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PREFACE

The material comprising the twenty-six lec-—
tures contained in this book formed the basis of
a course on vacuum-tube design given by RCA engi-
neers for company employees during the Winter of
{937 and the Spring of 1938. The lectures were
intended to provide a review of the basic prin-
ciples wunderlying the design and manufacture of
vacuum tubes. They appear in the order in which
they were presented and ina few instances include
new material added at time of publication.

Each lecturer has treated his sub ject accord-
ing to his own viewpoint. In general, the treat-
ment is non-mathematical. Numerous formulas and
charts of particular interest tothe design engi-
neer have been included.

Throughout the book, numerous references to
sources of information have been given. Refer-
ences topublished material list the publication;
those to wunpublished material are keyed. The
keyed sources are availabie toauthorized persons
for reference purposes in our Library.

The Editors

Harr ison, New Jersey
December, 1940
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Table I. Heading of center column should read

In

In

In
in

Diameter (mils)
dmg/ZOO mm

right column, 3rd line the year 1920 should be 1930.

right column, equation for dj, should read
1 T
djp=C.0156 (——— )”2 —)3"‘
1000 Iy 1000

Fig. 9, Rg should be changed to R in the circuit and
the accompanying legend. In the curves of i vs Time,

the dashed curve starting at it(o) = 0,089 ampere should

be

identified as iy. This designation may be added con-

veniently toward the right end of the dashed curve.

In

In

1 1
7 _ >> — <<
Fig. 12, lower part, 20l 2wl should read 200 2wl,

Fig. 16, the curve e, should be continued between

point C and point O, as in Fig. 15a.

In

Fig. 21, lower part, the curve identifications in

right margin should read from bottom up as follows:
100, 30, 10, &, 2, 1, 0.2, and no designation to top
(envelope) curve.

In

the boxed tabulation, the date for tube type 47

should be 1931 instead of 1929,

In

left column, line 21 the word empirical should be

changed to graphical.
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FILAMENTS AND CATHODES — Part |

E. A. Lederer

A. THERMIONIC EMISSION

l. Introduction

Electrons can be dislodged from matter by the
action of incident 1light, by bombardment with
electrons, by bombardment with positive ions, by
metastable atoms, by the action of heat, or by
applying intense fields. In the following we
shall confine our interest only to the action of
heat, commonly termed the field of thermionics.

The name implies that electron emission so
obtained 1is a function of the temperature. But
a cursory inspection of the phenomenon reveals
that it is also a function of the material. The
temperature function is expressed mathematically
in the Richardson-Dushman equation which is known
to fit experimental results within the error of
measurement. The material function is contained
in the equation in form of a factor A and a fac-
tor @ , the magnitude of which is at present de-
termined only empirically.

The number of materials exhibiting thermionic
emission of sufficient magnitude to be usable in
various experimental and commercial devices is
small. All materials, elements, and compounds
holding a fair promise of becoming useful have
been tested in the past three decades and the
hope to add one more to the list is indeed very
remote. Thermionic emission has been observed
with

1) clean metals (represented by tungsten).

2) metals with minute surface contamina-
tions (often called monomolecular films, repre-
sented by thoriated tungsten).

3) metal compounds 1like oxides, sometimes
termed semi-conductors (represented by the oxide-
coated cathode which at present is commercially
the most important electron emitter).

All the materials have one property in common:
they are conductors of electricity, at least at
elevated temperature.

The property of metallic conduction is inter-
preted by the modern electron theory of metals.
The carrier of the electric current is the elec-
tron, the smallest particle of electricity.

2. Some Properties of the Electron

The charge carried by an electron is

q = 1.591 x 10719 coulomb

e = 4.77 x 10710 e.s.u.

Thus; if a current of 1 ampere flows through a
wire, and since 1 ampere = 1 coulomb per second,
the number of electrons per second which pass a
given cross-section of the wire is given by

1

n = = 0.629 x 1019
1.591 x 10719

An electron is the origin of a field of force
and therefore has an equivalent mass which, ex-
pressed in grams for the electron at rest, is

m = 9.035 x 1028 grams

The difference in mass between the moving
electron and the electron atrest is very slight;
only when its velocity approaches that of light
does its equivalent mass increase notably.

If we assume that the electron has spherical
shape, the size of its radius is given by

r=1.8 x 1073 cn

If an electron is moved through a potential
difference of V! e.s.u., its kinetic energy
changes according to the relation:

Viq = 1/2 mv?

Changing from e.s.u. to volts (1 e.s.u. = 300
volts), we obtain the following equation for the
velocity v.

v =5.94x 107 x volts cm per sec.

3. Modern Electron Theory of Metalg

According to modern theory, the difference
between the electrical properties of metallic
conductors and insulators 1is that in the metal
some of the electrons are free, while in the in-
sulator they are bound to the atom. When a dif-
ference of potential is applied to the metallic
conductor, the free electrons are set in motion
and thus conduct current. In an insulator, how-
ever, the electrons are displaced somewhat by
the electric forces but still remain part of
the atomic system.

The classical theory of electrie conduc-
tion was formulated by Lorenz and expanded by
Thomson, Riecke, and Drude. This theory postu-
lates that the metal consists of a rigid lattice
structure built up from atoms, the interstices
of which are occupied by free electrons. The
electrons are thought of as being in to-and-fro
motion, colliding with each other and with the
atoms of the lattice. Because of this similari-
ty, we speak of the "electron gas" in metals.

With a picture 1like this involving moving
particles all of one kind, size, and charge, the
most logical question is: what is the velocity of
these particles? With such an enormous num-
ber of particles, it is utterly futile to assign
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individuality to each and every particle and to
chart their velocities. Instead we group them
together and talk of a certain number of parti-
cles having velocities between certain limits.
Exactly the same system is used in other sta-
tistics. For example, we speak of the lifeex-
pectance of the population betwsen the age limits
of 20 and 21 years as being, say, 42 years. The
goal of any statistical theory is to establish
a distribution function by means of which we
express the limit of velocity v + dv for a given
number of particles n + dn.

Maxwell has computed the most probable ve-
locity distribution of molecules in gases under
ordinary conditions of pressure and temperature.
And following his lead, the classical electron
theory has assumed that the electrons in the
metal have a Maxwellian velocity distribution.
With this assumption which is the least restric-
tive of any we can make, a few properties of the
metal could be explained, but others, such as
the specific heat of the metal, showed differ-
ences between computed and observed values.

The Maxwellian distribution requires that the
energy of the free electrons vanish at absolute
zero, whereas from speculations in connection
with the specific heat of metals, the free elec-
trons should still possess considerable kinetic
energy at 09K. The logical inference is that if
the free electron gas exists at all, its velocity
distribution cannot be Maxwellian. The next step
in modifying theclassical theory was carried out
by Sommerfeld in 1925. Digressing for a moment, I
should probably mention that in 1916 a very con-
vincing experiment proving the existence of the
free electrons in metals was made by Tolman and
Steward. In modifying the classical theory,
Sommerfeld applied the Pauli-exclusion principle,
the counterpart of which in statistical mechanics
is theFermi statistics,and could account for the
first time for the correct value of the specific
heat and other observed properties of the metals.

According to the Fermi statistics, the fres
electrons in the metal are endowed with kinetic
energy even at absolute zero, and no two elec-
trons in the metal can have the same kinetic
energy. Instead, the electrons are spaced out
according to a definite law. The result is that
while the slowest free electron has no kinetic
energy it is the only one of this sort. There
is one, then, with a small value of energy, one
with a larger value and so on until the fastest
of the free electrons has quite a large value of
kinetic energy, 1i.e., such as that which it
would get by falling through a difference of po-
tential of several volts. This distribution
holds at absolute zero, and increasing the tem-
perature produces very 1little change in the
energy distribution. However, it 1s this small
change which we use in thermionics.

An atom in a metal contains several loosely
bound electrons surrounding a much more stable
core consisting of the positive nucleus and a
number of electrons. The 1loosely bound elec-

trons are the ones which can be removed when the
atom in question enters an ionic crystal. (Sodium
chloride, for example, is an ionic crystal). How-
ever, in a metallic lattice, these electrons re-
main free because there is no electro-negative
element (like chlorine in sodium chloride) to
bind them. They are free to wander through the
metallic crystal, and thereby carry electric cur-
rent. The picture of a metal is then roughly a
sea of electrons containing enough positively
charged ions to meke the whole thing electrically
neutral. Different metals vary greatly in the
fraction of the volume occupied by the positive
ions. In an alkali metal, this volume may be
only 10%, the remaining 90% of the volume being
occupied by the free electrons. The volume oc-
cupied by positive ions in the ferrous-type
metals may amount to 50% and over. The space
occupied by the positive ions is used by Slater
to compute some of the physical properties of
the metal, such as ductility.

The electrons would diffuse right out of the
metal by virtue of their velocity if it were not
for some sort of restraining action. However, if
an electron escapes, it leaves a positive charge
of equal magnitude behind tending to prevent the
escape of further electrons. For example, cath-
odes in rectifier tubes attain a positive charge
because electrons are removed.

The attraction between the electron just out-
side the metal and the positive charge induced in
the meteal is called the image force and is numeri-
cally equal to

e2
(2x)2

F =

where x is the distance of the electron from the
surface of the metal. With only the image force
acting, the egress of electrons would, there-
fore, ultimately be prevented by the building up
of a surface charge but, as we find experi-
mentally, this is not the case. Modern theory,
therefore, postulates the existence of the re-
straining action at the surface of the metal in
the form of a potential barrier, such that a
definite amount of work, characteristic of the
metal, must be done if the electron is moved
from the interior to free external space.

If we denote by Wy the change in potential
energy of a single electron after it has been re-
moved from the metal, then Wg is also the work re-
quired to overcome the restraining action and
corresponds to the energy required for removing
an electron which was initially at rest in the
metal. For removing an electron possessing ki-
netic energy Wi in the metal,a smaller amount of
energy is required and is equal to Wy - Wj.

It seems justifiable to assume as Sommerfeld
and Nordheim did, that all those electrons which
have a velocity component p normal to the surface
greater than a value p,, given by the relation
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will escape and, therefore, will contribute to
the thermionic current. Computing the number of
electrons N(W)dW which have velocity components
normal to the surface between W and dW, and which
impinge from internally on the metal surface of
unit area in unit time, Nordheim found the rela-
tion:

_W-Wi

4nm kt
e kT log[1 - ¢

N(W) =

In this equation k is Boltzmann's constant (k =
1.37 x 1016 ergs/degree) and h is Planck's con-
stant (h = 6.55 x 10~27 erg sec.). The graphical
representation of the equation for T = 0 is given
in Fig. 1. As the temperature is increased, elec-
trons appear with greater frequency in increas-
ingly higher energy 1levels. For temperature T,
the distribution is shown by the dashed line. Ve
see qualitatively that the difference between Wy

ENERGY

Fig. 1

and W§ must be a decisive factor in determining
the number of electrons having sufficient kinetic
energy to escaps. This difference divided by the
electronic charge,e, 1s called the work function,

Thus, ¢xe is the energy required to remove one
electron with the highest energy (Wi) at abso-
lute zero from the metal. Or in other words, it
is the latent heat of evaporation at absolute
zZero.

Wi can be calculated from the formula

¥ h°(3n>'§
s U
8m \
where n is the number of free electrons per unit
volume in the metal.
Since metals expand when heated,it is readily
seen that the electron concentration per unit

volume changes with the temperature, that Wy
changes but only slightly, and that consequently

® , the work function, 1s temperature dependent.
However, no experiment has been devised as yet to
support this deduction. Fortunately, Wy can be
determined independently from thermionic and
photo-electric measurements. It has been obtained
from electron diffraction data making use of the
de Broglie relation

connecting the wavelength A, the electron ve-
locity v, and its mass m. In this equation h is
Planck's constant. Davison and Germer carried
out this measurement and found that Wo for Ni
was 16.5 to 18 volts. Since the work function
of Ni~ 5 volts, Wi would come out to be 11 to
13 volts. If we assume two free electrons per
atom, Wi as computed for Ni is 11.7 volts.

Let us consider what happens when two metals
(a) and (b), as shown in Fig. 2, are in contact
with each other at constant temperature. Experi-

Fig. 2

ence shows that the system is in equilibrium with
a characteristic potential difference Vg, across
the external surface. At absolute zero, the maxi-
mum kinetic energy Wy is a material function and
can be computed from

n’ (3n)§
Wy = — |—
8m \wm

We assume that wib > Wig. This means that the
meximum kinetic energy normal to the surface is
greater in (b) than in (a). Therefore, an un-
compensated stream of electrons would flow from
(b) to (a) were it not for the barrier action at
the interface. Thus, equilibrium is restored
again and the loss or gain in kinetic energy at
the interface is equal to Dgy = Wi, - Wipe

Electrons passing from (a?to (b? are acceler-
ated at the joint and those passing from (b) to
(a) are retarded. An electron coming from (a) to
(b) with maximum kinetic energy Wiy is accelerated
by Dgy, and enters (b) with energy Wi,. An elec-
tron with zero energy in (a) arrives with energy
Dab in (b). Electrons coming from (b) with maxi-
mum kinetic energy Wi, are retarded by Dgp and
arrive in (a) with energy Wy = Wiy - Dab; those
with kinetic energy Dgp, arrive in (a) with zero
kinetic energy. No electrons with energy values
smaller than Dgp can pass the interfacial region.

Equilibrium demands that the number of elec-
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trons leaving with any kinetic energybe ecual to
the number entering with the same energy. This
condition shows that the distribution function in
(a) and (b) must be of the same form, one curve
displaced with respect to the other by Dgp, as
shown in Fig. 3.

Dab

Fig. 3
4. The Emission Formula

In the 1light of modern eleciron theory, we
shall now investigate qualitatively the process
of electron emission from a clean metal. We treat
the interior of the metal as a region of uniform
potential with a barrier at the surface beyond
which the potentisl changes to that of an elec-
tron outside of the metal. In Fig. 4, B indicates
the surface of the metal to be thought of as a
plane perpendicular to the plane of the paper.

i
I8
f P 4 P Al
T K LT e T
o |

|

|

: i0: ’

x I

ENERGY
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veelE
090 \®

—_

VACUUM

Fig. 4

Thus, the direction X is normal to the surface of
the metal. The metal atoms are arranged in a
three—dimensional lattice and the energy of an
electron depends upon its location with respect
to this lattice. We are interested in the forces
acting upon an electron moving in the X-direction,
and take the line integral of force, i.e., the
potential of an electron as a function of its
location along the X-direction. Actually the po-
tential undergoes rapid changes near the atoms
which are shown qualitatively by the dotted linesP.

The innermost 1levels K, L, M, etc., are all
occupied. Electrons may be pictured way down in
the potential valleys. The farther out the elec-
trons in the structure of the single atom are,
the more they are influenced by forces exerted by
neighboring atoms. The valency electrons are
thought of as being held so loosely and the bind-
ing forces acting upon them so weak and the in-
fluence of other atoms so great that they are as-
sumed tomove freely within the lattice. By doing
so, they maintain the proper average charge to
keep all regions electrically neutral.

The line marked O indicates the neutral zone
through the potential hills and valleys. If we
assume that there is no surface contamination on

the metal, the difference between Wy and O can be
assumed to be fixed. Wj indicates the highest
energy levels at 00K and is characteristic of the
metal.

We must find now the number of electrons with
X-energy between Wx and Wy + dWy impinging on the
barrier surface per unit area in unit time. Clas-
sical as well as quantum mechanics show that all
electrons with Wy < Wy are reflected and, there-
fore, cannot contribute to the measured thermionic
current. Electrons with higher energy than Wg
have a definite probability of escape. When the
energy Wy is very high, this probability D(Wx) is
very near unity, but when Wy = Wg, it must fall
to zero.

The electron current fromthe clean metal sur-
face can be expressed by

Wy= 00
D(Wy) N(W,) dW, .

= wa'
N(Vix) dWy, the number of electrons impinging in
the X-direction on unit area in unit time, has
been computed by L. Nordheim and is

Wa=- Wy

4anokT kT
N(Wx) dwx = ——E;— In |1 + ¢

On substituting and integrating and assuming that
the probability of escape D(Wy) = 1, we obtain

w,- Wy
mk 2e B
j = AMBXC gp o kr
hs
4nmk %e
Denoting s by A,
we have
—Wa- Wi
kT
i= A0T2 €

The emission formula arrived at in this manner
is remarkable not only in that it agrees in form
with the earlier formula derived thermodynamically
by Richardson, but also in that the material con-
stant Ay 1s identical with that obtained by
Dushman and Laue if corrected for electron spin
(see paragraph on the Constant A).

In older publications, the formula is often

given as followss
_Pe
T

i, = AT? ¢
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or LI

PR
i, = A'T% ¢ T

where by 18 a _constant defined below. We know
now that the T2 formula is better, founded theo-
retically than the Richardson T/2 formula de-
rived by him from the classical theory. The ac-
curacy with which temperatures and emissions are
measurable is not great enough to establish any-
thing beyond the fact that the temperature varia-
tion of emission is dominated by a factor of the
type €~Po/T.

The relation between By and ¢ is given by the
equation

pe
k

Substituting the proper value for tungsten, we
get for ow

by =

o = bok 52600 x 1.371 x 107%°
" q 1.591 x 107*°
= 4.53 volts

(The electronic charge has been expressed in
coulombs and the constant k in joules/degree).
The velocity necessary for the egress of all the
electrons from tungsten is, therefore:

0.594 x 10° / 4.53

1.3 x 108 cm/sec. (approx.)

]

v

max

The temperature necessary for the egress of all
electrons from tungsten is

T =

max

11604 x ¢, = 52600 degrees.

Obvious 1limitations do not permit us to heat
tungsten cathodes to much more than 2800°K at
which temperature it has been computed that only
about one electron out of every 100000 electrons
has sufficient velocity to escape. We see, there-
fore, that the emission currents drawn within
realizable temperature ranges practically do not
influence the electron concentration in the metal.

5. The Constant A

That the constant A must approach universal
constancy was shown first by Richardson. Laue
and Dushman calculated A, making certain assump-
tions, and found the universal value:

A= 60.2 amp./cm/degree?

Recently, in view of the electron spin, dis-
covered by A. Compton and by means of which
Paulli could account for the magnetic properties
of the alkali metals, it has been found that the

value of A should be corrected by a factor of 2,
so that

Ay = 120 amp./cn?/degree?

That this value is in poor agreement with the
observed value as extrapolated from Richardson's
equation for various emitters is probably due to
our inability to produce chemically clean sur-
faces. Another explanation was offered by Dr.
W. B. Nottingham according to which the work
function depends upon the crystal orientation.
Since we use polycrystalline wires, we observe
average and not optimum work function. There
are only very few metals which can be degassed
sufficiently in vacuum so as to clean their sur-
face to a satisfactory degree. These metals
are tungsten, molybdenum, and tantalum. An in-
spection of the followirg table will be con-
vincing that the agreement between theory and
actual observed value is best in the three cases
just mentioned.

Table I
A WORK FUNCTION
EMITTER 9
amp/cm?/degree? Volts
W 60 - 100 454
Re 200 5.1
Pt 170000 6.27
Mo 55 415
Ta 60 Aol
Ba 60 2.11
W-0-Ba 0.18 1.34
W-Th 3.0 2.63
W-Ba 1.5 1.56
W-0 5 x 1012 9.2

6. The Transmission Coefficient

Electrons impinging upon a potential barrier,
such as we assume to exist on the surface of a
metal, may be in part reflected, and in part they
may "pass over" the barrier. Thus, the rela-
tion between the reflection r and transmission
coefficient D is given by the relation

D=1-r

If the kinetic energy of the impinging electron
is smaller than the energy required to pass over
the potential barrier, the electron is reflected
according to classical mechanics. In the 1light
of wave mechanics, according to which electrons
behave also as waves, there is a certain proba-
bility that the electron wave train can pass
through the barrier. This probability depends
upon the potential distribution on both sides of
the barrier and upon its thickness. The phe-
nomenon is the analogue of the optical phenome-
non in which a light beam in an optically dense
medium is not totally reflected when interrupted
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by a layer of optically less dense material pro-
vided the latter's thickness does not exceed a
few wavelengths. For practical purposes and
always if the kinetic energy of the impinging
electron islarger than the height of the barrier,
the transmission coefficient is very nearly unity
and, therefore, has been neglected in our emis-
sion formula.

In making certain simplifying assumptions,
Dushman has calculated the thickness of the po-
tential barrier on thoriated tungsten and found
it not to exceed 3 angstroms. Since the diameter
of a thorium atom is 5.1 angstroms, the correla-
tion appears to be satisfactory.

We must remember, however, and this is well
supported by observation, that a minute surface
contamination on the emitter may change both the
work function and the constant A profoundly. We
seek the explanation in the shape and height of
the potential barrier and may expect more prac-
tical information from a study of surface con-
tamination by electron diffraction.

7. Testing of the Emission Formule

The material to be tested, preferably in the
form of a thin wire, is mounted inside a cylin-
drical anode consisting of three parts as shown
in Fig. 5. The two outer parts of the anode,
called guard-rings, serve to confine the emis-
sion measurement to the central portion of the
filament which is at uniform temperature.

o] —

— @

Fig. 5

In order to test our emission equation, it is
necessary that the potential difference between
filament and anode be zero,and that the emission
current be measured as a function of the fila-
ment temperature. Because of the voltage drop
along the filament and the contact potential
difference between filament and anode, the mea-
surement 1is carried out with an anode potential
ranging between 30 and 600 volts and is then
extrapolated to zero.

If we denote the quantities which we observe
with the subscript "ob", the emission formula
as measured is

o,
300 kT
a A T2 ¢

eq;v

log a + log A -

” 1 ob _
or °g 2 - ob

690 kT

Plotting log(i,p/T2) as ordinates and 1/T as ab-
scissa,we obtain a straight line having the slope
- __EZZ_ = b
690 kT v

Inasmuch as we used anode voltage and because,
as Schottky has pointed out, the applied voltage
aids the escape of electrons and decreases the

9 , we have to correct for this. Schottky's
relation is:
i
1.906 E2

log i = log i,
T

where E is expressed in volts/cm. For concentric
cylinders, we have

v

r 1n R
r

E =

where r = radius of filament and R = radius of
anode, both in centimeters.

B. EMISSION FROM CLEAN METALS

Experience has shown that electron emission of
sufficient magnitude for practical purposes can
be had from clean metals only at temperatures in
excess of about 2000°K. This limitation in tem-
perature range limits the number of clean metal
emitters to very few among which tungsten, tanta-
lum, and molybdenum are the only metals of prac-
tical importence.

Metals cannot be regarded as clean unless their
surface and their interior as well, have been
substentially freed from contamination. All three
of the previously mentioned metals have been used
as thermionic emitters, but only tungsten and
tantalum are used commercially. The difficulty
encountered with molybdenum is its comparatively
high vapor pressure and consequently cathodes
made of it have shart 1life. Tantalum, like mo-
lybdenum, has a slightly lower work function than
tungsten. Tantalum is mechanically not strong
enough and "sags" under the combined influences
of temperature and the electrostatic forces be-
tween cathode and anode.

The thermionic properties of tungsten are kmown
with greater accuracy than those of any other
metal. Not only has tungsten the highest melting
point (36559K) of all metals but its chemical
compounds formed with various gases, particularly
oxygen, are more easily removed by heat treating
than those of tantalum for example. Furthermore,
the temperature scale of tungsten has been studied
with great accuracy.
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In high-power transmitting tubes, tungsten is
the only metal rugged enough to withstand all the
mechanical and chemical requirements. As seen
from Table I, the work function of tungsten in-
creases more than twofold after exposure to oxy-
gen. Although the oxygen contamination can be
removed by heating the tungsten to a temperature
in excess of 1800°K, it is obvious in order to
maintain a steady emission level with respect to

small diameter. Wires of larger size can be
operated at a higher temperature for the percent-
age loss due to evaporation becomes smaller with
increasing bulk of the emitters.

Practical design data for pure tungsten fila-
ment, as employed in our transmitting-tube sec-
tion, will be given by Mr. Spitzer. The proper-
ties of pure tungsten wire which are of importance
to the radio-tube designer are given in Table II.

Table II *
Total Radiation Electron Rate of
Temperature | Resistivity Intensit Emission |Vaporization
oK microhms/cm watts/ cmZ amp/cm? grams/cm?/sec
300 5.64 .0015 - -
600 13.54 048 - -
900 22.58 .379 - -
1200 37.02 1.691 - -
1400 38.52 3.82 5.75 x 10~2 -
1600 45.22 7.7 8.05 x 10=7 | 3.7 x 1020
1800 52.08 14.22 3.92 x 1075 | 6.22 x 10717
2000 59,10 23.72 8.92 x 1074 | 2.32 x 10714
2200 66.25 37.18 1.14 x 10™2 | 2.90 x 10~
2400 73.55 55.8 1.02 x 101 | 1.58 x 10710
2600 81.0 80.8 6.48 x 1071 | 4.64 x 10
2800 88.5 112.9 3.21 8.28 x 10-
3000 96.2 153.9 - 9.92 x 10~7

# Data given in this table apply to well-aged tungsten.

time, that the vacuum in the device must be of a
high order. I‘kgressed in common units, the vacuum
should be 10-©° mm or less. Attainment of such
a vacuum level is carried out either by the use
of a getter, or if this is not permissible, by
internal bombardment of the transmitting tube dur-
ing exhaust. This latter procedure sputters
electrode material on the wall of the envelope
while the gases as evolved are carried off by the
pump. The sputtered metal on the inner surface
of the bulb adsorbs gases freed after sealing off
and thus aids in maintaining the vacuum. Further-
more, the tungsten acts in such a manner as to be
self-gettering in that, during operation, a small
amount of evaporation and sputtering is unavoid-
able. The adsorption of gases by the sputtered
metal or the getter 1is considerably enhanced by
ionization.

Thus, in view of the known properties of tung-
sten, we can derive logically an aging schedule
which consists of two steps:

1) Removal of gas residue in the device by
the combined action of sputtering and ionization
during which the tungsten cathode is maintained
at slightly over the operating temperature.

2) Cleaning the surface of the tungsten by
flashing for a short time at a temperature near
30000K.

Since evaporation at high temperature seri-
ously limits the life of a tungsten cathode, it
is not practical to exceed 2400°K for wires of

C. ELECTRON EMISSION FROM CONTAMINATED METALS
opsis

When the surface of a metal is contaminated
with a film of foreign material, the surface po-
larization is profoundly changed and concurrently
the work fumction and the transmission coefficient
are altered. While such contamination occurs
abundantly in nature, only a few cases are of
practical importance and hence have been sub-
jected to detailed study. The most important of
these cases are:

Tungsten - Thorium
Tungsten - Caesium
Tungsten - Oxygen - Caesium
Tungsten - Oxygen - Barium

The first two cases may be regarded as apply-
ing to one class of emitter and the last two cases
to another class. The latter class leads to the
so-called oxide-coated cathode which will be dis-
cussed separately because of its technical im-
portance. In all four cases, tungsten is used as
the base material which is most natural in view of
what has been said previously about its proper-
ties, particularly since it is so readily cleaned
of undesired contamination by flashing.
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2. Thoriated Tungsten

offsetting, tungsten filaments were "doped" with
0.75 to 2% thoria even 1in the early stages of
tungsten incandescent-lamp manufacture. In 1913
Langmuir and Rogers discovered that the thermionic
emission or such "thoria-doped filaments"™ was,
after certain treatment, several thousand times
larger than the emission of a pure tungsten fila-
ment under the same conditions. Various treat-
ments were tried but the one finally adopted to
obtain maximum thorium emission is as follows:

The filament is flashed for a minute or two
at a temperature higher than 27009 to reduce
some of the thoria in the wire to thorium metal.
At this high temperature, any impurity on the
surface of the wire 1s vaporized. Any thorium
metal diffusing to the surface 1s immediately
evaporated so that the activity of the filament
is substantially that of pure tungsten.

If now the temperature is reduced to a value
between 20000 and 2200°K, the rate of diffusion
is quite high but the rate of evaporation is de-
creased to such an extent that thorium atoms can
accumulate on the surface as an adsorbed layer.
In order that the rate at which the surface be-
comes covered with thorium can be observed, the
emission 1is tested at frequent intervals at a
comparatively low temperature (16000K). At this
temperature the rate of diffusion becomes negli-
gibly small. Fig. 6 shows qualitatively what
takes place at various temperatures and it also
indicates the ranges for reduction, diffusion,
operation, and deactivation.
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of formation of thorium oxide 1is greater than
that of tungsten oxide. Nevertheless, thoria is
reduced by tungsten in vacuum owing to the work-
ings of the mass action law. The reaction oc-
curs at an appreciable rate at 26009K and over.
The tungsten oxide is lost in the vacuum and de-
posits on the cooler parts of the device.

That the reduction actually occurs is sup-
ported by tests and analyses of Smithels, Geiss,
and VanLiempt who examined the residue of flashed
and untreated filament after dissolving the tung-
sten. The thorium metal formed is only slightly

soluble in tungsten and the solubility increases
with the temperature. The presence of thorium
metal in the tungsten was confirmed by measure-
ments of the temperature coefficient of wires by
Fonda, Young, and Walker. That the formation of
thorium metal is due purely to dissociation ap-
pears improbable because extremely high tempera-
ture would be required for such a process.

c. Nature of _the Surface Film — From work
Brattain, Becker, and Nottingham,
and from the suddenness at which activation and
deactivation occur, it appears certain that the
thoriated filament owes its activity to a mono-
molecular surface film. Thus, at the operating
temperature, we have an equilibrium between the
rate of arrival of thorium at the surface and
the loss due to evaporation. Nevertheless, the
rate of arrival of thorium is believed, and sup-
ported by evidence, to be greater than the evapo-
ration of a monatomic film. It is merely the
surplus of thorium which might form an incipient
second layer which is lost at the operating tem-
perature since the surface forces between tung-
sten and thorium are evidently much greater than
the forces between the second thorium layer and
the first. Thus, we assume that any surplus
thorium over the amount necessary to form, main-
tain, and repair the first layer, is volatilized.
That there is such a thing as the incipient sec-
ond layer is evident from curves by Nottingham,
Brattain, and Becker, who plotted emissivity ver-
sus time ad found the former to attain a maximum
and then to decrease to a slightly lower constant
level. The formation of this second layer oc-
curred more readily at lower temperatures as
might be expected. Fig. 7 shows qualitatively
the phenomenon described.

1845°K

TIME
Fig. 7

tion wupon a base material has been observed to
occur often in conformity with the underlying
lattice. So, for example, if a polycrystalline
tungsten wire is heated in an atmosphere of tung-
sten hexachloride, the tungsten so deposited upon
the wire is polycrystalline. If a single-crystal
wire 1s wused, the deposit is monocrystalline.
From this and other observations, Langmuir as-
sumed that the concentration of thorium atoms
must depend upon the geometry of the tungsten
lattice. Tungsten crystallizes in body-centered-
cubes, the side of a unit cube being 3.15 ang-
stroms. Thorium, on the other hand, crystallizes
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in face—centered cubes, the side of a unit cube
being 5.04 angstroms. Evidently the size of tho-
rium atoms is too large for a one-to-one rela-
tionship and thus Langmuir has calculated that
the greatest number of atoms which can be packed
into a monatomic layer is 64% of the number of
tungsten atoms exposed on the surface. Unfor-
tunately, we have not as yet a reliable method
to check such speculation.

Notwithstanding the great attractive forces
existing between tungsten and the monatomic layer
of thorium, there are numerous manifestations
that such adsorbed atoms may migrate along tne
surface. Also it has been held that the thorium
reaches the surface of the wire by way of the
grain boundaries. Both statements were recently
verified by Nottingham and Jobhnson who experi-
mented with a thoriated filament inside a cylin-
drical fluorescent screen. With this arrange-
ment the magnification of the electron pattern in
the radial direction was approximately equal to
the ratio of the screen-to-filament radius, whereas
the magnification along the filament axis was zero.
From the experiments the following conclusions
were obtained:

1) The thorium emergesat the grain bounda-
daries and spreads over the entire surface by
migration.

2) The points of emergence are the same
even after several activations and deactivations.

3) The surface coverage depends on the ori-
entation of the tungsten crystal, certain crystal
faces showing a preferential adsorbtivity as com-
pared with others.

It has 1long been known that polycrystalline
wires give better all-round performance as emit-
ters than single-crystalline wires. This has
been recently confirmed by Clausing who investi-
gated the emissivity of a single-crystal and a
polycrystalline wire before and after depositing
on each a shell of pure tungsten, grown thereon
from the vapor phase. Clausing observed that the
single-crystal wire which was encased in a single-
crystal shell substantially exhibited tungsten
emission although it was fully activated before
the shell was deposited. The polycrystalline
wire, however, activated with practically equal
ease before and after the shell was grown on.

hydrocarbon vapor, carbon diffuses into the tung-
sten. The rate of dissociation of the hydro-
carbon increases, everything else being equal,
with the gas pressure, whereas the rate of dif-
fusion of the carbon into the interior of the
filament decreases with decreasing temperature.
Therefore, by selecting the gas pressure and fila-
ment temperature, it is possible to build up a
shell of carbonized tungsten at the surface of
the filament. There are two tungsten carbides,
WoC and WC. The former contains 3.16% carbon by
weight, whereas the latter contains 6.12% carbon.
Since the conductivity of tungsten carbide is
vastly different from that of pure tungsten, the
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