the case of the alkali halides are given ir
Table XVIII. Ions of both signs were also obtained,?* but

TABLE XVIII.

LowrsT TEMPERATURES AT WHICH POSITIVE AND NEGATIVE IEMISSION
FROM ALKALI HALIDES ARE DETECTABLE.

Salt . . | NaCl KCl LiCl CsCl KBr LiBr Nal KI KF
Pos. Emission 850 770 900 790 830 830 790 720 710

Neg. Emission | 1160 850 900 1070 1040 1090 1040 940 1030

with the negative preponderating, from (possibly impure,
BaCl,.

Finally, only negative ions have been found by Schmidt 2¢
to be emitted from pure PbCl, and by Kahra* from pure
PbF,, PbBr,, and Pbl,.

When these results are considered in conjunction with what
is known concerning the mechanism of electrolysis in these
salts, it becomes evident, as Schmidt has pointed out, that
there is a far-reaching correspondence between the thermionic
and the electrolytic phenomena exhibited by them. Thus,
according to Tubandt,3® only the positive ions take any active
part in the electrolysis (at relatively low temperatures) of
solid Agl, AgBr and AgCl, while in PbCl, and PbF, only the
negative ions are mobile. We have seen that at relatively
low temperatures the silver halides thermally emit only positive
ions, while the lead halides emit only negative. Again, accord- -
ing to several investigators, only positive ions carry the current
in the electrolysis of various glasses, and the emission obtained
from glasses by Kahra, Boélling and Murawkin was also only
positive. Finally, while v. Seelen,?” Phipps and Leslie,23
and Tasulachov ®* have shown that at relatively low tem-
peratures only the Na' ions carry the current in NaCl, an
appreciable current of Cl~ ions has also been found in this
salt by Phipps and Leslie between 830°K. and 930°K., and
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by Tasulachov above 870°K. These results are analogous
to those of Schmidt, who observed only positive emission
from NaCl at relatively low temperatures but both positive
and negative at high.

From such comparisons as these, Schmidt 2¢ has been led
to make the following generalization :—
“ Salts in which only the positive or only the negative
jons are mobile emit at the corresponding temperatures
only positive or only negative ions respectively. If in
electrolysis the mobility of one kind of ion preponderates,
then the more mobile ions are at the corresponding
temperature emitted in the greater quantity.”
In the light of more recent experimental work, however, it
would appear that while this rule is undoubtedly a good
qualitative guide to the thermionic phenomena to be expected
in a large number of cases, the correspondence between the
electrolytic and the thermionic phenomena is less detailed
than Schmidt believed it to be. Thus, for example, according
to Tasulachov, the proportion of negative to positive-ion
current in the electrolysis of NaCl increases from about 8 per
cent. at 870°K. to about 60 per cent. at 970°K. Yet while
Schmidt was able to observe positive emission from this salt
at all temperatures above 850°K., he first began to detect
negative only at 1160°K. Were the ratio of negative to
positive emissions anything like that of negative to positive
ion currents in electrolysis, he surely must have detected a
negative emission at a much lower temperature than this.

With regard to the chemical identity of the emitted ions,
Volmer,2¢ employing a magnetic deflexion method, has found
that the ratios of charge to mass of the positive ions emitted
from CdI,, CdCl,, ZnCl,, Cul,, PbBr, and CalF', are of the
same order as those of the doubly charged atoms of the corre-
sponding metals, i.e. the ions which we should expect to
function in electrolysis.

For the last three salts this result is not in agreement with
. the earlier one discussed by Richardson to which reference has
already been made, viz. that thermally emitted positive ions are
in general but singly charged even when the charges carried
by the ions in the electrolysis of the same salt are more than
single.
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Also the case of PbBr, is remarkable, in that this salt is
one of those in which, according to the researches of Tubandt,®
only the negative ion is mobile and from which Kahra 14

obtained only negative thermions. Apparently, however, it .

is only in the case of the very pure lead halides that no positive
ions are emitted, for Schmidt,?* working with salts which were
less pure than those of Kahra, obtained only positive thermions -
from PbBr, and Pbl,, and some positive, as well as negative,
from PbCl,. Volmer’s result with PbBr, is very interesting,
indicating that the effect of an impurity is not necessarily
the emission of ions derived from itself, but that its presence
may bring about the emission of such ions of the bulk salt
as would not in its absence be emitted at all. It may be that

ELecTROMETER DEFLECTION

F1é. 55.-—Mass spectrogram of the positive emission from an impure
specimen of aluminium phosphate.

this occurs only in consequence of some chemical action, e.g.
an ““ exchange of partners ” between the metal atoms of the
bulk salt and those of the impurity. If in the new salt so
formed whose metallic ions are those of the original bulk salt,
these ions are mobile, Schmidt’s rule would not be violated.
That chemical actions frequently play an important part in
the emission from impure heated salts has long been suspected
from the nature of the time changes characteristic of the emission
from them.* :

The important réle played by impurities is well illustrated
by Fig. 55, which is a mass spectrogram obtained by Murawkin

* 8ee O. W. Richardson, *“ The Emission of Electricity from Hot Bodies,’’
Longmens, Green & Co., 2nd edition (1921), p. 262,
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of the positive emission from a specimen of aluminium phos-
phate at 1220°K. It will be seen that all the principal maxima
are those of impurity ions, and that the maximum for Al*, the
only ion derived from the bulk salt, is comparatively wealk.

The positive emissions obtained at high temperatures
(900°~1600°K.) from a large number and variety of glasses
have also been analysed by Murawkin. A few typical
examples will serve to show the kind of results obtained :—

(1) Lindemann glass, made from Li,0, BeO and B,0,
(proportions not stated). The ions from this glass were
analysed between 1330° and 1470°K., and those from a more
refractory modification, containing Al,04 in addition to the
ingredients stated, between 1070° and 1510°K. At the lowest
temperatures the ions emitted in largest quantity were O,".
In addition, oxygen appeared as OF between 1070° and 1440°K,
and it was just detectable as O** at 1510°K. Li* appeared
at all temperatures. Be' appeared less strongly than Li*
at low temperatures but more strongly ab high. Bg" was
also found at all temperatures.

(2) A special glass, made from 67 per cent. 8i0,, 18 per
cent. K,0, 10 per cent. MgO and 5 per cent. Ba0O. The
temperature range covered was from 1070° to 1280°K. The
strongest emission at all temperatures was that of K*. In
addition 0," was found at all temperatures, and at the higher
temperatures also O*. Mg* appeared at 1070° and again
between 1240° and 1280°K. Si* was found at 1210°K. and
at higher temperatures.

(3) Thuringian glass, made from 699 per cent. SiO,,
6:6 per cent. K,0, 16-5 per cent. Na,0, 375 per cent, CaO and
3-25 per cent. not specified. At all temperatures in the range
covered (1010°-1370°K.) the strongest emission was that of
K*. Also Na* appeared at all temperatures, and either equally
strongly or more so Na,*. Calcium was found as Ca** between
1070° and 1190°K., and oxygen as O,* at 1070°, 1230° and
1370°K. Finally, there was a weak Si" emission ab the higher
temperatures.

Trom these results it again appears that Schmidt’s rule
does not apply in detail, there being no complete correspondence
between the thermionic and electrolytic phenomena, for, as
Murawkin has pointed out, if there were, there could hardly be
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such a considerable emission of positive ions of strongly electro-:

negative elements like oxygen and silicon. Indeed, we have

no d priori reason for expecting a complete correspondence.
between emission and electrolysis, since, after all, the former

is a surface phenomenon, while the latter is governed by

conditions in the interior of the electrolyte.

Time Changes.—The time changes exhibited by the
emission from heated electrolytes may be of various types,
depending on the purity of the specimen used, the method
by which it has been applied to its metallic support and
the conditions under which it is worked. Other things being’
equal, they are less important at high than at low temperatures,

II
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Fi1e. 56.—Time changes in the positive emission from specimens of CdI,
variously prepared.

and frequently vanish altogether at temperatures in the neigh-
bourhood of the melting-point of the electrolyte.2s

Some typical emission-time curves obtained by Schmidt 26
using CdI, coated on a platinum wire, in each case at about
600°K., are shown in Fig. 56. Curve I represents a very
common type of time change, and was obtained with a coating
applied to the wire from an aqueous solution. Curve II refers
to a deposit formed on the wire by sublimation. In the case
of curve III the salt was twice recrystallized hefore being
applied to the wire. This curve is somewhat similar to eurve 1, ‘
but has a much less marked rising portion. Finally, in the
case of curve IV, very elaborate pains were taken to purify
the salt before its application to the wire, hy first subliming
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¢it in a vacuum and then recrystallizing it several times. From
¢ this curve the initial rise with time is entirely absent.
t+ Similar results were obtained with other salts. The
t positive-ion emitters ZnI,, AgCl, TICl, TIBr and TII in addi-
jtion to Cdl,, and the negative-ion emitter PbCl,, all gave only
jfalling curves after they had been very carefully purified.
(On the other hand, a sample of Agl which Schmidt had no
reason to think was other than pure gave a rising curve at
¢ certain temperatures. Since, however, purity is only a matter
.of degree, and purification was found to convert initially
-rising into falling curves in all the other cases, it would appear
-probable that rising emissions are always due to the presence
,of some impurity.

Not all impurities will bring about an initial increase in

‘the emission, however. Thus Schmidt 26 has found that while

. CdI, containing iodine as an impurity gives a higher emission
than pure CdI,, the emission falls with time in much the same
way in both cases. He has never found that the addition of
an impurity which precludes chemical action gives a rising
emission.

An interesting case reported by Schmidt 26 of an impurity
which does cause the emission to rise initially is that of Znl,
in Cdl,. The emission of each of these salts, when pure,
falls with time ; yet if a trace of Znl, is added to CdI, an
initial rise in the emission is observed. Schmidt has suggested
that this effect might in some way be due to the iodine derived
from the Znl, by its chemical dissociation. His picture is
of the degree of dissociation, and so the amount of free iodine
(which, as we have seen, enhances the emission), increasing
with time, In that case, however, the time-increase of the
degree of dissociation would have to be accounted for.
Perhaps a simpler picture is the following: Schmidt 2¢ has
found that not only does iodine enhance the emission from
CdI,, but Cd depresses it, and similarly, Zn depresses the
emission from ZnCl,. Probably Zn impurity in CdI, would
also depress the emission. In that case the Zn and I derived
from the Znl, impurity in the Cdl, would to some extent
neutralize one another’s effects. If now the zinc diffuses to
the surface, whence it evaporates, more rapidly than the
iodine, the excess of the latter becomes greater and greater,
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Birkenberg ® has found that while after prolonged heating
the emission from CdI, can be enhanced only by exposure
to moisture if the salt has been applied to its carrier wire in
aqueous solution, in the molten form, or by sublimation in a
vacuum, the emission given by the same salt when it has been
applied by sublimation ¢n air regenerates itself spontaneously
after merely standing cold for some time, not exposed to water
vapour. It is probable that the gradual diffusion to the
surface of moisture which has been included in the salt during
its sublimation is responsible for this. A similar spontaneous
regeneration of the emission was observed in the case of TICl
applied to its wire by sublimation in air.
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F1a. 58.—Time changes in the positive emission from & specimen of AgCl
brought about by changes in the potential of the collector.
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An exception to the rule that surface moisture enhances
the emission was found by Birkenberg in the case of AgCl,
a salt which is, 'incidentally, insoluble in water. Nevertheless
a freshly prepared specimen was observed to show the initial
fall of emission with time. The cause of the fall in this
particular case remains obscure.

A time effect associated with changes in the accelerating
field has recently been observed by Zentgraf.®t This is
illustrated in Fig. 58. The full curves show the time variations
of positive-ion current obtained from AgCl kept at a constant
temperature of 638°K. when different negative potentials
were applied to the collecting electrode. Similar effects were
observed with AgBr, TICl, TIBr, TII, Cdl,, and with tho



EARLIER WORK ON IMPURE METALS 285

" negative emitter PbCl,. There can be little doubt that these
current variations are associated in some way with variations
in the electrolytic polarization of the salts.

We may summarize the results of the various investigations
concerned with time changes as follows :(—

(1) Most pure salts whose surfaces are not contaminated
by moisture give an emission which is at all temperatures
constant with time.

(2) Time changes, if existent, are relatively more important
at low than at high temperatures. In the neighbourhood of
the melting-point of a salt they usually vanish altogether.

(3) A rising emission is due to the presence of impurities.
Not all impurities bring about this effect, however. The
effect, when it occurs, is probably associated with some
chemical change.

(4) A falling emigsion is in general due to contamination
of the surface of the salt by moisture. The latter enhances
the emission, and the fall occurs in consequence of the pro-
gressive disappearance of the moisture by evaporation.

(6) Complex time changes due to polarization effects may
be observed when the potential of the collecting electrode
is suddenly changed.

Sucrion 1I.
THE EMISSION OF POSITIVE IONS FROM METALS,

Earlier Investigations dealing with Impure Metals.—
Ordinary impure metals generally give an appreciable emission
of positive ions, derived from the impurities, at much lower
temperatures (order of magnitude 1000°K.) than they do of
electrons. Of the large number of experiments devoted to
the study of this emission, those carried out up to 1921 have
been fully discussed by Richardson.* We shall here confine
ourselves to a brief summary of the most important results
¢ arrived at in this earlier work.

The positive emissions from impure metals generally fall
with time of heating, the rate of fall increasing with the

i * 0. W. Richardson, ‘ The Emission of Electricity from Hot Bodies,”
" Longmans, Green & Co., 2nd edition (1921), Chapter VI.
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temperature. In the simplest cases, the fall is of the expon--
ential type, the emission approaching zero asymptotically.

This is just what one would naturally expect on the assumption

that the ions are charged ‘‘ impurity ” atoms or molccules, for

in that case, as the emission proceeds the amount of the relevant

impurity remaining must become less and less.

There are also less simple cases in which the emission,
while ultimately approaching zero asymptotically, does not
fall exponentially from the beginning. Sometimes it even
passes through a maximum before the final fall toward zero.
When it is considered how complex a phenomenon positive-ion
emission must be, however, this can hardly occasion surprise.
In general the impurity from which the ions are derived first
has to reach the emitting surface by diffusion, and its rate
of arrival there must depend on the volume distribution of the
impurity in the metal. Then, the rate of evaporation of any
particular kind of ion from the surface may depend not only
on the rate of arrival at the surface of the corresponding
material, but also on the ‘ electron affinity ” of the surface,
which in turn must vary with the nature and degree of its
contamination. And finally, as we shall see later, several
different kinds of positive ion may be emitted at the same
time, and in such a case it is not to be expected that the
emission-time relationship for all of them together will be of
any very simple form.

If & wire has been subjected to such a severe heat treatment
that its positive emission has fallen to a small fraction of its
original value, and another, ** fresh > wire is heated near it,
the emission from the first wire is generally thereby temporarily
regenerated. This must obviously be due to the distillation
from the fresh wire to the old of some of the impurity from
which the positive emission is derived. Regeneration of the
emission from a heat-treated wire may also be brought about
by heating the glass vessel containing it, making the wire
the cathode in a luminous discharge, or heating it in air.
Undoubtedly the explanation is that all these things lead to
fresh contamination of the wire of a kind favourable to
positive emission. Finally, the emission may be regenerated
by subjecting the wire to mechanical strain. This probably
encourages the diffusion of residual impurity to the surface
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by providing fresh paths for it, just as the mechanical straining
of a monocrystalline thoriated tungsten wire enables reduced
thorium to diffuse easily to its surface.

The emission (¢,) of positive ions from a metal having
a given distribution of impurity near its surface has been

- found to vary with the temperature according to a law of the

type
1, oc f(T)e T, : e . (D)

where w is a constant and f is a function, such as a small
power, of T, whose variation with T is sufficiently moderate.

'This is similar to the formula for electron emission. The

w for the positive emission has, however, generally only some-
thing like a quarter the value of that for the corresponding
electron emission. But this does not mean that the work of
extraction of a positive ion from the metal is necessarily
correspondingly less than that of an electron. The condition
of affairs in the case of a positively emitting metal is not
simply related to a state of equilibrium, as it is in the case of
a metal emitting electrons, and so the usual thermodynamical
reasoning does not apply. The temperature variation of the

: positive emission depends as much on the diffusion and evapora-
' tion characteristics of the material from which the ions are

derived, and the associated changes with temperature in the
condition of the surface, as it does on the work of extraction
of the ions for any one surface condition.

The velocity distribution of thermally emitted positive
ions has been found to be of the same type as that of electrons,
viz. Maxwellian.

Measurements of the ratio of charge to mass of the ions
emitted from different impure metals have, on the assumption
that each particle carries a single charge, given values for the
atomic weight of the ions between about 13 and 160. However,
by far the most common value found has been in the neigh-
bourhood of 39, indicating that the ions were charged atoms

rof potassium. The value 23, indicating Na™, has also been
found, but only in relatively few cases. That K* ions should

be emitted so much more than Na*, despite the fact that
sodium is more abundantly present as an impurity in most
ordinary metals than potassium, is probably due to the
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greater ease with which potassium is ionized, its ionization -
potential being only 4-32 volts, as against 5-11 volts in the
case of sodium.

More Recent Work on the Emission of Ions from
Impure Metals.—The results of the earlier experiments on
the positive emission from ordinary impure metals have on
the whole been well confirmed by later work. Thus Barton,
Harnwell and Kunsman ¢ have found maxima corresponding
to both sodium and potassium ions in the mass spectrum of
the positive emission from heated platinum. They did not,
however, find the emission of sodium ions to be much less
intense than that of potassium, as had generally been observed
by earlier investigators ; on the contrary, their Na* maximum
was slightly higher than that corresponding to K*. The
emission was found to decrease with time of heating. Recently
Barnes ! has observed, in addition to the usual Nat and K
emissions, also a weak emission of Rb* and Cs* ions from
platinum when first heated at a dull red.

It has been found by Wahlin 35 that in addition to platinum,
also iron, nickel, copper, zirconium and palladium emit ions
of the alkali metals for a considerable time when heated.
The emission is particularly persistent in the case of iron.
Thus a specimen of electrolytic iron showed measurable K+
emission after having been heated for 200 hours in a vacuum
of 1078 mm. at 1120°K. Specimens of tungsten, molybednum,
tantalum and rhodium were also found to emit alkali ions -
initially, but these disappeared after a few minutes’ heating.
As a result of subsequent work,’® Wahlin was able to add
chromium, ruthenium, columbium, silver, gold, zine, manganese,
vanadium, cobalt, osmium, iridium, uranium, thorium and
antimony to the list of metals that emit alkali ions when first
heated.

L. P. Smith 2% 2% has found in the positive emission from
tungsten and molybdenum heated at fairly high temperatures
not only Na™ and K" ions, but also a certain amount of Al".
This is shown, for example, in Fig. 59, which is a mass spectrum
of the emission from a specimen of tungsten at 2000°K. The
resolving power of the spectrograph was sufficient to separate
the two isotopes of potassium. Impurity ions other than
those of the alkali metals have also been found by Wahlin,3" 88
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Barnes,! and Wolfke and Rolinski.?® Maxima which could
plausibly be attributed to Th* and to ThO" were observed
by Wahlin 97 in the mass spectra obtained with specimens
of thoriated tungsten, and also % maxima corresponding to
U+ and UO* in the case of tungsten containing uranium
dioxide additive. Barnes found CbO* ions to be emitted
from heated columbium and Ba* from a specimen of rhodium
containing a trace of barium impurity when it was heated
to about 2070°K. Tinally, according to Wolfke and Rolinski,
heated palladium, after having served as the cathode in the
electrolysis of a dilute solution of sulphuric acid, will emit
very light positive ions, which are probably protons. They
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F1g. 59.—Mass spectrogram of the positive emission from a gpecimen of
impure tungsten.

<

found this emission to be of an ““ explosive ”’ character, falling
rapidly with time. They failed, however, to detect any con-
tinuous positive emission from a heated palladium tube through
whose walls hydrogen was caused to diffuse. Undoubtedly,
in order that hydrogen shall escape from heated palladium
in the form of ions it is necessary for the surface to be in a
suitable condition.

Two interesting types of “impurity emitter ” have been
~ developed in recent years in which the impurity is deliberately
added to the bulk metal and which give copious emissions of
. positive ions for very long periods of time. One of these
. consists of iron containing about 1 per cent. of an alkali
19
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or alkaline earth oxide, and when heated to dull redness this
emits positive ions which are mainly, or at least largely,
singly charged atoms of the metal of the additive. The other
consists of platinum in contact with potash or soda glags through
which potassium or sodium is electrolytically supplied to it
at a controlled rate. The ions in this case are singly charged
atoms of potassium or sodium.

The iron type of emitter was first described by Kunsman 1% 16
It is prepared by coating a metal carrier, such as a twisted
platinum ribbon, with magnetic oxide of iron finely ground
with about 1 per cent. of the oxide of an alkali or alkaline
earth metal and suspended in a suitable medium, such as
paraffin. About 1 per cent. of aluminium oxide may also be
added—the emission from mixtures containing aluminium
oxide are rather more stable than from those not containing
it. The mixture is then fused on to the carrier by heating it
to about 1200°K., either in air, or preferably, in an atmo-
sphere of nitrogen. The coating may be brought to any de-
sired thickness by repeating the coating and fusing process.
Finally, the coated ribbon is mounted in a vacuum tube and
the coating reduced in an atmosphere of hydrogen. On now
being heated to dull redness in a vacuum, the system gives a
considerable emission of positive ions—Kunsman has in some
cases obtained currents as high as 107¢ amp./cm.2. At first
the emission falls with time, but after about two hours the
rate of fall becomes inappreciable. The lives of these emitters
are very great, positive ions continuing to be emitted in
appreciable quantities after weeks of heating. At any given
temperature, the emission is strongest for mixtures containing
ceesium oxide and weakest for those containing alkaline earth
oxides.

The initial time changes observed ¢ in the emission at
1000°K. from reduced mixtures containing potassium and
barium oxides, from an unreduced mixture containing barium
oxide, and from an uncoated platinum ribbon, are shown in
Fig. 60. It is seen that even the unreduced barium oxide
mixture gave some emission, although this was only about one-
fifth as great as that from a corresponding reduced mixture.
Other unreduced mixtures were also found to give a little
emission. In fthe case of a potassinm oxide mixture the
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emission before reduction was less than one-hundredth of that
obtained at the same temperature after reduction.

~ The positive-ion emission from these emitters has been found
by Kunsman to vary with the temperature in the same kind
of way as does the electron emission, the slopes of the
Richardson lines for ions being, however, much less steep
than those for electrons. At the same time, for reasons
already given (p. 287), the slope of a Richardson line for ions,
unlike that for electrons, can hardly be simply related to the
‘work of extraction of the corresponding kind of particle.
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Trg. 60.—Initial decay of the positive emission from various Kunsman
emitters and from a specimen of uncoated platinum.

.~ An analysis by Barton, Harnwell and Kunsman * of the
iions emitted from various mixtures has shown that after a
"few hours’ ageing they consist either wholly or in large part
of singly charged atoms of the alkali or alkaline earth metal
whose oxide is present in the mixture. The emission of
. these ions is in general purer from the mixtures in which the
{ oxides are of the alkali metals, particularly the more electro-
positive and easily ionizable ones, than from those containing
the alkaline earths. An idea of the purity of the emissions
in the various cases is given by the mass spectra of the ions
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obtained from mixtures containing the oxides of the alkali -
and alkaline earth metals shown in Figs. 61 and 62 respectively.
In Fig. 62, two curves are shown for each sample. Those
marked 1T were taken early, and at a low temperature. It
is noteworthy how persistently potassium appears in these,
and to a lesser extent sodium, these being, indeed, the most
important emissions present. After the curves I had been
taken, the temperatures were increased, and after a prolonged
ageing, the curves II were taken at the highest temperatures
possible without burning out the filaments. The alkali ions
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Fia. 81.—Mass spectrograms of the positive emission from Kunsman emitters
containing oxides of the alkali metals.

do not appear nearly so strongly in these, the principal emissions
now being those of the alkaline earth metal with whose oxide
the mixture was prepared.

As Kunsman has pointed out, the manner in which un-
combined alkali or alkaline earth metal appears at the surface
of these emitters, whence it evaporates as ions, is probably
similar to that in which thorium appears at the surface of
thoriated tungsten. It is most unlikely that the hydrogen,
which reduces the iron oxide, can also reduce the oxides of
such electropositive metals as those of the alkali and alkaline
earth groups, The system after reduction therefore almost



MORE RECENT WORK ON IMPURE METALS 293

certainly consists of metallic iron containing the alkali or
alkaline earth oxide as an impurity. At the operating tem-
perature this oxide is probably slowly reduced by the iron,
after which it diffuses to the surface.

It has been found that much more stable, though initially
somewhat smaller, emissions are given by mixtures containing,
in addition to the alkali or alkaline earth oxide, a roughly
equal quantity of aluminium oxide, than by those in which
no aluminium oxide is present. Kunsman ¢ has suggested
that possibly in the former case a double oxide is formed.
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Fr¢. 62.—Mass spectrograms of the positive emission from Kunsman emitters
containing alkaline earth oxides.

If this is so, the double oxide would perhaps be less easily
reduced by the iron than the simple alkali or alkaline earth
oxide.

The platinum type of emitter has been described in one
form by Cottrell, Kunsman and Nelson,® and by Brewer.”
. A platinum wire or ribbon, which can be heated by a current,
is coated with a soda-free potash glass and the whole then
dipped into molten potassium nitrate, and a quantity of
- potassium electrolysed, through the glass, on to the surface
. of the platinum core. A film of platinum is then sputtered
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on to the outer surface of the glass and contact made with it
by wrapping a fine wire tightly round it. If the system is
now heated and the outer film of platinum simultaneously
held at a potential inferior to that of the platinum core,
potassium is electrolysed from the inner to the outer surface
of the glass and passes into the sputtered film, from whose
outer surface it is then emitted in the form of ions. Both
the rate of supply of potassium by electrolysis to the emitting
film of platinum and the temperature can, of course, be con-
trolled separately.

It has been found that the emission does not increase in
proportion to the electrolytic current, but passes through a °
maximum when the current has a certain value corresponding
to a potential difference between the two platinum electrodes
of the order of only 1 volt. At any given temperature, the
equilibrium quantity of adsorbed potassium on the surface of
the sputtered platinum must increase with the electrolytic
current, and when this quantity is too great the  electron
affinity > (work function) of the system will be insufficient
for the potassium to become ionized as it evaporates. It is
undoubtedly to this that the existence of the maximum is due.

A modification of this type of emitter, due to Nelson,22
consists of a potash or soda glass tube, closed at one end and
provided with an internal coating of sputtered platinum.
The tube is evacuated and immersed in a bath of molten
alkali nitrate—KNO, if the tube is of potash glass, NaNO,
if it is of soda glass—and alkali metal electrolysed on to the
sputtered platinum coating by maintaining a suitable potential
difference between it and the bath. The ions emitted from
the platinum surface are collected by a nickel wire lying along
the axis of the tube.

The Generation of Ions by Metals Heated in Alkali
Vapours.—We have already dealt with certain aspects of the
generation of positive ions by hot tungsten and other metals
in the vapour of an alkali metal, such as cesium. Let us now
consider a thermodynamical-statistical theory of this pheno-
menon advanced by Langmuir and Kingdon.l?

Let us suppose that within an enclosure of fixed volume,
having walls of tungsten, there is present a mixture of caesium
atoms, ions and electrons, If the enclosure is small enough,
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space-charge effects will be sufficiently unimportant to be
ignored. If, at the same time, the linear dimensions of the
enclosure are large in comparison with the distance from the
surface within which the image force is appreciable, the con-
centration of electrons within the enclosure will be determined
uniquely by its temperature and by the work funetion of its
walls, whether contaminated by adsorbed casium or not.
Taking this fixed concentration of electrons into consideration,
one may then, by a modification of Saha’s theory, calculate
the degree of ionization of the cesium vapour for any given
quantity of it contained within the enclosure.

The condition of equilibrium of a reacting mixture of
gases contained in an enclosure of fixed volume at constant
temperature is

3F =0, . . . . (2)

where F, the * free energy,” is given by
F=U-T§, . . . . (3)

U being the internal energy, T the temperature and S the
entropy of the system.

Let us first consider the general case where there are N;
gram-molecules of the first gas, N, of the second, and so on,
present in the enclosure, whose volume is V. Then the
internal energy of the gas mixture is given by

U = 3INy(c,,T + by), . . .4
where c¢,,, ¢,, . . . are the molecular heats at constant volume
of the gases and b;, by, . .. are arbitrary constants. The
entropy s, of a gram-molecule of the first gas is

8 = ¢, log T 4 R log v, + Fy, . . (B

where v, is the molecular volume and k, is a constant, and
analogous expressions will, of course, hold for the other gases.
Thus, since
v v
v, = Ny Uy = Ny ete., . . (6)
and the entropy of a mixture of gases is the sum of the entropies
the constituent gases would have if each alone occupied the
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volume of the mixture, we have
S = ZNi(c,, log T 4+ Rlog V — Rlog N, + k). . (7) -
Hence, substituting (4) and (7) in (3), we obtain
F=ZNe, T-+b,—T(c,, log T+R log V—R log Ni+-4)}  (8)

and we easily see that if, in the virtual change at the constant
temperature and volume, N, increases by »,, N, by v,, etc.,
then (2) is expressed by

Zn{c,, T +b,—T(c,, log T-+R log V—R log Ni+k;—R)}=0. (9)
Now the heat effect L associated with the change is obviocusly

given by
L = Zy(c, T + by), . . . (10)

and it is easily seen that the two parts, 2v¢, T and Zv.b,, of
this must be the change in thermal energy and the energy
required for the chemical change respectively. If we write
L’ for the latter quantity, i.e. for that part of the heat effect
which has nothing to do with change in thermal energy, we
have, from (9),

= (R log T+ log V — log N, + ¥ @). (11)

Now let us consider the case represented by

L @ @)
Cs = Cs* + e . . . (12)

in which v, =— 1, vy=-+1, v, =+ 1, and let us write '
for the energy required to ionize one gram-atom of coesium
vapour. Then since ¢, = ¢, =c¢, = §R, our equilibrium
condition (11) becomes

N/VIN/V) _ 13 byt ly—ky 5
e =mm - T RrtaleTH AR — -5

or, if n, is written for NN,/V, n, for NN,/V, etc., where N is
Loschmidt’s number,

Mgy U 3 ko + by — &, 5
log "0 — — P+ 3log T+ (T -|—logN—§>. (13)
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This, with the correct numerical value substituted for the
constant quantity in brackets, is Saha’s equation in the form
' best suited to our purpose.

The value of the constant of eqn. (13) may be found by
calculating, both thermodynamically and statistically, the
gain in entropy of a gram-atom of caesium associated with
its complete ionization and equating the two expressions
found. The validity of the result arrived at by this procedure
is independent of whether or not either of the two states con-
sidered is of equilibrium, and therefore actually realizable.
We are here concerned merely with mathematical convenience,
not with physical realizability.

Let the gram-atom of cesium vapour considered, both in
the un-ionized and in the ionized state, be at the temperature
1°K., and let it in each case be subjected to such a pressure
that it occupies a volume of 1 c.c. Then log T, log v,, log v,
and log v, all vanish, and we have, on account of (5),

Sy 83 — 8 =ky+ ks — k. . . (14)

That is the purely thermodynamical part of the procedure.

Let W, denote the thermodynamic probability of the
ceesium in the un-ionized state and W,, that in the ionized
state. Then by Boltzmann’s hypothesis

Sy 4 83 — 8y = klog (Wy/Wy), . . (18)

where k is Boltzmann’s constant. Now it is easily seen that
W,3/W, is independent of the mass of the ion, so long as this
is substantially the same as that of the un-ionized atom. The
quotient in question is therefore the same as it would be in
an imaginary (but of course actually impossible) case where
the ion, the neutral atom and the electron all had the same
mass. We shall therefore suppose, for simplicity, that we are
dealing with such a case.
: For the evaluation of W, we have to consider the case of
2N ““ molecules,”” N of which are all of one kind (and have no
~ individuality assignable to them) and the remaining N all of
. another, possessing between them the total energy 2K, where
- E = 3R, and for the evaluation of W; we merely have to con-
. sider N molecules all of one kind, having the total energy E.
' Fach thermodynamic probability may be determined in a
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manner similar to that employed in Chapter V, and when
the electron spin is taken into account we easily find that

W o (ST (€ Y <y

=@ (F) ({5 - - 0w
NN
and W, = aaN<4g——Z:E> ’ <1€TT> ’ , 3 . .17

where m, h, o, and o, are the mass of the electron, Planck’s
quantum of action, and the numbers of relevant possible
states (the 2§ | 1 of atomic theory) of & neutral atom and a -
positive ion respectively, so that

8N 5N
Wa  20,\N/4nmBEN T € )
w, = (“) G & - - os
or, since E = 3R and N = R/k,
W 20, (21'rm76)3/’}mk 5R/2k
> {aa T | e, (19)
Hence, taking logarithms, we have
W23 o 20‘,, (27ka)sl2} §
Ik log <W1> = Rlog {% 0 - 2R. . (20)

Thus, finally, it is evident, from (13), (14), (15) and (20), that
the equilibrium condition is given by

log (21) |

Ny 2a,, (ank)”/ﬂ}
b RT+ logT—|—1 {% 7 b i
This may be simplified by substituting for log n, its value,
for which, hy
Ny = % N 5]
where p is the partial pressure of the electrons, and eqns. (17) -
and (40) of Chapter V, we obtain
2(2mrmk)’ts Ly ‘
log ng = log{(‘"h—a)} + = log T — ﬁ’ . (23)
where [, has the same meaning as in Chapters I and V. In
this way we find that

Ny _ Ly — Iy
log m = RT + log e

(24)
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Since in the case of the alkali metals o, is equal to 20,
this may be written
Ny
s
where x and U, are the work function of the metal surface
and the energy required to ionize an atom of the vapour
respectively.

The above theory, while essentially the same as that of
Langmuir and Kingdon, leads to a result which is somewhat
simpler than theirs, as it takes no account of departures
of the emission constant from the theoretical A, It was
not then appreciated, as it is now, that such departures are
probably due mainly to the existence of an appreciable
reflexion of electrons impinging on the surface from without.
This reflexion does not, however, enter into the theory of the
density of the electron gas in equilibrium with the emitter,
and when positive ions are drawn, i.e. when an electron-retard-
ing field is applied, such equilibrium must actually exist near
the surface.

But while under experimental, electron-retarding condi-
tions, the electrons are, as assumed in the theory, in thermo-
dynamical equilibrium with the emitter, this is not true of the
neutral atoms and positive ions, and it becomes necessary
to inquire whether, and to what extent, the applicability of
the theory to experimental cases may be affected by this.
Since the free paths are always much greater than the linear
dimensions of the experimental tube, all the vapour particles
that impinge on the filament do so with kinetic energies
corresponding to the temperature of the relatively cold walls
of the vessel, not to that of the hot filament. Furthermore,
none of these particles are ions, since the field draws all ions
permanently away from the filament; they are all neutral
atoms. Nevertheless, neither of these circumstances will
affect the proportion of ions to atoms that leave the filament
if direct reflexion of either kind of particle from the filament
is unimportant, i.e. if all or practically all impinging particles
have an appreciable adsorption life on the filament before
they leave it again. In that case the condition in which a
particle evaporates can hardly be affected by either the velocity
or the charge with which it reached the filament. We do not

~ L=V (25)
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know for certain how much direct reflexion there is under all
conditions, but at least we have a strong indication that the .
reflexion of atoms is not very important, in the observed fact
that with a given cesium vapour pressure, the rate at which

a tungsten filament exposed to the vapour generates ions is

constant when its temperature much exceeds a certain critical

value. If an appreciable proportion of incident atoms were

directly reflected, we should expect the ion current at high

temperatures to show at least some temperature dependence.

Experimental data have been obtained by Langmuir and
Kingdon * which provide a very satisfactory test of their
theory. A fungsten filament held at 1300°K. or more in
cesium vapour at a certain pressure was found to give a
constant ion current of 2-43 X 1073 amp./em.2. This, then,
may be taken as a measure of the rate of arrival of cesium
atoms at the filament surface. When the filament temperature
was 1177°K., the ion current was only 2:06 x 10~¢ amp./cm.2,
i.e. 1/1180 of the maximum. That is to say, at this temper-
ature only one atom out of 1180 that struck the filament
was converted into an ion.

The electron emission at 1177°K. was found to be
2:22 X 1078 amp./em.?.. A clean tungsten filament at the
same temperature would have given only 3:25 x 10-12
amp./cm.?. From these data we may arrive at an estimate
of the work function of the contaminated surface. We do
not know the value of the emission constant of the con-
taminated surface, but since at 1177°K. the contamination
must have fallen very far short of a complete monatomic
layer of cemsium, we shall probably not be seriously in error
if we assume that the emission constant was the same as that
of clean tungsten. On this assumption the lowering of the
work function corresponding to the increase of emission
produced by the contamination is readily found to be 1-363 e.v.,
making the work function of the contaminated surface
4:54 — 1-363, i.e. 3'17, e.v. Of course, in order to obtain the
data from which this result is calculated, an electron-
accelerating, i.e. ion-retarding field had to be applied to the
filament, and this must have made the equilibrium surface-
concentration of contamination somewhat greater than it was
when ions were drawn at the same temperature. In the case
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under consideration, however, where the two conditions differ
only in regard to the return or non-return of one out of 1180
evaporating csesium particles, this effect can hardly have been
very important.

These data, together with the ionization potential of
csesium, which is 3-874 volts, are all we require in order to com-
pare the theoretical n,/n, with the experimental result. We
have, by (25),

Mg

Ty

— 1.~ 11600(3:874 — 3177)/1177

1
1940

In view of the uncertainty regarding the quantities involved
in the calculation, this result must be considered in very satis-
factory accord with the experimental 1/1180.

Since the state in which a particle evaporates from the
surface of a metal can hardly be dependent in any way on
whether it first arrived at the surface by condensation from
without or by diffusion from within, it is probable that the
theory of Langmuir and Kingdon also applies to the emission
of “impurity ”’ ions from metals. We have seen that the
commonest impurity ions emitted are those of the relatively
easily ionizable alkali metals, such as potassium. According
to eqn. (25), this is what we should expect.

A rough determination of the work that must be performed
in order to remove a positive ion of potassium from a nearly
clean tungsten surface, leaving all parts of the emitter in equi-
librium with one another after as before the loss of the ion,
has been made by Moon and Oliphant.2® It will be con-
venient to call this reversible work of extraction the positive-
ion work function for the particular surface and kind of ion.
It is evident that it is analogous to the electron work function.

A beam of K* ions, formed at the surface of a hot tungsten
ribbon exposed to potassium vapour, was directed on to a
. heated tungsten target at whose surface either an ion-accelerat-
ing or an ion-retarding field could be established. When
slow ions were directed on to the target and ions were also
drawn from it, there was no net current to or from the target,
. and from this it must be inferred that every potassium particle
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evaporating from it did so as a positive ion. The current
to the collector was then a measure of the rate of supply of
particles to the target. The equilibrium quantity of potassium
adsorbed on the surface of the target under these conditions
could be determined from the galvanometer °throw ” ob-
tained when the target was suddenly flashed at a temperature
high enough to make the whole of the adsorbed potassium
evaporate as ions.

When an ion-retarding field was applied to the target,
every ion leaving it was forced to return, and in consequence
the amount of adsorbed potassium increased, until eventually,

while the greaf mn.jnm'tv of the pnrf.igle.q gtill evanorated ag innn’
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enough did so as atoms to balance the arrival rate. On now
suddenly reversing the field, a much larger ion current was
at first found to flow to the ion collector than in the steady
state with the collector negative, and from the ion current-
time relationship now observed the amount of potassium
present on the target at any moment could readily be deduced.
It was found, incidentally, that even at the beginning this
amount was less than 1 per cent. of a complete monatomic
layer.

The ion evaporation rate, as given by the current to the
collector, was found, as might be expected for these small
concentrations, to vary linearly with the amount of potassium
on the surface. The rate of evaporation of ions per unit
surface concentration of potassium was determined at four
different temperatures and found to vary as ¢ “*T, where
w, was about 4-4 electron-volts. The plausible assumption
was made that w, represents the positive-ion work function,
or at least something very near it. No great accuracy was
claimed for the value found for this quantity, however, as the
possible experimental errors were large and the temperature
range covered rather small.

Experiments of a similar nature have recently been carried
out by Evans,® using an improved apparatus in which the
most important sources of error to which the experiments
of Moon and Oliphant were subject were eliminated. In most
of Evans’ experiments the beam of particles directed on to
the target was atomic, instead of, as in those of Moon and
Oliphant, ionic. Beams of potassium, rubidium and ceesium
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were used. After alkali metal had been allowed to accumulate
on the target for some time with an ion-retarding field applied
to it, the field was suddenly reversed and the decay of the
ion current asymptotically to a finite limit observed. TFig. 63
shows such a decay.

The decay was in every case found to be closely exponential,
so that it could be represented by the equation

iy=a(l — B, . . . (26)

where o and j are constants, b is a function of the temperature
and ¢ is the time. When log b was plotted against 1/T, a

“straight line with negative slope was obtained, and it is easily
-seen that this slope is related in the usual way to the quantity

(0] |
TiME (Seconds)

~r

Fia. 63.

w, in the empirical positive-ion emission formula for a given
quantity of alkali metal on the surface,

’l;p oc e “s/*T, . . . (27)

The values of w,, which we should expect to be equal to, or

" to differ but little from, those of the positive-ion work functions

for the alkali metals on nearly clean tungsten were found to
be 2-4;5, 21, and 1:8; electron-volts for potassium, rubidium
and casium respectively. These figures must be regarded
as much more accurate than that for potassium given by

Moon and Oliphant.

Evans has made an interesting comparison between his
measured values of w, and the amounts of work that would
be required to remove the ions from the tungsten surface
against their image attractions. For the calculation of the
image works for the three kinds of ion he used values for the
ionic radiit (which were taken to determine the points of
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departure) obtained by Goldschmidt !¢ from X-ray analyses
of polar salts, The image works thus culculated are compared
with the corresponding experimental values of w, in Table
XIX. It is scen that in cach case the calculated image work
agrees with w, to within about 10 per cent.

EMISSION OF IONS FROM METALS

TABLE XIX.

COMPARISON BETWEEN CALCULATED IMAGE WORKS OF EXTRACTION AND
EXPERIMENTAL w, FOR K+, Rb*+ AND Cs+ EVAPORATING FROM TUNGSTEN.

Ton, Radtus (A.). | obsd. w, (ev). | Siecy torage
K+ | 1-33 2:44 2-69
Rb+ . 1-49 2:1, 2:40
Cst . 1-75 1-8, 2-03

It is not known for certain whether the work required to
remove an adsorbed positive ion from the surface is strictly
comparable with the positive-ion work function which we
have taken to be given sufficiently closely by w,. The
positive-ion work function is the reversible work of extraction
of a positiveion. The process of removing an adsorbed positive
ion from the surface will not be reversible, however, unless
practically all the adsorbed particles are ions. If they are -
not, the removal of an adsorbed ion will not leave the emitter

in a state of equilibrium, and equilibrium can only be restored .

by a transference of negative charge from the surface to the
interior of the metal. It will be clear from the discussion
in Section IV of Chapter III (p. 183), however, that there is
probably less difference (energetically) between an adsorbed
ion and an adsorbed atom than between an ionized and an
un-ionized atom in free space. Thus even if most of the
adsorbed particles are atoms the quantities in the last two
columns of Table XIX may still be nearly comparable. In
any case, probably no theoretical significance is to be attached
to the slight discrepancy between these quantities. As we
saw in Chapter III, an ion is almost certainly a different
thing when adsorbed on a metal surface from what it is when
isolated in free space. Also, as Evans has pointed out, very
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close to the surface forces other than the theoretical image
force are undoubtedly operative.

The Emission of Ions of the Bulk Metal.—The first
indications of the emission from a metal of charged atoms of
its own material were obtained in 1924 by Jenkins,'? in ob-
servations of the positive emission from the tungsten filament
of a Coolidge X-ray tube. Above about 2800°K. he observed
a positive emission which increased rapidly with temperature,
and which differed from that due to easily ionizable impurities
previously observed in that, after certain initial changes, it
was fairly constant with time. This was true except at
temperatures approaching the melting-point of the filament,
where a rapid decrease with time was mnoted. From the
difficulty he experienced in deflecting the ions by a magnetic
field, Jenkins concluded that they must have been relatively
heavy ions, probably charged atoms of tungsten.

These observations, in so far as they concerned temperature
and time changes, were later confirmed by Mitra® working
with commercial radio valves. The decay curves obtained
seemed to be asymptotic, not to zero, but to some finite current
value. L. P. Smith 33 also observed a constant emission
of positive ions above 2500°K. from tungsten filaments which
had previously been severely heat-treated, and finding these
ions to have a greater mass than those of potassium, the
heaviest easily ionizable impurity likely to be present, con-
jectured that they might be W+.

A mass-spectrographic analysis of these ions, and also of
those emitted at very high temperatures from molybdenum,
tantalum and rhodium, carried out by Wahlin,3 definitely
showed them to consist of the singly charged atoms of the
respective metals. These results were confirmed by Smith 28
in the case of tungsten and molybdenum. Subsequent ex-
periments by Wahlin 2¢3° and by Barnes,®® showed singly
positively charged atoms of their own metal to be emitted also
from chromium, ruthenium and columbium at temperatures
where the rate of evaporation of these metals is appreciable,
and from iron, nickel, copper and silver when heated to near
their melting-points. Some of these emissions were very
small indeed. For example, in the case of copper and silver
they could be detected only by using as measuring instrument

20
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an electrometer having a sensitivity of the order of 10716
amp./mm.,

The temperature variation of this positive emission has
been studied in the case of molybdenum by Smith 26 2° and
Barnes,? and in that of tungsten by Smith 3 2% 2% and Moon.!?
In each case the data obtained may be represented by the
empirical formula

7:1, oC e_'"v/kT, . . . . (27)

where w,, is a constant.

An elaborate thermodynamical theory of the emission has
been developed by Smith,®® 2 in which account is taken of
all the thermal effects involved. According to this theory,
which we shall not go into here, the value of the positive-ion
work function y, is somewhat greater than w,, but in practice
the difference is small, amounting to only 1 or 2 per cent.
The differences between separate determinations of w, made
with the same metal have generally been greater than this.

According to Smith,?® 29 the value of y, for tungsten at
absolute zero is 6-55 e.v., and that for molybdenum is 6:09 e.v.

Now we may reversibly extract an ion and an electron
from a metal, either separately, or combined, as an atom,
and then ionize the atom afterwards. Since the initial and
final states are the same in both cases, so must be the amounts
of work required to bring about the change, and we have,
therefore,

v = | D - {
Ap — YiT Xa ™ A ‘ : . \

where y,, the atom work function, is defined as the amount
of work that must be performed in order reversibly to transfer
a neutral atom from the condensed to the vapour phase.

Let us now apply this equation to the case of tungsten.
The value of U;, the work of ionization, though not definitely
known, is believed to be about 7-1 e.v. The atom work
function y, has becn determined from evaporation data 18 and
is equal to 8:3 e.v. And the electron work function y is 45
e.v. Substituting these values in (36) we obtain 10-9 e.v.
for x,. This does not agree at all well with Smith’s experi-
mental value, the discrepancy amounting to 43 e.v.
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The agreement in the case of molybdenum is hardly better.
For this metal, U; = 7-35 e.v., ¥, = 6-33 e.v. and y = 4-15 e.v.
Thus, according to (36), x, should be 9:53 e.v., or 3:5 e.v.
greater than Smith’s experimental value.

In both cases, however, much better agreement with the
theoretical y,-values has been obtained in more recent experi-
mental work. A careful redetermination of y, for molyb-
denum by Barnes ? has yielded a value for this constant of
82 e.v., or only 1:3 e.v. short of the theoretical value. In
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the cage of tungsten even better agreement has been obtained.
Determinations by Moon 1® of the temperature dependence

. of the positive-ion current from four different tungsten fila-
" ments between 3000° and 3200°K. have all yielded values

of x, between 10 and 11 e.v. The agreement with the
theoretical value of 10-9 e.v. must be regarded as very
satisfactory.

Moon’s data have also been found to agree in order of magni-

 tude with the requirements of the Saha-Langmuir-Kingdon
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theory. According to this theory we should have

Yo _ %p 11600071 ~ a5ayT
g Og ’

where o, and o, have the same meanings as on page 298. It
is known from spectroscopic data that o, for tungsten is equal
to 1, but the value of o, is somewhat uncertain. There appear
to be two possibilities regarding the structure of the tungsten
ion, viz. either that there are four d electrons and one s electron
outside the ¢ hafnium core,” or else that there are three d
electrons and two s electrons.* In the former case o, would
be equal to 2, and in the latter it would be 4. As regards 1,.
complete data for the rate of evaporation of tungsten at various
temperatures are given in a table by Jones and Langmuir.'?
Moon also made several determinations of this quantity, both
by direct weighing and by calculation from the rate of change
in resistance of his filaments, and found the results to check
very well with Jones and Langmuir’s data. Using the latter,
it is then a simple matter to calculate from the above formula
the theoretical relationship between log 7, and 1/T. The lines
AB and CD in Fig. 64 represent this relationship for assumed
values for o,/0, of 2 and 4 respectively. The points, on the
other hand, are plots of experimental values of log 7, against
1/T obtained with three different filaments which had not
developed serious ‘ hot spots.” Their proximity to either of
the two theoretical lines is perhaps as close as could reasonably
be expected, in view of the experimental uncertainty indicated
by the “ spread ’ of the points.
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INDEX.

A, gee Emission constant A.
A,, universal constancy of, 34-38.
value of, 38, 100, 101, 232-240, 251.
Activity, definition of, 105.
Adsorbed particles, condition of, 180-183.
offect of distribution of, 139-140.
surface concentration of, 112, 145, 150-153, 182-183.
surface migration of, 113-1 14, 154166, 168-169.
ArnpricHr, oxide cathodes, 216.
‘Alkali metal contaminations, various, effects of, 166-158.
Alkali motals, thermionic and photoelectric data for, 70-80.
Alkaline earth compounds, emission from, 209-210.
Avrasrraus, rhenium, 87.
Aluminium phosphate, emission of ions from, 278-279.
AMEISER, copper, silver and gold, 94-97.
Axbriws, thorium on tungsten, 123-124.
VAN Anker, deposition of thorium on a hot wire, 114.
Anrwownp, oxide cathodes, 101, 203.
Atomie hydrogen, formation of, 177-178.
reducing action of, 178.
Atom work function (definition), 300.

N BAEYER, reflexion of electrons, 31.
Barium, adsorbed, surface concentration of, 182-183.
and oxygen layers on tungsten, multiple, thermionic data for, 171-176.
roversal of, 169-170, 176.
azide, decomposition of, 160, 191.
eireulation in oxide coatings, 213-215.
erystallographic data for, 182.
doublo Jayer on tungsten, thermionic data for, 166, 167.
evaporation from oxide cathodes, 194, 196, 199.
evaporation from tungsten, 163-166, 170-171.
in and on oxide coatings, offect of, 13, 194199, 211-217, 221, 230.
in cores of oxide cathodes, 194-195.
on tungsten and on oxygenated tungsten, adsorption and evaporation
characteristics of, 168-171.
experimental, 160-162.
main thermionic phenomena, 162-164.
thermionic date for, 164—168.
oxide, evaporation of, 201-202.
suboxide, 195.
thormionic data for, 81, 166-167.
vapour process oxide cathodes, 101-192.
BArNus, emission of ions, from impure metals, 288, 289,
from pure metals, 68, 305-307.
BartoN, emission of ions from oxide cathodes, 207-208.
Banrron, Hapywirn and KUNSMAN, emission of alkali iong from impure
platinum, 288.
ions emitted from Kunsmen emitters, 291.
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BECKER, barium on tungsten, 159, 168, 170, 181-183.
cesium on plain and oxygenated tungsten, 136-137, 143-145, 147, 149—
153.
ionization of adsorbed particles, 181-183.
oxide cathodes, 191, 193, 194, 196-199, 207, 208, 212, 214-216, 221.
BrckER and MUELLER, poor saturation, 64.
thorium on tungsten, 125.
BreokER and SEARs, oxide cathodes, 211-212, 230.
BECQUEREL, early researches, 5.
BensamiN and Rookssy, oxide cathodes, 200-205.
BETHE, inner potential, 252.
BIRKENBERG, emission of ions froimn salts, 282, 284,
Brocs, electrons in metals, 18.
Bronpror, early researches, 5.
BoLLING, emission of ions from glasses, 275, 276, 283.
BosE, statistical theory of full radiation, 241.
Bosg-EINSTEIN statistics, 242-244.
Bowpen and RipeAL, surfaces of meotals, 02.
BraNLY, early researches, 5.
BrarTalNy and BECKER, thorium on tungsten, 109-111, 113, 121, 123, 126, 128~
129, 131-132.
Brewir, impure platinum emitter of positive ions, 293.
Braoemax, heat of surfaco charging, 270.
Bropy, thermodynamic probability, 235.
DE Broenie, wave naturo of particles, 18.
i BrRuyNE, offoct of nitrogen on emission from ciesium on tungsten, 158-159.
Schottky effect, 63.
BURGERS, oxide cathodes, 201.
Burerrs and van Lizmer, thoriated tungsten, 106-107.

C}ESIUM, crystallographic datae for, 150.
ions, generation at and emission from hot surfaces, 67-68, 135-136,
145 ff., 294 ff.
on oxygenated tungsten, 136, 142-145,
on tungsten, adsorption and evaporation characteristics of, 147—156.
electron emission from, 135-141.
surface concentration of, 145, 150-153.
surface migration of, 154—156.
thermionic data for, 139.
thermionic and photoelectric data for, 79-80.
Calorimetric measurement of work function, 11, 50—56.
Carbon, oxides of, effect on emission from metals, 179,
effect on oxide cathodes, 203-204.
thermionic data for, 98-99.
CarpweLL, photoelectric data, for cobalt, 89.
for iron, 88.
for tentalum, 83.
CasHMAN and HUXFORD, photoelectric data for magnesium, 80.
Cerium, work funection of, 81.
on tungsten, 134.
Chemical constant, see Vapour pressure constant.
CHILD, infra-saturation, 58.
CravsiNg, thoviated tungsten, 114-116.
Clean metals, thermionic and photoelectric data for (table), 99.
Cobalt, photosloctrie date for, 89.
Compron (A. TL.), eleviton spin, 245.
Comeron (K. T.) and LANGMUIR, poor saturation, 63, 64, 184.
positive emission from pure metals, 68.
reflexion of electrons, 32-33.
theory of patches, 64, 184.
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Concentration, surface, see Surface concentration.
Conduction, electronic, in insulators, 19, 217-218.
in oxide coatings, 214-217, 221 ff.
in semi-conductors, 217-220.
ionic, in oxide coatings, 193, 195, 198-199, 212-215, 221, 226-227.
CoNaDON, velocity distribution of emitted electrons, 46.
Constants, thermionic, see Thermionic constants.
Contact potential difference, 35.
between tungsten, and cwesium on tungsten, 140-141.
and oxygenated tungsten, 142.
and thorium on tungsten, 130-132.
Contaminated metals, field effects for, 64, 184-186.
relation between thermionic constants for, 126-128, 173-176, 179-180,
266.
Contaminations on metals, effects of, 3, 12, 75.
gas, 177-180.
kinds of, 12, 74.
CooxE and RICHARDSON, calorimetric measurement of work function, 55.
thermionic data, for osmium, 90.
for tungsten, 86.
Copper, thermionic data for, 94-97.
Core and coating of oxide cathodes, effects of, 13, 188, 201, 209-212.
CorTrELL, KKuNnsymAN and NELSoN, impure platinum emitter of positive ions,
293.
Cuprous oxide, impure, conductivity of, 219-220.

DAVISSON, velocity distribution of emitted electrons, 44, 48.
Davisson and GERMER, arrangement of adsorbed gas particles, 112.
calorimetric measurement of work function, 55.
electron diffraction, 18, 252.
heat of surface charging, 270.
inner potential of nickel, 252.
oxide cathodes, 189.
thermionic data for tungsten, 86-87.
DEININGER, oxide cathodes, 210.
Dewmski, velocity distribution of emitted electrons, 47—48.
Depolarization, mutual, of neighbouring adsorbed particles, 153, 170.
DrtrELS, oxide cathodes, 193.
Diffraction of electrons, 18, 251-252.
Diffusion, of barium in oxide coatings, 195-198, 213, 215.
of thorium through tungsten, 105-106, 114-120.
surface, see Surface migration.
DiLLon, photoelectric date for zine, 97.
Dipoles of cesium on tungsten, mutual action of, 153, 156.
Diraoc, statistics of, see FERMI.
Dissociation, thermal, of oxide coatings, 195.
Distribution, of adsorbed particles, effect on work function of, 139-140.
of velocities, see Velocity distribution.
Distribution function (definition), 240.
Dixon, rhodium, 89.
DuBripGE, platinum, 90-94, 267.
gas effects on emission from, 177-179.
DuBripeE and RoesR, molybdenum, 84-85.
palladium, 90.
Dunn, photoelectric data for mercury, 98.
DUSHMAN, e/m from infra-saturation currents, 59.
oxide cathodes, 195.
value of A, 232.
DusamMaN and EwArLp, thorium on tungsten, 126-128, 265.
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Dusaman, DENNISON and REYNOLDs, emitters similar to thorium on tungsten,
134.
DusemAN, Rows, EwALD and KiDNER, molybdenum, 84.
tantalum, 83-84.
tungsten, 86-87.

EARLY researches, 5-6.
EsErT and HARTMANN, crystallographic data for barium, 182.
EcorART, inner potential, 252.
EpIson, early researches, 5.
EgLiN, barium on tungsten, 159, 164.
BEINSTEIN, statistics of particles, 242.
Electrolysis of oxide coatings, 193, 195, 198-199, 212-215, 226-227.
Electron bowl, 22,
Electron diffraction, 18, 251-252.
Electron gas, external, condition of, 38-41.
internal, see Free electrons.
Electronic e/m from infra-saturation currents, 59.
Electronic semi-conductors, 217-219.
Electron spin, 244-245.
effect on A,, 232, 237, 239.
Electron waves, 18, 2563 ff.
Ergrer and GEITEL, early researches, 5.
Emission (definition), 9.
Emission constant A, anomalous velues of, 267-271.
definition of, 28.
for clean metals, 38, 100.
for platinum, 92-94, 267. !
variation with work function, see Thermionic constants, relation between.
Emission formula, 11.
empirical, 10.
T, 2224,
T2, 24-29, 251.
Energy distribution, of emitted electrons, 41-50, 250.
of free electrons in metals, 13-17, 240-247.
Energy distribution function (definition), 16, 241,
ENGELMANN, photoelectric data for rhenium, 88.
EPpsTEIN, infra-saturation, 59.
EsrE, oxide cathodes, 192, 193, 196, 206, 207.
Hvans, alkali ions evaporating from tungsten, 302-304.
Evaporation, of barium, from oxide cathodes, 194, 196, 199.
from tungsten, 163-166, 170-171.
of barium and oxygen from tungsten, 172-173.
of barium oxide, 201-202.
of cesium from oxygenated tungsten, 153.
of thorium from tungsten, 105-106, 108-109, 119-124,
Exclusion prineiple, 15, 242,
Experimental eonditions for thermionic work, 3, 74-78.
External electron gus, condition of, 38-41.

FARNSVVORTH, reflexion of electrons, 31.
FERMI gas, escape through potential barrier, 247-252.
FrrMI, statistics of, 16-17, 242 ff.
Field, dependence of emission on, see also Schottky effect.
for thorium on tungsten, 125-126.

varigtion of thermionic constents of thorium on tungsten with, 128-129,
Field effects for contaminated metals (general), 64, 184-186.
TField emission, 65-66.
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FLEMING, early researches, 5.
Flicker effect, 66—67.
in oxide cathodes, 214.
Fonpa, Young and WALKER, thorium in and on tungsten, 107, 114-118,
118-119.
ForsyTHE and WorTHING, temperature scale for tungsten, 86.
FowLER, effect of electron spin on A,, 232.
emission consteant A for platinum, 92-93.
photoelectric data, for silver and gold, 97.
for tin, 99.
question of temperature variation of work function, 267-269.
relation between thermionic constants for contaminated metals, 266.
theory of photoelectric response, 74, 100.
transmission of electrons through a potential hump, 34, 259, 265-266.
FowLEr and NorRDHEIM, field emission, 65.
transmission of electrons through a potential barrier, 253.
FowrLer and Wirsox (A. H.), theory of conduction phenomena in oxide
coatings, 217, 222 ff.
Fox and Bowix, nickel, 89.
FREDENHAGEN, oxide cathodes, 203.
Free barium theory of oxide cathodes, 13, 194-199.
Free electrons in metals, 13 ff.
energy distribution of, 240 ff.
free paths of, 17-18, 248.
FrENKEL and JoFFE, theory of rectifying contacts, 222.
Fry, infra-saturation, 59.

GAS, from glass and electrodes, 76, 178-179.
Gases, effects on emission, from thorium on tungsten, 132-133.
from oxide cathodes, 189, 194, 202-205.
GEHRTS, oxide cathodes, 194.
reflexion of electrons, 31.
thoriated tungsten, 118.
Grriss and van Liever, thoriated tungsten, 106-107.
Generation of ions by metals heated in alkali vapours, 67-68, 135-136, 145-147,
157-158, 294-30h.
(GERMER, velocity distribution of emitted electrons, 47.
GERMERSHAUSEN, oxide cathodes, 203.
Getters, 76-77.
GLASOE, photoelectric data, for iron, 88—89.
for nickel, 89.
Gr.A88, emission of ions from oxide cathodes, 208.
Glass, necesgity for baking, 76, 178-179.
Glasses, emission of ions from, 275, 276, 279-280.
GorTz, photoelectric data for tin, 99.
thermionic data for copper, silver and gold, 94-96.
Gold, thermionic and photoelectric date for, 94-97.
GossLING, infra-saturation, 59.
GOSSMANN, emission of ions from salts, 275.
GUTHRIE, early researches, 5.

HAFNIUM, thermionic data for, 82-83.
Haues, photoelectric data for mercury, 98.
Heat offect accompanying emission, 11.
measurement of work function by, 50-56.
HEeInzE, oxide cathodes, 190.
HzerzrFELD, heat of surface charging, 270.
Horst and OISTERHUIS, calorimetric measurement of work function, 56.
HorTonN, oxide cathodes, 193, 215-216.
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Huceses and DuBRIDGE, photoelectric data for alkali metals, 80.
HuLy, oxide cathodes, 203.

reflexion of electrons, 31.

velocity distribution of emitted electrons, 47.
Huxrorp, oxide cathodes, 193.
Hydrogen, atomie, see Atomic hydrogen.

effect on emission, from metals, 177-178.

from oxide cathodes, 203-204.

IMAGE field, 21, 61.
Image-force potential barrier, transmission of electrons through, 260-262.
Imege work for alkali ions evaporating from tungsten, 303-305.
Individuality, question of assignability to electrons, 14-15, 237-239, 241-242.
Infra-saturation currents, 56—61.
Inner potential, definitign of, 21.
measurement by eloctron diffraction, 251~252.
Ion bombardment, effect of, on activated thoriated tungsten, 77, 133.
on oxide cathodes, 203—-205.
Jonization, of adsorbed particles, 181-183.
of cesium by hot filaments, 67-68, 135-136, 145-147, 294 ff.
of residual gases, effect on space current, 6, 61.
Ions, adsorbed on metals, 181-183.
emission of, from electrolytes, 67, 273 ff.
effect of impurities on, 274, 278-282.
relation to electrolytic phenomena, 276-280.
temperature variation of, 67, 274.
time changes in, 274, 280-285.
from glasses, 275, 276, 279-280.
from impure metals, 68, 285-294, 301.
from oxide cathodes, 207-208.
from pure metals, 68, 305-308.
in alkali vapours, 67-68, 135-136, 145—149, 157-158, 294 f.
laboratory sources of, 68, 289-294.
Iron, impure, as emitter of ions, 289-293.
thermionic and photoelectric data for, 88—89.
v. ISSENDORFF, calorimetric measurement of work function, 56.
Ives, 150.
alkali ions generated by hot tungsten, 158.
Ives and JoENSRUD, photoelectric thresholds of alkali metals, 79.

J ENKINS, emission of ions from pure tungsten, 305.

JENTZ8CH, thermionic measurements on various metallic oxides, 210.
JoHNSON, flicker effect, 66, 214.

JonEs (J. H.), velocity distribution of emitted electrons, 46.

JonEs (H. A.) and LANGMUIR, temperature scale for tungsten, 86.

Jusk and KurrscHATOW, conductivity of impure cuprous oxide, 219-220.

KAHRA, emission of ions from electrolytes, 275-276, 278.
Kazpa, photoelectric data for mercury, 98.
Kr1Lriaw, rubidium and potassium on plain and oxygenated tungsten, 156-158.
KINGDON, c@sium, 79.
ceesium on oxygenated tungsten, 142-143.
oxygenated tungsten, 141-142.
thorium on tungsten, 126-127, 132.
Kinepon and LANGMUIR, c@sium on tungsten, 135.
deactivation of thoriated tungsten by ion bombardment, 77, 133.
generation of postive ions in alkali vapours, 67, 135, 145-146.
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Knreprase and NEBEL, oxide cathodes, 207.
KorLer, oxide cathodes, 189, 194, 196, 203-204.
veloeity distribution of emitted electrons, 47,
Korrrus, photoslectric data for platinum, 90-91.
Kozaxowskr and WiLtiAnms, emission of ions from oxide cathodes, 208.
Kroxzek and LUBKE, oxide cathodes, 216.
KUNSMAN, positive-ion emitters, 68, 200-293.

LAIRD, effect of hydrogen on emission from potassium, 178.
LANGMUIR, c@sium on tungsten, 151-153.
effect of hydrogen on emission from tungsten, 177-178.
infra-saturation, 58, 59.
liberation of oxygen by active nitrogen, 159, 179.
relation between thermionic constants for conteminated tungsten, 179.
temperature scale for tungsten, 86.
theory of dependence of emission on 6, 125.
theory of patches, 64, 184.
thermionic data, for carbon, 99.
for molybdenum, 84-85.
for platinum, 92.
for tantalum, 83.
for tungsten, 86.
thoriated tungsten, 104-107, 112, 116-120, 122-125, 132-133.
Laxemurr and Broparrr, infra-saturation, 58-59.
Lanamuir and Kixapox, emsium on plain and oxygenated tungsten, 138, 143.
contact potential differences, 130-132, 140-142.
ionization of ceesiurm by hot metals, 67, 145-146, 204, 299-301.
LanemUir and RoGERs, thoriated tungsten, 104.
LaneMUIR and TAYLOR, ceesium on tungsten, 151, 154-156.
Lanthanum, on tungsten, 134.
work funection of, 81.
Latent heat of evaporation of electrons, 26-28, 234, 249.
v. LAUE, external electron gas, 38.
value of A, 232.
LESTER, calorimetric measurement of work function, 55.
thermionic data, for carbon, 99.
for molybdenum, 84.
for tantalum, 83.
for tungsten, 86.
Life of oxide cathodes, 194, 199-202.
LIiLTENFELD, field emission, 65.
Lithium, photoelectric data for, 80.
Lockrow, effect of hydrogen on emission from platinum, 177.
thermionic data for platinum, 92.
Lowry, oxide cathodes, 210-211.

MACNABB, oxide cathodes, 203.
Magnesium, photoelectric data for, 80-81.
Mawrin, molyhdenum, 85,
MaxweLn distribution, 2, 14-16, 23, 41 fi., 241, 287.

aslimiting case of other distributions, 243-244, 247, 249-250,
Mereury, photoslectric data for, 97, 08,
Metals, theory of electrons in, 13 fi., 240 fi.
Methane, effect on emission from thorviated tungsten, 132-133.
Meyer (I2.), emission from metals in potassium vapour, 158.
Mever (W.) and Scamipr (A.), oxide cathodes, 212-213, 214, 216.
Micuen and Seannenr, calorimetric measurement of work function, 55,
Migration, surface, see Surface migration.
MILLIEAN, photoslectric thresholds of lithium and potassium, 80.
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Mrrra, smission of ions from pure tungsten, 305,
Mixed oxide coatod eathodes, emission from, 200-202, 209,
Mobility, surface, seo Surface migration.
Mérrer and Drrers, veloeity distribution of emitted electrons, 48.
Molybdenum, positive-ion work funetion for, 306-307.
temperature seale for, 84,
thermionic and photoelectric data for, 84-80,
Moox, emission of ions from pure tungsten, 307-308,
Moo~ and Ovreman®, pesitive-ion work function foi potassinm evaporating
from fungston, 301-302.
Monns, photoelectrie data for gold, 07.
Mulbiple atomio layors of barium and oxygen on tungsten, 171-176.
Munawkiy, omission of iong from electrolytes, 276-276, 274-279,

INELSON (1), barium on tungsten, 159,
Nersow (R. A.), positive-ion emitber, 204.
Noodyminm, worl: funstion of, 81.
Niekel, inner potential of, 252,
thermionie and photoalectiic data for, 89,
Nitrogen, action on adsorbed oxygen, 170,
active, 159,
reducing action of, 159, 179.
effect: on emission, from cesium on tungsten, 158-169.
from oxide enthodes, 203.
from thorium on tungsten, 132,
from tungaten, 179.
Noropugim, modern theory of elootron omission, 2, 3, 251,
spocial casos of Fermi distribution; 248,
theory of rectifying contucts, 222,
thoory of reflexion and transmisgion of olectrons, 33, 253 11,
Norrmvemast, thoriatod tungsten, 100-110, 129, 132,
potential hump at surface of, 265.
voloeity distribution of emittod elecbrons, 48-49,

OLPIN, photoelectric data for alkali metals, 80.
OPPENHEIMER, field emission, 65.
Optimurm @, for burivm on tungsten, 164,
for ¢esium on' bungsten, 152-153.
for thorium on tungsten, 108-100,
Osmium, thermionic data for, 90.
Oxide cathodes, see also Oxide coatings.
activation of, 192-195.
barium-vapour process, 191-192.
chemical reactions between core and coating of, 191. |
deactivation of, 194, 203-205.
dependence of activity on materials of core and coating, 13, 188, 201, 209-
212.
offect of condensed barium on, 194-198.
offect of ion bombardment on, 203-205.
effect of spuco current on, 192-193, 207.
offecty of gnses on, 188-189, 194, 202-205.
emigsion constant A of, 229.
emission from, 13, 188.
emission of ions from, 207-208.
evaporation of barinm from, 194, 196, 199.
evolution of oxygen from, 193, 205, 212-213, 215.
free barium theory of, 13, 194-199.
life of, 194, 199-202.
mechanism of emission from, 227-230.
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Oxide cathodes, peculiarities of, 205-208.
preparation of, 190-192.
recovery of, after flashing, 196, 200.
after poisoning, 204-205.
geat of emisgion from, 211-212.
temperature variation of condition of, 189-190.
thermionic data for, 13, 188-189, 192.
time effects in, 189, 226-227 ; see also Life,
variability of, 188-190.
work function of (theory), 228—230.
Oxide coatings, apparent conductivity of, 206, 216, 220-221.
barium circulation in, 213-215.
conduction in, 212 ff,
diffusion of barium in, 195-198, 213, 215.
effect of barium dissolved in, 13, 216-217, 221, 230.
electrolytic phenomena in, 193, 195, 198-199, 212-215, 226-227.
electronic conduction in, 214-217, 221 ff.
heating of, by space current, 205-206.
ionic conduction in, 193, 195, 198-199, 212-215, 221, 226-227.
mixed, emission from, 200-202, 209.
evaporation of barium oxide from, 201-202.
reduction of, by core, 195.
sizes of crystals of, 195-196.
thermal dissociation of, 195.
thickness of, 191.
Oxides, metallic, thermionic data for, 210.
Oxygen, effect on emission, from metals, 178.
from thoriated tungsten, 132.
from oxide cathodes, 189, 203-205.
evolution from oxide cathodes, 193, 205, 212-213, 215.
Oxygenated tungsten, 136, 141-142.
in ceesium vapour, emission from, 136, 143-145.

PALLADIUM, thermionic and photoelectric date for, 90.

Patches, at surface of an oxide cathode, 207.
theory of, 64, 184-186.

Pauii, exclusion principle, 242,
theory of metals, 2, 17.

PENNING, calorimetric measurement of work function, 56.

PeTRY, reflexion of electrons, 31.

ProrTE, Schottky effect, 63.

Phase space and phase cells, 14, 240.

Pra1PPS and LEsLIE, electrolysis of sodium chloride, 276.

Photoelectric response, Fowler’s theory of, 74, 100.

Photoelectric threshold, 73.

Platinum, anomalous A-value of, 92-94, 267 ff.
contaminated, relation between thermionic constants for, 179-180, 266.
impure, as positive-ion emitter, 290, 293-294.
thermionic and photoelectric data for, 90-94, 102,

Poisoning, see Gases, effects of.

Polarization, electrolytic, in oxide coatings, 212-213.

in salts, 282, 284-285.
of surface atoms, 21-22, 72, 75, 109, 153, 170.

Poor saturation, for contaminated metals, 64, 184—-186.
for oxide cathodes, 205--207.

Positive ions, emission of, see Tons, emission of.

Positive-ion work function, definition, 301.
for alkali contaminations on tungsten, 301-305.
for molybdenum and tungsten, 306-307.
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Potaessium, contaminated, relation between thermionic constants for, 179-180,
266.
on tungsten, thermionic data for, 157.
thermionic and photoelectric data for, 79-80.
Potassium ions, generation by hot tungsten, 156—158.
Potlonlial barrier or hill, 21.
transmission of electrons through, 33-34, 256-267.
Potential hump, as cause of electron reflexion, 33-34, 262-263.
at surfaco of thoriated tungsten, 49, 265.
Porrer, veloeity dislribution of emitted electrons, 46.
Prageodymium, work function of, 81,
PrEECE, early researches, 5.
Protons, emission from palladium charged with hydrogen, 289.

RADIATION , full, statistical theory of, 241.
Rawparr and Rocxksey, structure of metals near their melting-points, 96.
Rare earth metals, thermionic data for, 81-82.
Ratio of charge to mass of electrons, from infra-saturation currents, 59.
Rectifying contacts, theory of, 222-223.
Reduction of thoria by tungsten, 105-107.
Reflexion of electrons, 24--25, 30-34 ; see also Transmission.

classical theory of, 31-33.

external and internal, 252253, 257.
REIMANN, barium and oxygen on tungsten, 169.

oxide cathodes, 203, 205.
RemmaNyN and MuRreocr, oxide cathodes, 203, 206, 211, 213-214, 216, 220, 221.
REeEimanN and TRELOAR, oxide cathodes, 206, 221, 225, 227, 229.
Reversal of barium and oxygen layers on tungsten, 169-170, 176.
REYNOLDS, theory of patches, 64.

thoriated tungsten, 122, 125-126, 131.

velocity distribution of emitted electrons, 48.
REvNoLDS and DusEMAN, thoriated molybdenum, 133-135.
Rhenium, thermionic and photoelectric data for, 87—88.
Rhodium, thermionic and photoelectric datea for, 83-90.
RICHARDSON, calorimetric measurement of work function, 54.

emission of ions from impure metals, 285.

emission of ions from heated salts, 67, 274-275.

reflexion of electrons, 31.

relation hetween thermionic constants for contaminated metals

T¥ emission formula, 22.

thermodynamical derivation of emission formula, 24.

universal constancy of A,, 34.

value of A,, 232.

velocity distribution of emitted electrons, 45.
RicEarRDSON and BrownN, velocity distribution of emitted electrons, 45.
RicmarDSoN and CookE, calorimetric measurement of work function, 55.
RicHarpsoN and Youna, relation between thermionic constants for con-

taminated potassium, 179, 266.

theory of patches, 64.

thermionic measurements on sodium and potassium, 79.
RicaARDSON line, 29.
ROLLER, JorDAN and WooDWARD, photoelectric data for mercury, 97, 98.
DEL RosArio, velocity distribution of emitted electrons, 46.
ROssIGER, velocity distribution of emitted electrons, 47.
RotHE, calorimetric measurement of work function, 55.

oxide cathodes, 203, 206.

velocity distribution of emitted electrons, 47.
Roughnesy of surfuces, see Surface roughuess.
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Rubidium, photoelectric data for, 80.
ions of, generated by hot tungsten, 156-158.
on tungsten, thermionic data for, 156-157.
Rurpp, inner potential of nickel, 252.
Rype and Harris (N. L.), barium, 81.
barium and oxygen layers on tungsten, 159, 160, 164, 169, 170, 171, 179.

SACKUR, vapour pressure constant, 232.
SaHA’S equation, 295-298.
Salts, emission of ions from, 67, 273 ff.
Samarium, work function of, 81.
Saturation of thermionic current, 6.
poorness of, see Poor saturation.
variation with class of emitter, 6-7, 64, 184.
SoEmIDT (G- C.), emission of ions from electrolytes, 67, 275 ff.
SCHNEIDER, celorimetric measurement of work function, 55.
ScHOTTKY, external electron gas, 38.
flicker effect, 67, 214.
gravitational analogue of emitting body, 22.
infra-saturation, 59.
on Schottky effect, 63.
theory of ionization by hot metals, 146.
theory of shot effect, 66.
volocity distribution of emitted electrons, 43-45.
Scrorrry and v. IsseNponwr, calorimetric measurement of work function, 56.
ScrorTkY and RoTHE, external electron gas, 38.
ScHOTTKY effect, 61-63.
SCHRODINGER, wave equation, 253.
ScrumacHEER and Harris (J. E.), rare earth metals, 81.
Seat of emission from oxide cathodes, 211-212.
v. SEELEN, electrolysis of sodium chloride, 276.
Semi-conductors, theory of, 217-219.
Shot effect, 66.
S1r Lineg Tiva, velocity distribution of emitted electrons, 46.
SILJEHOLM, iron, 88,
Silver, thermionie and photoeleetric data for, 94-97.
Simon (H.), effect of hydrogen on emission from metals, 177-178.
Simon (I.) and Vomsex, erystallographic date for csesium, 150,
Surrr (K. K.), tungsten, 86.
SmrrH (L. P.), emission of ions, from impure metals, 68, 288.
from pure metals, 68, 305-307.
Sanrmuenes, thoriated tungsten, 106,
Sodium, thermionic and photoelectric measurements on, 79-80.
Sodium ions, generation by hot tungsten, 156, 158.
SomMERFELD, theory of electron emission, 2-3, 251, 271.
theory of metals, 2, 17, 19, 245, 267-268.
Space charge, 8.
SPANNER, emission from various alkaline earth compounds, 209-210.
emisgion from various oxides, 210.
thermionic data, for platinum, 92.
for tantalum, 83.
for tungsten, 86.
Specific heat of internal electrons, 14, 17, 27-28, 101, 267-269.
Sputtering, see Ton bombardment.
Statistical theories, 14-17, 240-247.
STaTZ, oxide cathodes, 190.
StERN, Gossuing and FOWLER, field emission, 65.
Strontium and oxygen layers on tungsten, 174-175.
SUHERMANN, platinum, 90-92.
21
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Surface charging, heat of, 270-271.
Surface concentration, of adsorbed particles, 112.
variation of emission with, 124128, 168.

of barium on tungsten, 182-183.
of cesium on tungsten, 145, 150-153.
of thorium on tungston, 112.

Surface forces, nature of, 20-22.

Surface migration, of barium on tungsten, 168-169.
of cesium on tungsten, 154-156.
of thorium on tungsten, 113-114.

Surface roughness, of metals, 92, 150.
effect on saturation currents, §9, 63, 207.

+
T EMISSION formula, 22-24.
T? emission formula, 24-29, 251.
Tantalum, thermionic and photoelectric data for, 82-84.
TASULACHOY, olectrolysis of sodium chloride, 276-277.
TAYLOR, cesium on tungsten, 152-153.
TAavLor and LANGMUIR, casium on tungsten, 151.
TETRODE, vapour pressure constant, 232.
Theory of metals, classical, 13—14.
modern, 16-20, 240 ff.
Theory of patches, 64, 184-186.
Thermal dissociation of oxide coatings, 195.
Thermal electron emission, mechanism of, 1.
Thermionic constants, relation between, for contaminated metels, 126-129,
173-176, 179-180, 266.
in different emission formuls, 29-30.
table of some, 37.
Thermionic current, variation with anode potential, 6-7.
variation with temperature, 7-11.
Thermionic emission formula, see Emission formula.
Thermions, 1.
Thermodynamic probability, 2356-239.
TraoMsoN (G. P.), electron diffraction, 18.
TroMsoN (J. J.), infra-saturation, 58.
nature of thermions emitted from a metal in a vacuum, 6.
Thoria, reduction by tungsten, 105-107.
Thoriated molybdenum, 133-135.
Thoriated tungsten, see also Thorium, and Thorium on tungsten.
activation of, 104, 107-111, 121-122.
deactivation of, 105.
offect of grain size in, 114-116.
effect of ion bombardment on, 77, 133.
main phenomena exhibited by, 104-106.
monocrystalline, activation of, 115-116.
Thorium, condensation on tungsten, thermionic phenomena accompanying,
111.
deposition on & hot wire, 114.
diffusion through tungsten, 105-106, 114-120.
double layer on tungsten, 131, 132.
evaporation from tungsten, 105-106, 108-109, 119-124.
migration on tungsten, 113-114.
nature of film on tungsten, 107-114.
thermionic data for, 82.
Thorium on tungsten, effects of gases on, 132-133.
other emitters similar to, 133-135.
potential hump at surface of, 49, 265.
thermionic data for, 13, 124-132.
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Three-halves power law for infra-saturation currents, 58.
departures from, 59—61.
Time changes, in emission of ions from electrolytes, 274, 280-285.
in oxide cathodes, 189, 226-227 ; see also Life.
Tin, photoelectric data for, 99.
Tonks, heat of surface charging, 270.
roughness factor for etched tungsten, 150.
Tonks and LANGMUIR, heat of surface charging, 270.
Transmission coefficient, 29, 247, 250 ff.
Transmission of electrons through potential barriers, 33—-34, 256—-267.
TuBANDT, electrolysis in salts, 276, 278.
TUCcKER, photoelectric data for platinum, 90-91.
Tungsten, contaminated, relation between thermionic constants for, 179-180.
positive-ion work funection for, 306-307.
temperature scale for, 86.
thermionic and photoelectric date for, 86-87.

UHLENBECK and Goubswmir, electron spin, 245.
Uranium on tungsten, 134.

VALENCY electrons in metals, 19-20.
Valve, thermionic, 5, 6.
Vapour pressure constant, 232, 235-240.
Velocity distribution, of emitted electrons, 41-50, 250.
of free eloctrons in metals, 13-17, 240-247.
of ions from impure metals, 287.
VAN VELZER, platinum, 102.
V10HL, calorimetric measurement of work function, 55.
VOLMER, emission of jons from heated salts, 277-2T8.
VAN VoorHIS, calorimetric measurement of work function, 56.
vAN Voorars and Compron, calorimetric measurement of work function, 56.

WAHLIN, emission of ions, from impure metals, 68, 288-289.
from pure metals, 68, 305.
WARNER, tungsten, 86-87.
Water vapour, effect on emission, from metals, 178-179.
from oxide cathodes, 203.
of ions from electrolytes, 282-284.
Wave equation, 253.
Wave function i, 2563-2564.
Wave-mechanical theory, 18, 253 ff.
‘WERNELT, oxide cathodes, 188.
WerNELT and JENTZSCH, calorimetric measurement of work function, 54.
WEeeNELT and LIEBREICH, calorimetric measurement of work function, 55.
WeHNELT and SEILIGER, copper and silver, 94-95.
WeENELT cathodes, 13 ; see also Oxide cathodes.
Wicrtiams and HuxrorD, oxide cathodes, 214.
Winson (A. H.), theory of electronic semi-conductors, 217-219.
theory of insulators, 19, 217-218.
theory of metals, 20.
theory of rectifying contacts, 222.
WirsoN (H. A.), relation between thermionic constants for contaminated
metals, 179.
thermodynamical derivation of emission formula, 24.
WiLson (W.) calorimetric measurement of work function, 55.
WinNcH, silver, 97.
Worrke and ROLINSKI, emission of protons from palladium charged with
hydrogen, 289.
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‘WoobRrU¥FF, photoelectric data for platinum, 90-91.
‘Work function, atom (definition), 306.
electron, calorimetric measurement of, 11, 50-56.
definition of, 11, 28.
in degrees, 29.
of clean metals, and periodic table, 72, 100.
changes at transition points, 72, 89, 90, 94-99.
temperature variation of, 267-270.
thermionic and photoelectric, 72-74, 100.
variation with emission constant A, see Thermionic constants,
relation between.
positive-ion (definition), 301.
WorrHING, temperature scale for molybdenum, 84.

YTTRIUM on tungsten, 134.

ZENTGRAF, emission of ions from salts, 284.
Zince, photoelectric data for, 97-98.
Zirconium, thermionic data for, 82, 83.
on tungsten, 134.
ZWIKKER, molybdenum, 84.
thorium, hafnium and zirconium, 82, 83.
tungsten, 86-87.
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