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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 subject 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those to unpublished material are keyed. The
keyed sources are availabie toauthorized persons
for reference purposes in our Library.

The Editors
Harrison, New dJersey
December, 1940
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Table I. Heading of center column should read

Diameter (mils)
dmg/ZOO mm

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

In right column, equation for dj, should read
1 T
d)p=C.0156 (——— )“2 —)3"‘
1000 Iy, 1000

In Fig. 9, Rg should be changed to R in the circuit and

in 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,

1 1
1 _ >> — <<
In Fig. 12, lower part, 200 2wl should read CWYe 2wl,

In 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.

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 is 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

Lederer

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 electric 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 1t
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 is 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 din 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 metel 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 Wy 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 1is 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
zero.

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 W 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

ha (3n)§
Wi = — |—
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 scceler-
ated at the joint and those passing from (b) to
(2) 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 W, = 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 eaual 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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090 \®
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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 from the 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

4nokT 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 bp is a _constant defined below. We know
now that the T2 formula is better founded theo-
retically than the Richardson '1‘1/2 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° / 2.53

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
Pauli 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./cm?/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 4ol
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 light
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_, -

ob
or log — = b
2

690 kT

Plotting log(i,n/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

¢ , we have to correct for this. Schottky's
relation is:
1
1.906 E?

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 20009K. 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 life. 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.

Practicel design date 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 100
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 10~12
2400 73.55 55.8 1.02 x 101 | 1.58 x 10710
2600 81.0 80.8 6.48 x 101 | 4.64 x 109
2800 88.5 112.9 3.21 8.28 x 10-8
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 1latter 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
3000K.

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 FMISSION 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 function 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 is 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 is 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 1lower 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 1is used, the deposit is monocrystalline.
From this and other observations, Langmuir as-
sumed that the concentration of thorium atoms
must depend upen 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 1s 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 Johnson 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 long 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 whichwas 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
welght, whereas the latter contains 6.12% carbon.
Since the conductivity of tungsten carbide is
vastly different from that of pure tungsten, the

process of carbonization as it progresses can be
followed by observing the resistance of the wire.
The conductivity of tungsten (cold) as a func-
tion of its carbon content is shown in Fig. 8.
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Carbonized thoriated-tungsten filaments ex-
hibit remarkable properties in that the rate of
evaporation of thorium from such filaments is
only about 1/6 at 22009K of that from a tungsten
surface. Hence, carbonized filaments can be
operated at a higher temperature and, since the
rate of thorium diffusion can thus be increased,
the filament is more rugged toward adverse ef-
fects. Because tungsten carbide is very brittle,
and in order to maintain as much of the mechanical
strength as possible, it is customary to convert
only a certain fraction of the cross-section of
the filament to carbide and leave the core of the
filament uncarbonized. Experience has shown that
all-round satisfactory performance can be ob-
tained if carbonization is carried out up to 80%
of the original conductivity.

f. Aging Schedule and Poisoning Effect — Hav-
ing surveyed qualitatively the salient proper-
ties of the thoriated-tungsten filament and bear-
ing in mind that thorium 1s very active chemi-
cally, we can now design a general aging schedule
for this type of cathode.

1) Remove residual gas left in the device
after tip-off by using an active getter and aid-
ing the clean-up by ionization if necessary with
filament at temperature slightly less than 2600°K.

2) After removal of gas, flash filament at
reduction temperature for not over two minutes.

3) Activate filament at temperature within
the thorium diffusion range. If gas bhas not
been cleaned up, the filament will not activate
because of oxidation of the thorium on the wire
surface.

Since the ratio of volume to surface for
cylindrical filaments changes rapidly with in-
creasing filement diameter, it is obvious that
thick filaments contain more thorium reserve per
unit area of surface to be covered with a mon-
atomic layer. Hence, if a filament has been de-
activated for some reason,it is usually possible
to reactivate it again by applying the last two
steps of our aging schedule. Filaments of small
diameter contain little thorium reserve and once
deactivated it is usually difficult to restore
the initial emission by aging. Therefore, small-
diameter filaments are particularly sensitive to
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oxygen poisoning. One source of oxygen poisoning
is due to the dissociation of oxide films under
electron bombardment. Another source is the so-
called "water cycle" known in the manufacture of
incandescent lamps. The latter source is due to
the presence in the tube of traces of hydrogen
which, when ionized, reduces metal oxides as found
on spot welds and forms water vapor. The water
vapor attacks the thorium film on the filament
or the filament proper and forms hydrogen with
the result that the cycle begins anew.

Oxygen poisoning caused by dissociation of
oxide films wunder electronic bombardment was
first observed on the type 99. The life of this
tube using a filament with a diameter of about
0.0007 inches had been notoriously bad. Changes
in exhaust, aging, getter, and filament led to
only temporary relief. Therefore, a detailed
study was underteken. In order that as many
variables as possible might be removed, the emis-
sion versus time characteristic was observed for
diodes. First, it was found that every lot of
filament could be properly activated initially
if the vacuum conditions were satisfactory. Sec-
ond, it was found that all tubes had satisfac-
tory life performance if the applied plate volt-
age did not exceed 13 volts. Increasing the
plate voltage beyond this value resulted in a
more or less rapid deactivation lasting from a
few s8econds to a few hours. The plate material
in use was nickel. It was obtained from various

sources of supply. Different lots affected the
deactivation time. The next step was a test of
other plate materials,and so iron, zinc, silver,
and platinum were tried. Of these, the last three
bhad no effect upon the filament, the emissivity
remaining constant for several hundred hours with
as much as 50 volts applied to the plate. At the
same time it was observed on life test that tubes
which contained a small amount of red phosphorus,
in addition to the megnesium getter, exhibited a
much better emission maintenance than regular
production tubes.

From this study, it was evident that the de-
activation observed was due to a minute oxide
film on the nickel plates. This film formed as
soon as the plates were exposed to the air after
hydrogen firing. With an understanding of the
phenomenon, it was a comparatively easy matter
to devise a preventative. Since red phosphorus
was tooerratic with respect to results and since
magnesium-nickel alloys containing several per
cent of magnesium metal could not be had, a nickel-
zinc alloy was finally adopted. Satisfactory
life-test results were then obtained. The action
of the zinc during high-frequency heating con-
sisted in cleaning the surface of the plate ma-
terial by diffusion, evaporation, and reduction.

REFERENCES

See end of Lecture 2



Lecture 2

FILAMENTS AND CATHODES — Part 1!

E. A. Lederer

OXIDE-COATED CATHODES

4. Introduction

In the first lecture we discussed the escape
of electrons from clean and contaminated metals
and we noticed the enormous difference in work
function caused by monatomic layers of two dif-
ferent materiels on a clean metal surface. Com-
paring for example thoriated and oxidized tung-
sten whose fork functions are 2.6 and 9.2 volts,
respectively, we find that the emission of the
former 1is several millionfold greater than the
latter at the same operating temperature. The
oxide-coated cathode is but a special case of a
contaminated surface and because of its commercial
importance deserves considerable discussion.

The first question suggesting itself is: What
is the definition of an oxide—coated cathode?
Because of the complexity of the article, both
from the physical and chemical viewpoint, no such
definition can be given at present. It seems
logical to review at first methods of preparation
and properties before attempting to define such
a cathode. The definition will at best describe
only certain salient points because our kmowledge
of this subject is far from complete.

The oxide-coated cathode was discovered in
1903 by A. Wehnelt, who was studying gas dis-
charges at that time and observed a considerable
decrease of the so-called cathode fall, when the
cathode was accidentally coated with certain im-
purities. A careful study of the impurities re-
vealed the presence of calcium compounds and after
mrh experimentation Wehnelt found that the oxides
of calcium, strontium, end barium were responsi-
ble for the observed effects. All three elements
constitute the group of the so—called alkaline-
earth metals. When speaking of an oxide-coated
cathode, we mean a metal surface which can be
heated and which is coated with any one of the
oxides of calcium, strontium or barium; or with
a mixture of two or three of these oxides. More
recently the meaning of an oxide—coated cathode
has been confined to one coated with barium and
strontium oxides only since both exhibit electron
emission in a greater degree than calcium oxide.

For ten years after its inception, the oxide-—
coated cathode remained in the laboratory of the
physicist as the object of some study and of much
controversy. Shortly before the war, the cathode
was developed commercially to be wused in tele-
phone repeater tubes by the Bell Telephone Labo-
ratories. The coating developed for this purpose
was sintered in air upon a platinum alloy serving
as the base material. Part of the base was dis-
persed in and combined with the coating with the
result that the coating had a gray to black ap-
pearance. Hence, this coating was known as the
combined coating and because of its dark color,

required an input of 6 to 8 watts/cm? to maintain
it at the proper operating temperature.

It was not until about 1925 that the teclmique
of controlling a white uncombined coating was
mastered to such an extent as to make use of it
commercially. In the past 10 or 15 years, the
technique has been greatly improved and with it
the efficiency € the uncombined coating has been
increased. Hence, the input required is smaller
than 4 watts/cm? with a lower limit of approxi-
mately 1 watt/cm?. The lower the cathode tempera-
ture, the more sensitive 1s the coating toward
the effects of gaseous residues in the tube and,
therefore, commercial cathodes are designed to
operate at not less than 2.5 watts/cm2. This
high thermionic efficiency is the main reason why
the uncombined coating is finding ever-increasing
use in thermionic devices. Another very important
advantage of the uncombined coating is its ease
of application by dipping or spraying on a metal
surface of any desired shape. Since the thermi-
onic activity is confined strictly to the coated
section and does not extend onto uncoated sec-
tions of the metallic base, it is possible to de-
sign tubes with well-defined coated-cathode areas.
Such well-defined areas make it relatively easy
to obtain definite.values of cut-off, plate cur-
rent, and transconductance.

In the following, the term "oxide-coated cath-
ode" means an uncombined coating consisting of
bariur and strontium oxide on a metallic base.
2. Preparation o de-Coa athod

Since barium or strontium oxides are unstable
in air and combine rapidly with moisture and
carbon dioxide, it is commercially impossible to
use these oxides as such for the preparation of
the coating. Fortunately, there are a number of
chemical compounds of the alkaline-earth metals
which are stable in air and which when heated in
vacuum decompose to the oxides. The best com-
pounds are the carbonates because they have the
required stabilityad can be obtained very pure.
They are inexpensive and besides the oxides, the
only decomposition product 1is carbon dioxide
which, being a gas, can be removed by the vacuum
pump. For example, barium carbonate can be writ-
ten by its constitution formula

and decomposes as indicated by the dotted line
and arrow into barium oxide and carbon dioxide at
elevated temperature. The decomposition tempera-
ture is different for all three of the alkaline-
earth metals. The relation between dissociation
pressure in millimeters of mercury and tempera-
ture for magnesium, calcium, and barium carbon-
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ates is shown in the following table.

Carbonate | 8000K | 1000°K | 1300°K
MgCO5 100 | >750 -
CaC03 0.1 22 | 3000
BaC03 0 0 3.0

Taking the value 3.0 mm for barium carbonate
at 13000K means that if the pressure of the COp
atmosphere surrounding the BaC03 is kept smaller
than 3 mm, eventually all of the barium carbonate
is converted to the oxide at 13000K. Our vacuum
pumps are capable of maintaining a much lower
pressure than 3 mm and thus the decomposition is
made to proceed rapidly. In carrying out the ex-
periment with pure barium carbonate, one finds,
however, that the carbonate melts at about 1300°K
forming a solid solution of carbonate and oxide
which causes sputteringand gas inclusions in the
melt. It has been found, however, that mixtures
of about equal parts by weight of barium and
strontium carbonates do not melt but decompose
easily to the oxides. This is one reason why
commercial oxide-coated cathodes are always coated
with barium and strontium oxides.

The oxides of the alkaline-earth metals belong
to the cubic system, rock-salt type. The dimen-
sions of the unit cubes are:

Ca0 Ay = 4.8 A®
Sr0 Ay = 5.15 A°
Ba0 Ay = 5.53 A°

The difference between a barium-oxide crystal,
for example, and a 8odium-chloride crystal,is
that in the former the lattice points are occupied
by bivalent ions. The unit cube of barium oxide
is sketched in Fig.9.
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Solid solutions of barium and strontium oxides
of molecular proportions, such as we encounter in
the cathode coatings, would have unit cubes in
which barium and strontium alternate in the lat-
tice points. Form X-ray analysis, we know that
in this case, Ay of the mixed crystal would be
the mean of the barium Ay and the strontium Ay.
In fact from X-ray diffraction patterns, Benjamin
and Rooksby determined the barium ratio of the

solid solution which checked with that determined
by chemical analysis to better than 10 per cent.
It has been said already that the coating con-
tains about equal parts by weight of barium and
strontium oxide. This mixture can be obtained by
mixing barium end strontium carbonates in the de-
sired proportions. Such mixtures are called
single-mixed carbonates. The single carbonates,
for example, pure barium carbonate, are made in
our plant by precipitation. Barium nitrate,
Ba(NO3)2, is first dissolved in distilled water.
Then it 1is mixed with a solution of sodium car-
bonate, Na2C03. The 1insoluble barium carbonate
precipitates. In chemical symbols, we have:

Ba(NO3)2 + Na2C03 = BaCO3 + 2NaNO3

It remains only to filter the resulting liquid to
retain the precipitate, to wash it repeatedly in
hot distilled water, and to dry it. Strontium or
calcium carbonate can be obtained in exactly the
same manner.

Mixing of the single carbonates is a purely
physical process,depending on the particle size,
the method of mixing,the time, and other factors.
No matter how well the mixing process has been
carried out, the final product consists of parti-
cles of two different components. At best, the
final particles are aggregates of several thousand
molecules and physical means do not permit better
mixing.

When we dissolve 1n water the nitrates of
barium and strontium simultaneously, we obtain
mixtures, down to molecular dimensions, in an
easy and inexpensive manner. Precipitating this
mixture with sodium carbonate, we obtain barium
and strontium carbonate mixed more intimately
than has been possible with physical means. The
carbonates prepared in this manner are called
coprecipitated double carbonates. Sometimes it
is of advantage to add to the barium and strontium
carbonates a certain amount of calcium carbonate
and if prepared by coprecipitation, we then speak
of coprecipitated triple carbonates.

Examining the carbonates as precipitated under
the microscope, we observe either distinet crys-
tals or aggregates thereof. The temperature and
the method of precipitation controls the crystal-
line structure of the precipitate, and this in
turn affects, within certain limits, the results
obtained with the coating.

Precipitating pure barium nitrate with sodium
carbonate ylelds very fine submicroscopic crys-
tals which agglomerate toround clusters, commonly
called spherulites. Increasing the temperature
during the precipitation up to the boiling point
increases the size of the crystals but has little
effect upon the size of the aggregates. Pre-
cipitating barium and strontium nitrates in ap-
proximately molecular proportions with sodium
nitrate ylelds large needles (5 to15u long) from
which a fluffy coating can be prepared. If am-
monium carbonate instead of sodium carbonate is
used, a dense spherulitic precipitate is obtained.
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In general, dense carbonates of spherulitic
structure are useful and desirable in close-spaced
rectifiers. Fluffy carbonates are used for coat-
ing of cathodes for low-power receiving tubes.
Single-mixed carbonates are used for coating
filements of all sizes and also make a good coat-
ing for certain close-spaced rectifiers. Experi-
ence has shown that fluffy coatings are generally
easier to activate than dense coatings. The lat-
ter type of coating, especially carbonates with
spherulitic structure, sputters less readily when
used in rectifiers.

The carbonates can be coated onto a metallic
base by many methods. Two methods, because of
their simplicity and ease of control are widely
used. They are: sprayling, and coating by the
drag process. Spraying is used for coating in-
directly heated cathodes and in rare cases for
coating filaments. The drag process is suitable
for filaments only.

The first method involving the use of a spray
mixture consists in applying the carbonates sus-
pended in a suitable binder by means of a spray
gun. The spray mixture is prepared by ball-mill-
ing the carbonates together with an organic ve-
hicle for several hours (18 to 72 hours). In
order to improve the adherence of the carbonates,
it 1is customary to employ nitrocellulose as a
binder; hence, the organic vehicle used should be
a solvent of nitrocellulose. By the proper se-
lection of the vehicle or the use of mixtures of
solvents, the drying properties of the coating
can be varied within wide 1limits. Slow-drying
sprays give dense, smooth coatings. Solvents
having a high vapor pressure at room temperature
are used to obtain fluffy coatings. The amount
of nitrocellulose seldom exceeds 2 per cent by
weight of the solid carbonates. Nitrocellulose
is todate the best binder we have because it de-
composes at a low temperature (approximately
2000C) without leaving any perceptible residue.
This i8 because nitrocellulose does not depend
solely on the supply of oxygen from the atmosphere
for combustion, but is partially self-combusting.

The second method, or drag process, is carried
out by applying the carbonate coating in succes-
sive thin layers onto the filament and baking it
between applications in carbon dioxide to about
700°C. In this case the coating mixture is a
suspension of the carbonates in water, and in
order to improve the adherence, barium and/or
strontium nitrate are added (up to1l0 per cent of
the carbonates) to the solution. In the baking
operation in COy, the nitrates are converted to
carbonates and in this manner the coating parti-
cles are cemented together. The coating process
consists of dragging the filament through the
coating mixture which by capillary forces collects
in agroove of a slowly rotating small wheel whose
lower section is immersed in the mixture. 1In
this manner the mixture is agitated and a definite
amount of coating, controlled by viscosity and
surface tension, 1s transferred to the filament.

There 1s another method of coating which should

be mentioned. It is known as coating by cata-
phoresis, and is applicable to filaments and in-
directly heated cathodes. This method ylelds
coatings of high density and is 1less flexible
than the two methods previously described. Fur-
thermore, with cataphoretically coated cathodes,
it appears more difficult to meet the present
commercial emission limits.

In describing the amount of coating on cath-
odes, it 1is convenient to specify the weight of
the coating in milligrams per em? of coated sur-
face. Experience has shown that with a coating
weight of from 3 to 6 mg/cm? satisfactory 1life
can be obtained. Coatings which are heavier than
the upper limit given above are difficult to de-
gas.

It 1is of great importance that the coating
adhere well to the base material. If the coat-
ing mixture does not wet the core during decompo-
sition, blisters and air pockets are produced
and cause poor electron and heat transfer in the
overlying coating.

Theoretically, it makes no difference how the
carbonate coating 1s applied onto the base
material. Practically, however, in the manufac-
ture of radio receiving tubes with a multitude
of variables, the task of reducing initial shrink-
age and obtaining good quality is often facili-
tated by selecting the proper coating and binder
for the particular purpose. This is the main
reason why a multitude of spray nixturesl have
been devised and standardized in the course of
time.

3. Activation

Having reviewed methods for coating cathodes,
we have already indicated that it is the finel
goal of all the chemical processes to produce,
while maintaining the vacuum, an uncontaminated
coating of barium and strontium oxides on the
surface of the cathode. Experience has shown
that such a coating exhibits the property of
electron emission only after a more or less com-
plicated activation schedule. In its activated
state, the coating is indistinguishable micro-
scopically (and chemically after removal from
the bulb) from its unactivated form, and yet the
electron emission may differ by a factor of sev-
eral millions. Our immediate interest is focused
now on what goes on during activation.

As early as 1920, Arnold found that the "ac-
tive material® could be transferred from a well-
activated filament to a cleaned-tungsten fila-
ment arranged parallel and in close proximity to
the former. During this migration process which
required some time depending on the temperature,
no thermionic activity of the donor filament was
lost but the receptive tungsten filament built
up thermionic activity evidently from nothing.

In 1924, W. Espe measured the activation of

1 Ref. 2-1
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oxide-coated platinum filaments under very good
vacuum conditions, as a function of time, fila-
ment temperature, and plate potential. Espe mea-
sured the emission at suitable time intervals by
applying a definite anode potential for a very
short time only. The interdependence of filament
temperature, anode potential and time is shown
graphically in Fig. 10. In the first test period
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during which no anode potential was applied, the
emission increased but little. During successive
test periods with anode potential applied, it
can be seen from Fig. 10 that the emission in-
creased more with increases in anode potential
that it did with increases in temperature. The
activation is, therefore, a function of the space
current which flows through the oxide coating.
Repeating the experiment at higher filament tem-
perature merely changed the time within which
the steady state was reached.

In 1926, L. R. Koller found that the activa-
tion of an oxide-coated filament can be destroyed
by flashing it at 1600°K and over, but that it
can be restored by prolonged operation at about
11000K, especially when space current is drawn
from the filament. Koller found that activated
oxide-coated filaments were extremely sensitive
to traces of oxygen and water vapor, both of
which destroyed the activation completely. He
then proposed the theory that the thermionic ac-
tivity of an activated oxide-coated cathode is
due to the presence of minute amounts of free
barium metal. We see that the facts presented
by Arnold, Espe, and Koller fit this theory very
well. Arnold observed the evaporation and depo-
sition of barium metal and Espe observed its pro-
duction by electrolysis.

I1f we assume that Koller's theory is correct,
in what manner is barium produced in or on the
coating? This question is particularly interest-
ing since only a few years ago the preparation
of barium metal was considered a difficult task
by the chemist. Barium metal is chemically one
of the most active metals. A layer of barium
metal about 10000 molecules thick on glass dis-

appears instantaneously after exposure to moist
air, Barium has a density of 3.8, a melting
point of 8509C,and a considerable vapor pressure
at 800°C. Barium metal is produced in the chem-
ical industry by electrolysis of complex flu-~
orides, and it is stored and shipped either in
evacuated containers a immersed in hydrocarbons,
for example, kerosene.

Speculating on all possible methods of its
formation in the oxide coating, we have three
possibilities which are:

1) Thermal dissociation of the oxide
2) Reduction
3) Electrolysis.

Dissociation is very improbable. By means of
Nernst's approximation formula,* we can compute
the oxygen dissoclation pressure at any desired
temperature and find that at 10000K the pressure
is about 10-30 microns. In order to produce bar-
ium by dissociation, the oxygen pressure must
exceed that of the surrounding space. Becgause
the best vacuum we can produce is about 1077 mm,
it follows that the temperature required for dis-
sociation will be far in excess of 20000K. How-
ever, such temperature is never required during
the activation process.

Experimental evidence indicates that barium
metal 1is produced by reduction. Comparing the
activity of an oxide-coated cathode with chem-
ically pure platinum, electrolytic nickel, and
commercial nickel, everything else being equal,
there 1s no doubt that best results can be ob-
tained (using one and the same schedule) with the
last named material. It has been known for many
years that chemically pure platinum or nickel
(electrolytic) filaments do not activate as
readily as those made from commercial metals. If
they activate at all, it is necessary to submit
them to a prolonged aging schedule during which
barium metal is produced in the coating by elec-
trolysis. This is the most logical interpreta-
tion to which we can submit Espe's findings.

Thus, we are lead to believe that impurities
in the nickel (or platinum) are capable of reduc-
ing the coating of barium and strontium oxides.
In order that a slug of cast nickel can be rolled
and drawn, it has been found necessary to elimi-
nate nickel oxide in the metallic mass. The most
effective and inexpensive expedient consists in
adding certain reducing agents to the molten
nickel. Such reducing agents are commonly called
scavengers. As scavengers for nickel, silicon,
titanium, manganese, magnesium, carbon, and cal-
cium are used. When these materials react with
nickel oxide, the respective metal oxides are
formed. The oxides (with the exception of carbon

* log p = = Q + 175 1l0g T + ¢ ,where
45717
p = pressure in atmospheres, Q@ = heat of

T = temperature in °c, and ¢ =

2.8 for oxides.

formation,
a conatant =
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dioxide) are expelled by the molten nickel and
form a slag on top of the melt. Adding the
scavengers, of which only one or two of the named
materials are used, is an art and is left to the
experience of the operator. Adding too little
scavenger does not produce the desired results,
while too much renders the nickel unworkable
again. Thus, it happens that commercial-worked
nickel always contains a small surplus of scaven-
ger which is of great importance for the process
of activation.

Let us consider now the process of chemical
reduction, for example, between barium oxide and
metallic manganese. Expressing the process by a
chemical equation, we hsave:

2Ba0 + Mn — MnO2 + 2Ba

250000 cal 126000 cal
As 1s well known, the formula not only indicates
the nature of the reagents but also their quan-
tities. By imserting the atomic weights into
the equation, we can compute the quantities in
any desired units of weight. But since all sci-
entific data are based upon the gram as the unit
of welght, BaD represents one gram-molecule in
the language of the chemist, and its weight is
therefore 153.36 grams (Ba = 137.36, 0 = 16.00)
Combining 137.36 grams of barium metal with 16
grams of oxygen, we obtain energy in the form of
heat. Expressing this heat in calories, the
scientific unit of heat, we have 125000 calories
per gram-molecule. If we wish to split one gram-
molecule of Ba0D into its constituents, we must
expend an equal amount of work, namely 125000
calories. The heat of combustion for BaO0 and
MnO2 has been written below the equation. From a
glance at the figures, it is obvious that the
heat we obtain when burning up a gram-atom of
manganese with the oxygen teken from the barium
oxide 1is only a trifle more than one half the
work required for complete reduction of the bar-
ium oxide. Obviously, the reaction does not
proceed under ordinary conditions. However, in
vacuum at elevated temperature the reaction pro-
ceeds in the direction indicated by the arrow
because, firstly, heat 1is supplied externally
(supplying the deficiency in heat of combustion)
and, secondly, the reaction product, barium metal,
because volatile under these circumstances, is
removed from the sphere of reaction. The gen-
eral rule, for which this reaction is but a spe-
cific example, is that chemical reactions car-
ried out in vacuum run in the direction of the
most volatile products. This is precisely the
reason why thorium metal is produced when subject-
ing a thoriated filament to a "hot shot." Thus,
we see that a so-called "mild reducing agent" can
under moper conditions reduce ahighly refractory
compound such as barium oxide.

It seems justifiable toassume that the inter-
action between the reducing impurity and the
oxide of the coating takes place at the interface

between coating and base metal. Once the impuri-
ty near the interface is used upit is replenished
by diffusion from greater depths. The inter-
face is wusually distinguished by a gray to dark
gray discoloration caused by the accumulation of
reaction products and by finely dispersed base
material. Flectrolytic nickelor very pure grades
of nickel do not cause the formation of a dark
interface. Konel, an alloy containing approx-
imately 3 per cent titanium, is known to form a
very dark interface. The color of the interface
affects the cathode temperature perceptibly. Dis-
solving the coating from a well-activated cathode
in very dilute acid permits visual inspection of
the interface. Since the interface does not dis-
solve in acid as readily as the white coating, it
may be taken as an indication that the former is
chemically different from the latter. Dissolving
the coating is a simple test for undecompesed
carbonates. However, the removal of the cathode
from the tube and the immersion of it in acid
must be done without exposing it to the air for
but a few minutes. A well-decomposed cathode
coating exposed to the air for about 20 minutes
may be completely converted to the carbonates,
depending on atmospheric conditions.

4. Electrolysis

At elevated temperature, the oxide coating on
a cathode becomes a conductor whose conductivity
C can be expressed by the formula

B

C=ace

in which a and B8 are two constants. However,
this formula expresses the temperature dependence
of solid electrolytes and of semiconductors as
well. Summarizing the experimental evidence, we
are apparently Jjustified in assuming that the
conductivity of the pure alkaline-earth oxides
(in the unactivated stage) is ionic while that of
the oxides in the activated state is predominantly
electronic. The impurity causing the activa-
tion 1is alkaline-earth metal and it seems per-
missible to classify the activated oxide coating
as an impurity conductor. There are two types of
impurity conductors. One type includes those
conductors in which free metal is responsible for
the conductivity. In these, more metal is pres-
ent than 1is indicated by the chemical formula
MxOy. Examples are Ba0,Sr0,Ca0, ZnO. The other
type of impurity conductors contains more oxy-
gen than is indicated by the chemical formula.
In this case, oxygen assumes the role of the im-
purity. An example is copper oxide. Only such
metals forming two or more oxides like Cu0 and
Cup0 can become impurity conductors o this type.
In measuring the conductivity of the coating, it
has been observed that a remarkable parallelism
exists between conductivity and thermionic activ-
ity. The conductivity increases with progressing
activation. On the other hand, good conductivity
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does not necessarily mean high thermionic activity
because, as we know, impurities other than al-
kaline-earth metals may affect the conductivity
but may poison the emission. Furthermore, both
conductivity and electron emission may be poisoned
by the same agent, such as oxygen sulfur, or
chlorine, all of which react rapidly with free
barium metal.

Since ions migrate through the coating during
electrolysis, barium metal deposits at the inter-
face (cathode) while oxygen appears at the sur-
face (anode) of the coating. Due to its far
greater volatility (at the temperature of opera-
tion), the oxygen combines with the getter. The
process of electrolysis goes on enriching the
coating with barium metal until finally the con-
ductivity has changed from ionic to electronic.
The evolution of oxygen has been ascertained by
means of mass spectrographic determinations,
while the presence of barium metal in the coating
has been also measured quantitatively. Several
investigators have presented evidence indicating
sustained electrolysis even in a well-activated
coating. Their findings indicate that the ratio
of ion to electron current is one to several hun-
dred. Summarizing the evidence, we are 1led to
believe that the conductivity of the oxide coat-
ing at the operating temperature is both ionic
and electronic. If the coating is well-activated
and therefore contains free metallic barium, the
conductivity 1is predominantly electronic. How-
ever, 1f the free barium metal in the coating re-
serve is depleted, for some reason or other, the
conductivity becomes ionic. In this latter con-
dition, barium metal is produced by electrolysis,
and may accumulate in the coating, until finally
the conduction becomes electronic again.

5. The Amount of Barium Metal in the Coating

The simplest and most reliable determination
of the amount of alkaline-earth metal produced by
the oxide coating is due to T. P. Beredenikowa.
The method is based upon the well-known reactions:

Ba + Hp0 = BaO + Hp
or
Ba + 2Hy0 = Ba(OH)z + Hy

Since pressure measurements can be carried out
with great accuracy down to pressures of 10-° mm,
and by working with a vacuum system of smallest
possible volume,we can measure 10-8 grams of al-
kaline-earth metal with certainty. The method
consists of causing the alkaline-earth metal to
react with a 1liberal surplus of water vapor,
which is admitted to the vacuum system after pro-
ceeding with the activation to a desired degree,
and then freezing aut the excess water vapor with
liquid air and measuring the pressure of the re-
maining hydrogen. From the known volume of the
system and the pressure, the amount of barium can
be calculated.

If it is desired to find the amount of free

barium metal dispersed in the cathode coating,
one has to bear in mind that some of the barium
metal evaporates during activation and deposits
on the glass wall or other parts of the tube.
Carrying out the measurement in the manner de-
scribed, we would find the total amount of barium
metal consisting of that in the cathode coating
and that on the walls and other parts of the
tube. In order to measure the amount of barium
in the coating only, it is necessary to transfer
the cathode, in vacuum, from the tube in which
it has been activated to another vessel and to
disconnect the tube from the vacuum system before
beginning with the measurement. In this manner
the writer has carried out many measurements of
the free barium metal in the coating.

A summary of what is known at present of the
methods of production of free, alkaline-earth
metals in the coating and their relative amounts
are given in the following:

1) Testing Ba0 m pure platinumup to 12000C
showed no thermal dissociation within the limits
of sensitivity of the equipment.

2) The yield of alkaline-earth metal dgg
to electrolysis veries from 1 x 10~8 to 9 x 10
per coulomb depending on chemical and physical
properties of the oxide layer.

3) The ionic conductivity is but a small
fraction of the total conductivity which is
mainly electronic.

The following results, although accurately
determined, require verification on a still
larger number of samples.

4) Coprecipitated double carbonates on com-
mercial nickel yleld approximately 0.015 mg barium
metal per cm?® per minute at the ordinary "hot
shot" temperature (approximately 1350°C bright-
ness temperature, corresponding to 14 volts on
the heater in the cathode of a 6K7 tube).

5) Only barium (nostrontium metal) is pro-
duced by the reduction due to impurities in the
nickel.

6) About 25 to 50 per cent of the barium
metal produced by the reduction evaporates from
the coating and deposits on the anode, bulb, and
other tube parts. The remaining quantity of
barium metal stays in the coating.

7) A well-activated cathode contains ad-
sorbed in the coating from 3 to 100 times the
amount of barium metal which would be needed to
coat the macroscopic surface with a monatomic
layer.

8) Various well-activated "vapor-process
cathodes" (see the following paragraphs) contained
from 1-1/2 to 2 times the amount of barium metal
which would beneeded for coating the macroscopic
surface with a monatomic layer.

6. Adsorption

So far we have considered cathode coating whose
thickness measured tens of thousands of molecular
layers. We also touched upon the findings of
Arnold who observed that a clean tungsten fila-
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ment, arranged near an oxide-coated cathode, be-
comes emissive although no visible change of the
tungsten surface can be detected. We lkmow now
that the thermionic activity of Arnold's tung-
sten filament is due to the adsorption of barium
metal and since such effects are of great im-
portance, both technically and commercially, a
short discussion of the fundamentals may be in
order.

We are accustomed to regard an atom as com-
posed of a nucleus surrounded by a number of
electrons revolving about the nucleus in definite
orbits. If we remove a negative quantity, an
electron, from the atom, which as such is un-
charged, a positively charged body, called a
positive ion, remains. We know that we can re-
move only the outermost electrons which are
loosely bound to the atom. If an atom becomes
adsorbed on a metallic surface and no change in
the number of its electrons takes place,we speak
of an adsorbed atom or adatom. If one of the
electrons becomes associated with the atoms of
the metal, the atom is changed to an ion and
since it is adsorbed we speak of an adion. It
is also conceivable that the adatom shares one
electron with the metal in which case it may
change its identity from adatom to adion and back
about 1016 times per second. We believe this
happens in view of recent computations. Metal
atoms which have a low work function (or low
ionizing potential in the vapor state) lose their
valency electrons in relatively weak fields. If
such metal atoms,for example, caesium or barium,
become adsorbed on a metal with high work func-
tion, such as tungsten, the adsorbed film con-
sists of adatcms and adions. Thus, the adsorbed
film which must be not more than one atom deep,
possesses properties which are not common to the
adsorbed metal in bulk.

Let us consider a condenser whose plates C
and A are made of tungsten, and short-circuited
by a tungsten wire, as shown in Fig. 11. If we
introduce a positively charged grid G between
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the two condenser plates, fields are produced
between C and G, and between G and A. Also,
there will be a potential difference between
C and G and an equal potential difference between
G and A. Moving G closer to C causes the field
between C and G to grow stronger. If we imagine
the grid to consist of atoms and positive ions

one atomic distance away from C, we have a pic-
ture of adatoms and adions and the fields they
produce. Opening the electrical connection be-
tween both plates causes the adsorbed film to
manifest itself by causing a contact potential
difference and, because of the strong field be-
tween C and G, the film aids the egress of elec-
trons from C, i.e., it lowers the work function
of C.

The reduction in work function due to ad-
sorbed ions has been computed by J. A. Becker.
He has made certain simplifying assumptions and
has supposed that the physical dimensions of
adions and adatoms are equal to their dimensions
derived from X-ray data. Comparing computation
and experimentel data, Becker concluded that on
the average 10 per cent of the adsorbed particles
are ionized. We must bear in mind that due to
strong assymetric forces adatoms and adions must
be distorted and are, therefore, different from
those in free space. The distortion must have
some effect upon the work function. A superficial
correlation between work function and atomic vol-
ume has been pointed out by Schottky, Langmuir,
and Dushman. While we know that monatomic films
arrange themselves in conformity with the under-
lying lattice, it must be admitted that we do not
possess sufficient information to compute the de-
crease of the work function due to adsorbed par-
ticles. Finally, when we deal with the magnitude
of surfaces in evaluating experimental results,
great errors may occur. Bowden and Rideal mea-
sured the ratio between actual and apparent sur-
faces. If this ratio is unity for polished nickel,
it 41s about 10 for sandblasted nickel, and 45
for oxidized and reduced nickel. The measure-
ments of the writer pertaining to the barium
content of vapor-process cathodes were carried
out with polished surfaces.

The difference in thermionic activity between
monatomic layers of barium and barium in bulk
can be seen qualitatively from a diagram in Fig.
12 by Ryde and Harries. They measured emission,
as a function of time, from a tungsten filament

TlMé
Fig. 12

on which barium metal was allowed to condense.
The evaporation of barium onto the filament could
be stopped at will.
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With the tungsten filament at a given constant
testing temperature and barium condensing thereon,
the emission rose toa first maximum A. The emis-
sion then decreased due to the deposition of more
barium, and finally attained a constant level C.
At time T, indicated by the dotted line, the
barium source was cut off. Then, due to evapo-
ration from the filament, the emission rose to a
maximum B at which time the barium layer had
been reduced to a monatomic film. The decrease
after B depends upon the filament temperature
and is less rapid the lower the temperature.

7. The Barium-Vapor Process

It has been found that the depletion of an
adsorbed monatomic layer of barium due to evapo-
ration can be greatly retarded, and concurrently
the emission can be enhanced, by interposing a
monatomic layer of oxygen between the base metal
and the barium 1layer. This can be done, for
example, by flashing a tungsten filament at about
22000K in vacuum in order to clean its surface
and exposing it for a few seconds to oxygen after
cooling. If barium is then allowed to condense
upon this filament, an emissive layer is formed
with thermionic properties vastly superior to
the pure barium film.

This process has been used commercially in
Europe and is usually referred to as the "barium-
vapor process." It has been carried out either
by oxidizing a tungsten filament in air till it
shows a blue color orby coating a tungsten fila-
ment with a thin film of copper oxide, and then
mounting such a filament in a tube whose anode
or grid has been peinted liberally with barium
azide (BaNg). During the bakeout, the barium
azide decomposes to  barium metal and nitrogen,
the latter being removed by the pump. After the
tube 18 sealed off, the filament is heated to
about 11000K. A small positive potential (about
50 volts) 1s applied to the anode while it is
heated gradually by induction to vaporize the
barium metal. The sudden appearance of a green
glow in the tube indicates the presence of barium
vapor which reacts with the oxide of tungsten
or with the copper oxide on the filament. The
surface of such a filament consists of a mix-
ture of barium oxide, and barium metal inter-
spersed with the reduced metal on the surface
(W or Cu). While the process is carried out with
an abundance of material, i.e., more than required
to form monatomic layers of oxygen and barium,
it appears that most of the excess material is
bombarded off during aging. In fact, a filament
activated by this process exhibits a clean me-
tallic surface. Such tubes give good 1life per-
formance of several thousand hours. The process,
however, is inherently messy because the surplus
barium metal causes leakage on the insulating
structural members. Furthermore, barium azide is
highly explosive and poisonous.

8. Emission Constantg

While in the foregoing we have indicated that
among thealkaline-earth oxides mixtures of barium
and strontium oxide exhibit the largest elec-
tron emission, a comparison of the emission con-
stants of other substances may further elucidate
this. In order to facilitate the comparison in
practical units, we have included in the follow-
ing table computed values of emission/cm? at
1000°K .

i cm2
Substance ats{OOOOK 0] A
milliamp. amp./cmldeg?
Ca0 0.003 1.95 .0002 to 0.02
Sro 0.6 1.42 .0002 to 0.02
Sro .000013
Ni 1x 1074 5.0 60.0
W 5 x 10-6 4.5 60.0
W - Ba 1.56 1.5
W -0 - Ba|[>200, ¢300(1.1 to 1.34 0.18
Ba in bulk 2.11 60.0

While the values given in the table have been de-
rived from rather recent publications, they can-
not but merely convey a relation of the order of
magnitude. For it is well known that the therm-
ionic activity of cathodes with composite sur-
faces depends on the previous treatment and the
physical condition of the oxides. It is also
well known that the technique of the preparation
of oxide-coated cathodes has progressed remark-
ably in the past decade.

From a practical point of view the efficiency
of emission (milliamperes per watt) as a func-
tion of power input (watts per cm?) is of great
importance. In Fig. 13 is shown a special cross-
section paper by means of which comparison be-
tween various emitters can be made easily. The
figure shows a comparison between pure and thor-
iated tungsten,while curves 1, 2, 3, and 4 indi-
cate emission of oxide-coated cathodes made in
1923, 1926, and 1935, respectively.

9. The Barium-Strontium Ratio and Impurities in
the Coating

During the past 15 years, the oxide mixture
which has been found to give the most reliable
results in practice, is composed of equal mole-
cular proportions of barium oxide and strontium
oxide. Emission measurements of mechanically
mixed and coprecipitated carbonates with barium
content ranging from O to 100 per cent were car-
ried out by Benjamin and Rooksby and by Widell
and Panofsky. The results are given in Fig. 14.
As indicated by the curve of Widell and Panofsky,
barium content between 25 to 75 molecular per
cent exhibits the same emission efficiency.
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Measurements on pure barium oxide are difficult
to carry out and are, therefore, uncertain since
pure barium carbonate melts on the cathode and
often contains gas inclusions. Pure strontium
oxide has not been obtained, for even the best
preparations contain afraction of 1 per cent bar-
ium oxide which cannot be eliminated chemically.
Thus, the end points of both curves in Fig. 14
have to be regarded as uncertain.
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About 10 years ago the writer carried out a
gseries of experiments testing the effects of
various impurities admixed to a standard coating
material. It was found that metal oxides of an
acidic nature such as W03, Mo03, Ta20s5, etc.,
when present in amounts less than 0.1 per cent by
weight practically render the coating worthless.
Other oxides which were expected to be indifferent
to the coating,such as Mg0, ThO2, and CeO, also
reduced the emission but probably only due to
changes in texture, since such additions even if
present in amounts smaller than 0.5 per cent by
weight would affect the melting point of the mix-
ture. The effects of MoO3 upon the emission are
sometimes encountered in the manufacture of radio
tubes in which the control grid is made from
molybdenum wire. When such tubes are aged using
grid bombardment, a small amount of MoO3 may be
formed on the surface of the grid. This oxide
when vaporized or sputtered off may reach the
cathode and will then poison the emission. While
impurities in the coating inhibit the activation,
a well-activated oxide-coated cathode can be poi-
soned by exposing it to gases, such as oxygen,

water vapor, chlorine, etc. Considering that the
maximum amount of free metallic ium observed
in an activated coating is 1 x 101° atoms per c

or approximately 2 micrograms, we need only 0.2
liter micron of oxygen to deactivate the cathode
completely. Thus, gases liberated from the elec-
trodes or glass wall of the tube by electron bom-
bardment may be sufficient to impair the electron
emission. A deactivated cathode may be temporar-
ily restored by (1) a hot shot, (2) prolonged
aging (electrolysis), (3) condensing barium from
another source upon its surface, or (4) exposing
it tobombardment of positive ions of an indiffer-
ent gas (CO). When a cathode is deactivated, the
texture of the coating is generally impaired, so
that the above remedies do not give practical
satisfactory results. Much has been written and
claimed about the advantages of certain gases upon

3
(-3 Cal
2 idell & F R
o
8 N
a2 v, y
3
w At
o
100 80 60 40 20
PER CENT BaO
o 20 40 60 80 100
PER CENT SiO
Fig. 14

the progress of activation. Such procedures,
except perhaps in isolated cases, have never found
general application. The best rule is to acti-
vate the cathode in the best obtainable vacuum.

10. The Mechanism of Emisgsion: Seat of Emission

In view of our discussion of oxide-coated cath-
odes, we can now form a qualitative picture as
follows: At elevated temperature, electrons dif-
fuse to the surface of the metallic core. With-
out a coating on the core,all but a few very fast
electrons are driven back into the core by the
image force. When the core is provided with a
coating of selected properties, barium metal is
produced by reduction and by electrolysis. The
adsorbed atoms become 3ionized due to thermal
ionization and the adions compensate the image
force. Thus, a large number of electrons can
pass the boundary between metal and oxide. Since
barium readily diffuses outwardly into the coat-
ing, the coating contains throughout its entire
mass a large number of adions and adatoms. The
electrons emerging from the metal to the oxide
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move through the semiconducting layer of oxide
to its surface where they finally escape into
free space.
The coating must have certain properties which

are:

1) A certain conductivity both ionic and
electronic.

2) Chemical indifference toward free barium
metal.

3) Ability to adsorb and hold barium atoms
and ions.

The first two requirements are fully met by
barium-strontium oxide as discussed in a previous
paragraph. The last requirement appears to be a
function of the crystalline shape of the umit
cube and of its dimensions. Only when dupli-
cating the crystalline structure and order of
magnitude of the umit cube, but with chemically
different oxides, has the writer been able to
produce artificial oxide-coated cathodes having
fair emission and good life.

From the foregoing it appears superfluous to
discuss the seat of emission. However, since
this topic has been the subject of much contro-
versy, an experiment by Widell should be men-
tioned. He measured the perveance of cathodes
with thick and thin coatings in diodes. From
these measurements, the origin of the emission
was computed and found tocoincide precisely with
the surface of the coating. In interpreting
these results, one must remember that the con-
ductivity of the coating follows a different law
than that controlling the perveance. Besides,
since the coating 1is a conductor, the field of
the anode most probably ends on the outermost
layers of the coating. Hence, the measurements
indicate clearly the point of emergence of the
electrons which no doubt is the surface of the
coating.

11. Reverse Emission and Grid Emission

In the preceding paragraphs, we have pointed
out that barium metal and oxygen can evaporate
from an oxide—coated cathode during 1life and
during activation. We have also discussed the
methods of preparation of barium—vapor-process
cathodes. Under the conditions of preparation,
it 1is indeed surprising that grid and reverse
emission are not a common property of every tube
which i1s manufactured. Still more favorable for
the occurrence of grid and reverse emission is
the fact that every tube electrode is coated by
at least a monatomic layer of oxygen or metal
oxide. This 1is so because, after firing the
electrodes in a reducing atmosphere, they are
exposed to the air during mounting. Recent ex-
perimental evidence proves the presence of such
oxide films under such conditions. Fortunately,
save for a few exceptions, most tubes are so de-
signed that under normal operating conditions
neither plates nor grids attain temperatures at
which grid anl reverse emission manifests itself.
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In the light of our present knowledge, it seems
that this critical grid temperature is about
300°C. Attempts to combat grid emission with
special alloys ar coatings on grids have thus far
been only partially successful, because any sub-
stance which poisons grid emission on the grid
sputters sufficientlyso as to poison the forward
emission of the cathode in time. The only remedy
available at present 1is the design of the elec-
trodes in such a manner that their operating tem-
perature never exceeds 3009C. Of course, copper
slde-rods, grid wires of high heat conductivity,
grid radiators, large grid-cathode spacing, and
efficient blackening of the anodes are expedients
to maintain low electrode temperature.

12. The Poisoning Effect

In activating a cathode near a bright nickel
anode, one always observes a discoloration of
the nickel surface facing the oxide coating.
If after the hot shot a very low plate voltage
(less than 5 volts) is applied, the plate current
is generally stable. With gradual increase in
plate voltage (Ep), the plate current (Ip) stops
to increase or even begins to decrease at a defi-
nite potential. Fig. 15 elucidates this behavior
but is somewhat exaggerated.

CRITICAL
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3
1 ! e
I |
| |
1 1
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Fig. 15

Testing again under the original conditions
with low Eb, we find that Ib has decreased very
little but often shows a tendency to increase.
Repeating the testing procedure at the higher Ey
values, we find that the phenomenon repeats.

Headrick &and the writer have investigated
this phenomenon and have built many tubes in
which the anode could be moved in such a manner
as to expose a clean nickel surface facing the
cathode. The discoloration on the anode caused
by the activation of the cathode has been called
the activation spot. The electrode arrangement
with the anode rotated 900 after activation of
the cathode is shown in Fig. 16. By moving the
activation spot away from the cathode and measur-
ing TIp again as a function of Ep, the dashed
curve of Fig. 15 was obtained. Maintaining the
plate voltage corresponding to point P (Fig. 15)
and rotating the anode so that the activation
spot faced the cethode again,caused a rapid drop
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of the plate current. The test was repeated sev-
eral times with the same results. The anode was
carefully centered in order to maintain constant
cathode-anode distance at any point.

ANODE

ACTIVATION

TOP ONLY— | — spoT

DISTANCE
TO ANODE
0.0i0 APPROX.

Fig. 16

It is not difficult to explain this phenome-
non. The emission of any oxide-coated cathode
depends on the maintenance of a certain barium-
metal reserve. If more barium is produced by
electrolysis and by reduction than is 1lost by
evaporation and gas poisoning, the emission re-
mains stable. If the two last-named influences
predominate, the emission drops. We know also
that the barium production due to reduction and
electrolysis is greatly enhanced with increasing
temperature.

The fact that the activation spot appears as
a discoloration indicates the presence of for-
eign material. Firstly, the activation spot
contains more nickel oxide than any section of
the anode of equal size, because the spot re-
ceives heat by radiation from the cathode and is
exposed while hot to the gaseous decomposition
products of the cathode. During the activation
of the cathode, this spot becomes contaminated
with barium metal which subsequently becomes ox-
idized at least in part, due to gaseous residues
in the bulb (although a batalum getter was used)
and due to oxygen given off from the cathode
(electrolysis). The final result is that if the
activation spot is bombarded with electrons, the
nickel oxide and barium oxide thereon decompose
and oxygen diffuses back to the cathode combining
with the free barium in the coating. At a cer-
tain critical voltage, the oxygen evolution is so
fagt that it exceeds the rate of barium evolution
in the cathode amd thus the emission drops due to
oxygen poisoning.

Computing the mv</2 of the electrons as a
function of anode voltage and comparing this
energy with the heat of formation per molecule of

nickel oxide, barium oxide, and aluminum oxide,
and presupposing a complete energy transfer be-
tween impinging electron and molecules of metal
oxide, one obtains the following critical poten-
tials, which have been checked by experiment.

Ni0 3.9 Volts
Ba0 9.5 Volts
A1,03 25 Volts

In general, the critical poisoning anode po-
tential 1s 1lower the smaller the cathode-anode
distance, the lower the cathode temperature, and
the lower the barium reserve of the cathode.
The cathode-anode distance merely affects the
concentration of oxygen per umit volume which
diffuses back to the cathode.

A similar poisoning effect in the type 6K7
has been investigated recently by Wamsley and
the writer. The effect manifested itself as
slumping transconductance (gp) when the tube was
tested at 5 volts on the heater. The graphs in
Fig. 17 were made to show the behavior of gn with
time. -
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The curves show clearly that the lower the
cathode temperature,and hence the lower the rate
of barium production, the more rapid the drop in
gne Curve B shows the drop in &n at 4 volts on
The heater after the screen-grid potentiel (Ec,)
had been interrupted for one minute. Curve C
shows the drop in gp after removal of screen po-
tential for two mInutes. The recovery in gp
indicates that during the off period, barium was
supplied to the coating by diffusion from the in-
terface. Next, by measuring contact potentials
of grid No.l, the barium production, migration,
and subsequent oxidation during the operation of
the tube was determined. Thus, it was found that
a layer of barium oxide on grid No.2, bombard-
ment of this oxide by electronms,and poisoning of
the cathode due to oxygen derived from grid No.2,
were responsible for the slumping g,. Heating
grid No.2 by electron bombardment f3¥ about one
minute to a temperature of 900°C removed the
oxide layer thereon and with it the causes for
slumping &m-

3. Aging

Aging has a twofold purpose. The residual
gas must be removed from the tube and the cath-

21



Vacuum Tube Design

ode must be activated so as to produce the maxi-
mum thermionic efficiency. We Iknow from the
foregoing discussion that activation can only be
attained if the gas pressure in the device is
low. One of the preferred expedients in reduc-
ing gas pressure is to ionize the gas and cause
it to combine with the getter in the tube. Since
under these conditions the activation of the
cathode 18 not developed, one has to resort to
higher than normal cathode temperature so that
sufficient 3ionization takes place. Therefore,
any aging schedule for oxide—coated cathodes
will consist of two steps:

1) Ionization of the gas residue in the
tube, heating the cathode above normal tempera-
ture, and drawing a comparatively large space
current. Removal of the 1onized gas by the
getter.

2) Activation by reduction (hot shot), or
by electrolysis, or by a combination of both.

14. Temperatures of Oxide—Coated Cathodeg

Experience has shown that oxide-coated cath-
odes should operate between 10000 and 11000K
brightness temperature togive best life perform-
ance. At temperatures above 11000K, the rate of
evaporation of barium metal becomes very high
and the useful life is shortened. Below 1000°K,
the rate of barium production may become so low
that adverse effects (poisoning, for example)
may cause falling emission; furthermore, the
proper balance between the rate of production
and the rate of removal of barium is disturbed.
In line with these facts, it has been known for
years that cathodes having low operating tempera-
ture require much better vacuum conditions than
those having high cathode temperature.

Measuring the cathode temperature by means
of an optical pyrometer of the disappearing fila-
ment type enables one to obtain the brightness
temperature. Since the coating i1s a poor heat
conductor and since the coating 1s being heated
by the core, it follows that the temperature of
the coating 1is lower than that of the core.
There 18 a temperature gradient from the inter-
face to the outer surface. It has been found
that the coating is partially transparent for
the radiation of the core and interface so that
in measuring brightness temperature of the coat-
ing it 18 not the surface temperature which we
measure but that of some intermediate layer.
The relation between true core temperature, thick-
ness of the coating, and brightness temperature
is given by Widell and Perkins? in the curves of
Fig. 18.

That the brightness temperature depends an the
amount and color of the interface and, there-
fore, also on the kind of core material, can be
seen from the curves of Fig. 19. Hence, it is
obvious that specifying the cathode temperature
in watts per cm? is somewhat ambiguous. Watts

2 Ref. 2-2
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per cm? should be used only if we wish to make
comparisons or computations, and even then only
when one kind of core material of general estab-
lished properties is employed.
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Another factor influencing the temperature of
the cathode is the temperature of its surround-
ings. The effects of "back heating" are well
known and may be computed roughly by applying
Stefan-Boltzmann's radiation law.

Furthermore, the temperature of the cathode
is not wniform along its length, and is affected
by end losses. The heat conductivity of cath-



Lederer: Filaments and Cathodes — Part II

ode tabs, the thermalcontact between cathode and
mica or the filament supports, as well as the
design of the heaters in indirectly heated cath-
odes play an important role.

For the design of indirectly heated cathodes,
the ratio of the thermal emissivity of the coated
to bare-core materiel is of importance. With
the improvement of the technique in the manufac-
ture of oxide-coated cathodes, this ratio must
be redetermined frequently. A recent determina-
tion by Widell shows this ratio to be 1.6 for
the present stage of technique. The spectral
emissivity of an oxide-coated cathode (for average
conditions) has also been determined by Widell
and found to be about 0.56 at X = 0.665p .

15. Calculation of Oxide—Coated Filaments

Generally, the electrical constants of a tube
are set by convention. For example, the fila-
ment voltage and current have to meet certain
specifications. From the desired velue of gy
the filament-grid spacing, and other mechanical
considerations, we can determine the length of
the filament. Thus, we have

Filement length = L
Filament voltage = Ef
Filament current = If

We also know the desired operating temperature
to maintain good emission life which is approxi-
mately 10500K or 3.2 watts per cm? = D, and the
specific resistance p of the core material at
the operating temperature.

We wish to know the width (w) and the thick-
ness (t) of a filament which having a length (L)
and operating at Ef x Iy watts input attains a
temperature of 10500K. To solve for the two un-
knowns, w and t, we need two equations. These
are:

Egls
—_ =D
2(w + t) L

L E
R:—:-ﬁ.

wt If

On substituting we get:

2 L
_ Eglg +\/(Eflf) P
4LD 4LD R
. - Belg \/(Eflf _pL
4LD 4LD R

In these equations, dimensions are to be ex-
pressed in centimeters and electrical values in
volts, amperes, and ohms.
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Lecture 3

HEATERS AND HEATER-CATHODE INSULATION

G. R. Shaw and L. R. Shardlow

INTRODUCTION

With the development of heater-type tubes
for a-c operation, which first became commer-
cially active in the early part of 1927, the
problem of insulation between heater and cathode
began. The first material to be used was a twin-
holed procelain rod fitting snugly into the cath-
ode sleeve. The heater wasa hairpin of tungsten
fitting into the holes. In continuous service,
the porcelain was quite satisfactory, but with
intermittent operation, it melted onto the heater
and caused heater failure by pulling the heater
wire apart due to the difference in coefficient
of expansion. This was corrected by using, in-
stead of the porcelain, sintered magnesia insula-
tion with a small amount of talc, which had a
much higher melting point and consequently left
the heater free to move. Soon, however, the de-
mand for a reduction in the heating time of from
30 to 45 seconds to a more reasonable period of
from 5 to 10 s8econds made it imperative to make
a change. The large amount of insulation which
had tobe heated before the operating temperature
at the external surface of the cathode was
reached was, of course, the chief obstacle to be
overcome. However, the application of only a
thin coating of insulation and a reduction in
the weight of nickel in the sleeve met the re-
quirements. Involved in the change was the de-
sign of the heater, because the decrease in the
amount of insulation permitted operation at a
lower temperature. To compensate for the de-
crease in specific resistance resulting from the
lowered temperature, it was necessary to increase
the length of the heater.

Numerous heater designs have been proposed
at various times. These designs can be classi-
fied by types:

l. Hairpin, either single or in multiple
as in the folded heater.

2. Unidirectional-wound coil, which may be
varied by bending it back on itself.

3. Reverse-wound helix. This is the type
most used in production-type tubes.

Each of these designs has its own advantages and
disadvantages which influence its use in particu-
lar applications.

Fundamentally, a complete unipotential-cathode
agsembly consists of:

1. A heater for the generation of heat by
the passage of current.

2. A conducting sleeve surrounding the
heater to serve as the base of the operative
cathode.

3. A means of insulating electrically the
heater from the sleeve.

4. An active coating on the sleeve to serve

as a source of electrons.
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It is necessary in this section to deal only
with the problems arising under items 1 and 3.

Due to the fact that the heater wire will
attain a temperature of about 11000 to 12009C in
operation and a temperature of possibly 16000C
in the course of processing during tube manufac-
ture, the choice of heater materials is rather
limited. Obviously, only materials with a melt-
ing point greater than 1600°C will be possible
and, in addition, only those with a vapor pressure
80 low at that temperature as to cause negli-
gible loss by vaporization in the time required
for manufacture, will be useful. Boron, carbon,
thorium, titanium, zirconium, tantalum, uranium,
vanadium, the platinum group of metals, tungsten,
and molybdenum are the only ones having a possi-
bility of fulfilling the requirements. The first
8ix are too reactive with insulating coatings,
the next two are not available as wire, and the
platinum metals are too expensive. So, tungsten
and molybdenum are the only materials available
for consideration. By making suitable alloys of
these two elements, metallurgists have provided
a further field in which theengineer has achoice
of materials for his use. The hot strength of
molybdenum has been found to be so low under
temperatures to which a heater is subjected dur-
ing tube manufacturing as to cause it to sag
under its own weight. This low strength results
in a distorted heater and a distorted distribu-
tion of the energy supplied to the cathode from
it. Molybdenum, therefore, can be eliminated
from present consideration.

Only tungsten and some of its aloys with
molybdenum are left as sources of filament wire
producing satisfactory heaters. The two metals
alloy in all proportions, and from all those
alloys possible, two have been selected as repre-
sentative, namely, the 80% molybdenum alloy with
tungsten and the alloy containing equal parts of
the two metals. The former is known as "H" wire
and the latter as "J" wire. The hot strength
decreases with an increasing amount of molybde-
num, but the ductility and degree of brittleness
improve. These factors must be weighed against
each other in the selection of a material for
heater wire. The difficulty of producing wire
also decreases with increasing molybdenum con-
tent, so that this factor enters into the problem
of heater selection as amatter of material cost.
In Fig. 1 is shown the relationship between re-
sistivity and absolute operating temperature of
pure tungsten wire, "J" wire, "H" wire, and pure
molybdenum wire. While the cold resistance of
the various materials is widely different, it is
interesting that, at the operating temperature
of heaters used in radio receiving tubes, i.e.,
in the neighborhood of 13009 to 15009K, there is
very little difference in the resistivity. For
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Folded filaments in the regular line operate at
slightly lower temperatures. Single-helix fila-
ments operate the hottest of all, as a general

approximate calculations of new filaments, it is
even possible to assume a round value of 40
microhms per cm. Table I lists some of the use-

ful properties of these four materials. From rule.
Table I
Diameter (mils) p (microhm/cm)
Material Density
V' mg/200 mm 300°K | 1000°K | 1400°K
Tungsten! 19.2 716 5.65 | 24.9 37.2
"J" Wire 13.25 .863 8.9 27.1 (38.7)
"H" Wire 11.25 .963 7.0 25.25 | (36.7)%
Molybdenum 10.1 .987 5.65 23.9 35.2
* Extrapolated
these data, it is possible to design a heater to Table II
operate under the desired conditions of voltage,
current, temperature, and size. Tube | Ef I¢ | Avg. Operat- Type of
Type | Volts| Amp. | ing Temp.k Heater
°c
* S EH H 606 | 6.3 | 0.3 1187 Reverse helix
) ] 6K7 6.3 | 0.3 1167 Reverse helix
b i ' 6L7 | 6.3 | 0.3 1202 Reverse helix
N7 6.3 | 0.8 1167 Reverse helix
2 6L5G | 6.3 | 0.15 1050 Folded
3 E 637 | 6.3 | 0.3 1060 Folded
N ] H 6L5 6.3 | 0.15 1147 Folded
I oh AT 656 | 6.3 | 0.3 1235 Reverse helix
o : 6x5 | 6.3 | 0.6 1127 Folded
z = 6C5 6.3 | 0.3 1210 Reverse helix
> 1L e 6F5 6.3 | 0.3 1205 Reverse helix
i 956 6.3 | 0.15 1347 Folded
s 955 6.3 | 0.15 1286 Folded
7 954 6.3 | 0.15 1197 Folded
o = 6s7G | 6.3 | 0.15 1047 Folded
300" 400 500 600 700 600 900 1000 (100 1200 1300 56 2.5 | 1.0 1067 Reverse helix
TEMPERATURE - °Kk 25L6 | 25.0 | 0.3 1272 Single helix
Fig. 1
€ % As measured by hot and cold resistance method.
HEATER DESICN Table III shows how heater temperature varies

with voltage for the type &K7.

It has 8o happened that in the design of Table III

heaters for vacuum tubes, widely variant temper-
atures have been attained, as illustrated by the Ef Ie oC
values in Table II for different commercial tubes. Volts | Amperes | Temperature
It will be noted that while the range in operat-
ing temperature of 6.3-volt, quick-heating tubes 3.0 0.188 817
with reverse-helical filaments is only from 1167° 4.5 0.243 987
to 12359C, folded filaments vary muchmore widely. 5.5 0.275 1092
6.3 0.298 1167
7.5 0.330 1287
4.0 - 1725

1, summary of the properties of tungsten is

given by Forsythe and Worthing, Astrophysical
Jour. 61, p. 146; 1925.

When a heater is designed, several factors
must be considered. Since the value of the volt-
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age E and the current I is set, together with the
operating temperature T, which determines the
specific resistance p , we have

E _ 495
I n d2

where S = length of wire for heater.
Unfortunately, we are dealing with energy
transfer by both radiation and conduction and no
well-defined formula can be given for the rate
of transfer of energy from heater to cathode
sleeve. This is further complicated by the fact
that the geometrical shape of the heater is not
a simple one in practice, and so calculation is
difficult. In addition, neither the radiating
characteristics of the coated heater,as affected
by thickness of coating, type of spray, and shape,
nor the reflecting properties of the inner sur-
face of the nickel sleeve are known. Conse-
quently, this leads to the method of designing
the heater by successive approximations to obtain

the desired current, voltage, and temperature.

Much stress has been placed on the importance of
correctly designed heaters. The reason for this
will be given later when we discuss the insula-
tion phases of the subject.

Probably the easiest way +to explain heeter
design? is by example. The following calcula-
tions apply to a theoretical heater for the 6K7,
and are based on the following assumed values:
an operating temperature of 1360°K, which has
been determined by experience to fall within the
temperature "safety zone" of our insulating ma-
terials, a dissipation per sq cm of wire surface
of 5.5 watts, a current of 2.3 ampere, and a
specific resistance of 36 x 10~© ohms/cm at the
operating temperature.

The diameter of wire is given by the equation

3 2
d = \/3—%——9
nt n

where d is the diameter of the wire in centi-
meters, I is the current in amperes, p is the
specific resistance in ohms/cm and n is the dis-
sipation in watts/cm?. Substituting numerical
values in the equation we have

i {/4 x .09 x .000036
"% x 5.5
d = .0062 cm = .00244 inches

For purposes of illustration, we will suppose
that this heater is to be made of "J" wire. Then,
from Table I, we have

2 Ref: 3-2
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d(mils) = .863 vV mg/200 mm
2
(éﬁi) = mg/zoo mm
.863
8.02 = mg/200 mm

The cut 1length of wire for the heater 1is
found from the equation

E 1

ndn nox

6.3 x .3 _
.0062 x 5.5

S = 17.6 cm

To determine the turns per inch (TPI) in each
half of the double helix of a heater made from
wire of the above specifications, we have the

equation
S 2
‘j(ZL) -1

x (D + d)

TPI =

where S is the length of wire for the coil in mm,
L is the coil length in mm, D is the mandrel di-
ameter in inches, and 4 is the wire diameter in
inches.

Assume that we are constructing a coil for a
45-mil cathode, and that the wound length of
the coil shall be 23 mm, using & 17-mil mandrel,
and that the leg length on the coil is 5 mm.
Substituting numerical values in the above equa-
tion, we have

46
TPI = = 87

n (.017 + .00244)

G

As mentioned before, the radiation charac-
teristics of the coating, as affected by thick-
ness, type of spray, and reflecting properties
of the inner face of the sleeve, all affect the
design of a heater, but they are to all intents
and purposes unknown. Consequently, the design
of a heater in its final analysis becomes a ser-
ies of successive approximations. However, let
us compare the theoretical heater we have made
for the 6K7 with the actual heater now being
used.

Table IV

6K7 Heater Theoretical Actual
Wire J J
Wire diameter (mils) 2.44, 2.46
Wire weight (mg) 8.02 7.94 to 8.26
Wire length (mm) 176 165
TPI 57 58
Operating temp. (°K) 1360 1440
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The next step 1is to take the theoretical
heater and test it 1in a tube to determine its
current and operating temperature. It is at this
point that the "series of successive approxima-
tions" begins. These calculations are based on
Ohm's law, which is E = IR.

Remembering that resistance is inversely pro-
portional to cross-section (which can beexpressed
as wire weight), other factors remaining con-
stant, and that resistance is directly propor-
tional to length, we can correct the theoretical
heater. For instance, it will be noticed in
Table IV that the cut lengths of the theoretical
and actual heater do not agree by approximately
6.5%, and that the operating temperatures are ap-
proximately 800 apart. The correction in cut
length was made by the use of Ohm's law as shown
above.

INSULATING MATERIALS

The problem of insulation of heaters is a
difficult one. In the automobile industry, where
ceramic bodies are used as a means of insulation
in spark plugs, the requirement of low conduc-
tivity at high temperatures is recognized as one
of the most severe to be met with in the commer-
cial field. But translated into terms of design
practice of modern radio tubes, the insulation
would not be satisfactory by a factor varying
between 100 and 100000, depending on the type
of tube, the temperature at which it operates,
and somewhat on the method of using the tube.

It is evident that the choice of suitable
materials for insulating purposes is limited to
a marked degree. The better grades of porcelain
were used at first, but their low melting points
(as compared with the conditions of use), their
low electrical resistivity, and their reactivity
with the heater wire rendered them obsolete. The
coefficient of thermal expansion of porcelain is
only about half that of the pure oxides now gen-
erally used and matches that of tungsten heaters
more closely, but, in spite of this, only the
pure oxides offer the properties which are needed
for modern tubes. Of the oxides available, only
alumina, magnesia, beryllia, zirconia, and thoria
have a sufficiently high melting point to offer
the possibility of satisfactory service. Some
of the groperties of these oxides are given in
Table V.

Since the insulation must necessarily operate
at high temperatures, 1its conductivity asre-
lated to temperature is perhaps its most import-
ant property to be considered. Werners gives an
idea of the relationship between the resistance
of the oxide and the temperature at which it must

3 Navias, Jour. Amer. Cer. Soc., Vol. 15, p.248;
1932.

4 Werner, Sprechsaal, Vol.63, pp. 437, 557, 581,
599, 619; 1930.

operate. The actual value of conductivity is de-
pendent on several factors, one of the most im-
portant of which is the porosity of the oxides.

Table V
PROPERTIES OF REFRACTORY OXIDES
Fused |Melting| Specific Heat Linear Coef.
Oxide| Point |Gravity | Capacity |of Expansion
(°c) (cal/g 50°C){(25°- 800°C)
ThO,| 3050 |9.3-9.7 0.059 | 9.3 x 10-6
Mg0 | 2800 [3.6-3.7| 0.232 [13.4 x 10-6
Zro,| 2687 |5.7-6.1  0.106 | 6.6 x 10-6
BeO | 2570 3. 0.261 | 7.5 x 106
Al03 2050 [3.9-4.0, 0.198 | 7.9 x 10-6
*5102] 1713 2.2 0.185 | 0.5 x 106
# Vitreous

This is more or 1less obvious, since the conduc-
tivity of the air or vacuum spaces is less than
that of the oxides themselves, especially at
high temperatures. The resistance increases
roughly according to the percentage of porosity
of the body under test. Unfortunately, no date
similar to that quoted above are availeble as re-
gards the resistance of beryllia, but from the
results available, the data should be approxi-
mately the same as for alumina.

Navias3 has reported on the reactivity of
the oxides with the heater wire, an important
factor in the choice of insulation. Zirconia
shows signs of reaction, as indicated by a dark-
ening of the coating, even under the conditions
of preparation,i.e., firing in hydrogen at about
17000C. Thoria is reduced by a hot, tungsten
filament so that it gets dark and gives distinct
evidence of the presence of metallic thorium by
the very high electron emission available from
such an assembly. At 1700°C, magnesium oxide
will react with tungsten to the extent of giving
a bright, mirror-like deposit of the metal on
the cold walls of the containing vessel. Only
alumina and beryllia will withstand high heating
in contact with tungsten without evidence of
vaporization,dissociation, or reaction, and they
will remain white up toa temperature of at least
1800°C. It is natural to expect that the con-
ductivity at these temperatures can be rated in
terms of the reactivity between them and the
heater.

Since it appears that only alumina and beryl-
lia offer the properties to make their use for
heater insulation possible, it 1is of some in-
terest to examine a few of their properties.
Bragg5 has shown that their atomic structures
have some important similarities. In each case,
the oxygen atoms are in approximately the closest

3 Loc. cit.

5W. L. Bragg, "Atomic Structure of Crystals,"
Cornell University Press, p. 94.
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hexagonal packing possible. In the case of alu-
mina, two thirds of the oxygen spaces are filled
and an aluminum atom occupies the space between
six oxygen atoms. In the case of beryllia, the
beryllium atom dlso lies between six oxygen atoms.
The close correspondence between thedistance be-
tween layers 1is to be noted. Magnesia, on the
other hand, crystallizes in a face-centered cubic
structure, as do the other alkaline earths.

Before discussing further the behavior of
specific insulating materials suitable for use
in tubes, it might be well to examine what is
known about conductivity in crystals in general.
Joffe6 found wildely divergent values for the
specific conductivity of different crystals of
such diverse materials as optically pure quartz,
calcite, and chemically pure alums. However, by
repeated purification of the ammonium alum, he
was able to arrive at a fairly constant and much
lower value of conductivity, differing from that
of the material with which he had started by a
factor of as high as 1:100. Conversely, by con-
taminating potassium alum with ammonium alum, he
was able to raise the conductivity enormously.
When potential was applied to the crystal, the
conductivity decreased ata very rapid rate until
after some hours it approached that of the pure
material, despite the fact that the current car-
ried could not account for the complete removal
of more than a small portion of the impurity.
However, there was a detectable and appreciably
higher concentration of ammonia on the cathode
side of the crystal than on the anode side. Simi-
larly, optically pure quartz, on electrolysis,
gave a deposit of sodium which did not belong in
the lattice structure, and only at higher tem-
peratures could silicon and oxygen be produced.
It is at once evident, then, that current can be
carried ina crystal by the migration of material
as ions, in other words, by electrolysis. In
the case of substances 1like rock salt and cal-
cite, more than 99% of the current is carried by
the positive ion.

But conductivity im the crystal can also
occur electronically. For instance, the conduc-
tivity of rock salt is ordinarily the same in
both light and darkness. However, after it 1is
subjected tothe action of X-rays or cathode rays,
it becomes discolored, and then if it is exposed
to sunliggt, its conductivity increases so that
it is 10° times that in darkmness. This effect
is not peculiar to rock salt but is characteris-
tic of a large number of materials. The conduc-
tivity is not decreased by reduction of the tem-
perature to that of liquid air. With a given in-
tensity of light, the current through the crys-
tal can bedeflected by a powerful magnetic field
in the same way as a photo-electron beam, and is
proportional to the voltage applied, up to field
intensities of the order of 105 volts per cm.
Similarly, the behavior of oxide cathodes indi-

6 5. F. Joffe,"The Physics of Crystals," McGraw-
Hill Book Co., Inc., p. 81.
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cates electronic conductivity for thermionic cur-
rent through the coating from the base metal to
the surface of the coating. Without a doubt,
similar conditions prevail in the insulating
coating on a heater.

The fact that thermionic emission and elec-
trolytic conduction as functions of temperature
both follow laws which are exponential and quite
similar has made it difficult to distinguish be-
tween the two methods by which conductivity can
take place. Some help in distinguishing between
them may be obtained by an examination of the
curves in Fig. 2. Fig.2 shows theleakage current
between heater and cathode in two different tubes
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when the heater potential is made positive and
negative with respect to the cathode. The cath-
ode 18 the point of reference. One of the two
tubes which differ quite widely in type has high
negative leakage and the other has high positive
leakage. It will be noted that as the voltage
goes through zero from positive to negative or
vice versa, the greatest and most rapid change
in the leakage current takes place. The rate at
which the change occurs, however, is controlled
somewhat by the maximum value of leakage attained.
This would lead to the conclusion that the con-
duction is, at least in major part, electronic
in nature, but the fact that the current does
not saturate on the high-—current side, but keeps
rising slowly with an increase in voltage, indi-
cates that either electrolytic or semi-conductor
effects are also present. Some tubes have been
seen in which the current-voltage relation sub-
stantially follows Ohm's law, and in these cases
it is thought that conduction 1is electrolytic.
When the temperature of the heater is raised suf-
ficiently with a potential applied to the cathode,
a point 1is reached at which occurs a breakdown
that has all the appearance of electrolytic fail-
ure. Fig. 3 is of interest in that it shows how
the leakage current is affected by temperature
as measured in terms of the power input. It will
be seen that in each case there is a straight-
line relation cn the power-emission chart exactly
like the straight-line relation for thermionic
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emission. This chart, unfortunately, does not
permit distinguishing between electrolytic and
electronic conduction because of the similarity
in their temperature relationships.

It is obvious from the shape of the curves
in Fig. 2, which show typical changes in leakage
with changing heater-cathode voltages, that when
the applied potential is alternating, very large
swings in leakage current will occur as the volt-
age passes through szero. The impedance in this
region will be low. On the other hand, if there
is a fixed bias at some point on a nearly hori-
sontal part of the curve, small applied a-c po-
tentials will cause only small changes in cur-
rent and the impedance will be high. That this
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is 80 can beseen from a typical curve for heater-
cathode impedance in relation to the fixed bias
appiied between heater and cathode, as shown in
Fig. 4. It 18 obvious that the absolute value of
the impedance as measured in such a test will
depend on:

l. The amount of a—-c voltage applied. In
general, the smaller the potential, the lower
will be the impedance, since there will be a
greater chance for all the potentlial swing to be
most effective in the region where the slope of
the current-voltage current is the greatest.

2. The frequency of the applied signal. Ef-

fects similar to those of polariszation occur in
the heater when d-¢ potential is applied to it
Just the same as occur in glass and all electro-
lytic conductors. Only by the use of an alter-
nating potential can these effects be minimized.
Since the net effect of any polarization is to
raise the impedance, it follows that the higher
the frequency, the lower will be the impedance
as shown in Fig. 4.
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It 1s evident that there will also be some
relation between the a-c impedance which exists
between heater and cathode, and the hum which
will occur in a circuit. The actual amountof
hum will be dependent on the conditions assumed.
A curve by Bucklin (Fig. 5) illustrates a typical
case.
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Returning now to the discussion of mater-
ials suiltable for heater insulation, we have al-
ready seen that alumina offers possibilities of
satisfactory service. The source of alumina com-
mercially is almost always bauxite ore. The ore
is digested with sodium hydroxide under pressure
or fused with a suitable sodium compound to form
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sodium aluminate which is soluble in water and
can be separated by filtration from impurities
such as iron and silicon which are rendered in-
soluble by this treatment. By seeding the cooled
filtrate properly, it is possible to precipitate
hydrated alumina and separate it by filtration.
After washing, the product becomes the base ma-
terial for the aluminum industry as well as for
our insulation. Due to the fact that commercial
alurinum is prepared from a bath of sodium alumi-
nun fluoride by electrolysis, not much attention
need be paid to the sodium content. For our pur-
pose, however, the alkali content is very im-
portant, and it is necessary to make further ef-
forts to remove it. This can be done by acid
washing of the alumina, which has been fired to
a temperature of about 9000C to convert it par-
tially to a alumina and render it insoluble. In
this way, the alkall content, calculated as Na20,
can be reduced to less than 0.2%. Another method
effective in the removal of the alkali consists
in fusing the meterial in an electric-arc furnace,
wholly converting it to ¢ alumina, or corundum,
and volatilizing much of the alkali by virtue of
the high temperature attained. The fused mass,
however, 18 very hard (9 on Moh's scale) and pre-
sents great difficulty in grinding. For our work,
grinding is done in an iron mill, and the ground
materiel is treated with acid to eliminate the
iron introduced. The acid washing also serves to
eliminate further any alkali left. Neither of
the two processes does much towards a reduction
in the silica content.

When the materials are received, the acid-
washed alumina 1is designated as "acid-washed
bauxite-ore concentrates," and the acid-washed
fused material is known as "alundum." The baux-
ite-ore concentrates require further treatment
in the factory before they are ready for use,
while the alundum does not. The precipitated
alumina requires calcining at 1600°C to complete
the conversion of the material to a alumina and
thereby reduce the firing shrinkage, and subse-
quent grinding to attain the desired particle
size. Milling 1is carried out in rubber-lined
mills with either mullite or flint balls for
grinding in order to keep to a minimum the im-
purities introduced at this operation.

Alumina 1is mixed with a spraying binder con-
taining nitrocellulose by ball-milling the mater-
ials together in a porcelain ball mill. The
alundum does not require ball-milling with the
binder, and can be mixed by rolling the two to-
gether in a bottle. This difference in mixing
procedure is necessary because of the differences
in particle shape of alundum and alumina. The
alundum being a crushed, fused product has angu-
lar faces on the particles while the calcined,
precipitated material has particles approaching
spheroids. These round grains aggregate readily
and need a milling or crushing action to sepa-
rate them so that each grain will be wet by the
binder to give a smooth spraying mixture.

There are, in general, four methods of in-

sulating a heater from the cathode: (1) the use
of an extruded sleeve between the heater wire
and the cathode; (2) application of insulating
material to the heater by dipping the heater wire
in a suspension of the insulating mixture; (3)
spraying a mixture similar to a dip mixture on
the heater; and (4) application of insulating
material by electrodeposition or cataphoresis.

The extruded sleeve method is nearly obso-
lete. The chief disadvantages of insulating a
heater by this method were slow heating time and
excessively high operating temperatures of the
heater wire.

The method of coating by dipping has several
disadvantages when applied to helical heaters but
may be used to advantage for folded heaters. In
the latter case, the wire is coated by the drag-
coating process (which is a modification of the
older dipping process) before being formed into
heaters. The folded type of heater shows some
cost advantages.

At the present time the great bulk of our
heaters are of the double-helical type using a
sprayed-insulation coating. The cost of manufac-
turing such a heating element i1s high compared
with other types but this type has electrical and
magnetic advantages.

The last method of applying coating to heater
wires is by cataphoresis. In this method, the
suspended particles of insulating material are
applied to the wire by making the heater an elec-
trode in the suspension and using a sufficient
potential of the proper polarity to build up the
desired thickness of coating on the wire. At
the present time this method is still in develop-
ment, and 1little can be said about it except that
it holds some promise.

Regardless of the method of application, the
type of coating is dependent on: (1) the fine-
ness of grain of the insulating materiel; (2)
the shape of the grain; (3) freedom from aggre-
gates of the material in the binder; (4) the
viscosity of the coating mixture; and (5) the
speed of application.

Spray mixes should be made from material of
fine grain size (90% or more of the particles
should be smaller than 4 microns and no parti-
cles greater than 30 microns), free of aggregates,
and of a viscosity sufficient to keep the parti-
cles suspended. Rapid, wet spraying results in
a smooth, dense coating which has a tendency to
crack during firing. Slow, dry spraying results
in a fluffy, granular coating which 1s loosely
bonded to the wire and tends to chip when the
heater is inserted in the cathode. The fine
grain is necessary to insure a compact, rela-
tively smooth coating without spraying "wet",
since the particles strike the wire at random,
and fine grains give a more compact coating with
greater mechanical strength thando larger parti-
cles.

Drag-coating mixtures can be made with ma-
terial of larger grain size than that used for
spray mixes and still yleld a smoothly coated
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wire. The use of larger grain sizes for drag
coating has another advantage in that it results
in a coating which doesnot crack during firing.
The reason for this is that fewer particles and
consequently fewer interfaces are required for
coating a given length of wire. Since the in-
terfaces are filled with a film of the suspending
liquid, there ias less liquid to remove and conse-
quently less 1linear shrinkage in the case of
larger particles. Fine grains can be used for
spraying, because a large portion of the suspend-
ing liquid is removed by evaporation between the
spray gun and the filament.

The shape of the grain is important in both
spraying and drag coating, since fragmental and
rough-shaped particles pack with a larger number
of interface contact points than do spherical
particles. As a result, greater mechanical
strength of coating after firing is obtained.
This 1is due to the fact that the bond between
particles isa function of incipient fusion which
takes place between particles at the points of
contact—the smaller the point of contact the
lower the temperature at which the fusion will
take place.

If the insulating materials have been cor-
rectly processed and applied, the heaters need
only be fired at a temperature sufficiently high
and for a time long enough to sinter the grains
together and to the wire. Longer firing periods
or temperatures higher than this are detrimental
to the coating. They give a dense, glassy matrix
which results in high heater-—cathode leakage and
hum, or both.

The presence of impurities in the aluminum
oxide has an important effect upon the character-
istics of the resulting insulation. If the alu-
mina were truly chemically pure, a temperature
of 20500C would be required to melt it; and ap-
proximately the same temperature would be required
to sinter the material so that it would remain
on a heater. Even as short a time as five years
ago, when 1600°C was about the limit to be at-
tained in hydrogen firing furnaces,it was neces-
sary to add silica to the purest grades of alumina
or alundum in order to obtain a product with ade-
quate hardness to permit handling. In some tests
carried out at that time, the effect of the ad-
dition of silica on the heater-cathode leakage
was investigated. The results are shown in Fig.
6.7 The material used as a base was alundum
containing 0.7% Si02 and 0.3% Naj0. It was in-
ferior to the grade of product available todsy.
Other lots contained up to three times as much
alkali and five times as much silica as this
sample.

On the other hand, the use of addition ma-
terials has advantages when they are properly
selected. Assuming that the presence of alkali
in the alumina is the most effective cause for
the reduction of its insulating properties, it
is most certainly present in the form of an

7 Ref. 3-7.

aluminate of some type. Assuming that it 1is
present in the form of metaaluminate, according
to the classical Arrhenius theory, there will
then be present sodium ions and metaaluminate
ions in equal quantities, so that the whole will
be electrically neutral. Under the influence of
a potential gradient, the sodium 1ion will temd
to migrate to the negative electrode or cathode
and the aluminate ion to the anode. From the
studies on the conductivity of glass,it is likely
that the major portion of the current will be car-
ried by the more mobile sodium ion, and a com-
paratively small portion by the complex, large,
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Fig. 6

metaaluminate ion. If the sodium ion migrates
to the negative electrode, on reaching there it
loses its charge and becomes a neutral atom. If
the temperature is sufficiently high,it is vola-
tilized, but 4if it is not, it remains and then
becomes a very effective emitter of electrons.
According to Arrhenius' theory, it should be pos-
sible to hinder this whole process to a consider-
able degree since the 1ionization is an equili-
brium process:

Na* + Al0,” == NaAlo,

While for simplicity, the phenomena have been
discussed from the standpoint of the classical
Arrhenius theory, they can be equally well ex-
plained by the use of the Debye-Hiickel theory
or the more recent theory involving ion "holes"
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as discussed by Schottky8 and deBoer.? By in-
creasing the concentration of the aluminate ion,
the reaction can be driven to the right, thus re-
ducing the concentration of the sodium ions since
the product of the two concentrations is a con-
stant for any temperature. This can be accom-
plished by adding metaaluminates in which the
positive ion is one which does not migrate with
the facility of the sodium ion, e.g., the alka-
line earth metals. A series of experiments in
which tests were made on insulation of alumina
and of the same alumina with the addition of 1%
of the various alkaline-earth oxides very well
11lustrates this behavior as shown in Figs. 7and
8. Here the impedance between heater and cath-
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ode at various values of fixed bias was measured
when a signal of 0.5 volt was impressed at a fre-
quency of 100000 c.p.s. It was found that the
addition of each of these materials was effec-
tive in reducing the conductivity of the un-
treated alumina to various degrees. A large
amount of practical experience indicates that a
barium-oxide addition is the most effective of
those things tried. The strontium oxide used for
the test was of commercial grade,and it would be
expected that a purer grade would lead to super-

8 Schottky, Naturwissenschaften, 23, 656; 1935.
Z. physik. Chem. (b) 29, 335; 1935.

9 DeBoer s> Recueil Des Travaux Climiques Des.
Pays-Bas, 56, 301-390; March, 1937.
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ior results. It was found from a study of the
curves that whereas the tops are flat in the case
of alumina even at high temperature and high
bias, in each of the other cases there is a ten-
dency for the insulation to decrease under these
conditions. This can be explained by the fact
that at high temperatures the larger barium ions
have a greater mobility and can move under the
influence of the higher potentials. That thisis
so 1is borne out by the fact that intermittent
life tests at 8.5 volts on 6.3-volt heaters
with 180 volts bias between heater and cathode
show more failures in the cases where additions
have been made than in the case of alumina alone.
In the case of 6.3-volt life tests, there ap-
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Fig. 8
pears ti be no similar difference. Work by
Benjamin O has indicated that beryllia additions

are even more effective than baria, but experi-
ments in this laboratory have not been conclu-
sive on this point.

From some studies of the use of electrolytie
as compared with metallurgical tubing, there is
available very good evidence of how the condi-
tions of use affect the insulation between heater
and cathode. For reasons connected with tube
characteristics, it was found to be more desir-
able to use electrolytic tubing for the cath-
ode sleeve than to use the metallurgical nickel
standard at that time. It was found that the
operating temperature was substantially higher

10 private communication to author.
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with the electrolytic tubing and a constant in-
put wattage, and consequently it was necessary
for the heating element +to function at a cor-
respondingly higher temperature to attain the
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necessary heat transfer and thegroper emission.
This is illustrated in Fig. 9. 1 From this, it
can be seen that there is a difference of about
500K between the two cathodes and this has the

1 gef. 3-11.

pronounced effect on the heater-cathode leakage
as shown in Fig. 10. It will be seen that at the
operating point, the temperature difference ac-
counts for a change in the leakage by a factor
of about 5:1. At the same time, the difference
in temperature of the heaters as operated is
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showmn by a small but consistent difference in
the heater current, indicating a higher resist-
ance and a correspondingly higher temperature
for the one enclosed by electrolytic nickel.
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PHOTOELECTRIC AND SECONDARY EMISS10N

L. B. Headrick

Part | - Photoelectric Emission

INTRODUCTION

The discussion will be limited to the external
photoelectric effect or the emission of elec-
trons from the surface of a conductor or semi-
conductor upon the absorption of visible and
near-vigsible light by the first few hundred atomic
layers near the surface. Characteristics of
clean metals, thin films of one metal on another
metal, metals with a thin oxide layer on the sur-
face, and composite surface layers of a metal-
metal oxide semiconductor will be considered.
Photoconductivity in crystals and the barrier-
layer photoelectric phenomena, such as selenium
and copper-oxide cells, will not be considered,
except with respect to one item, namely, the ef-
ficiency of light-sensitive devices.

Einstein in 1905 made the first theoretical
advance in an attempt toward an explanation of
photoelectric phenomena when he postulated that
light must be adsorbed, as well as emitted, in
quanta of energy hv , and if one quantum 1is ad-
sorbed by one electron, the following relation
must hold:

eV

max

1/2 mv2 =

max

hv - g,

hy = eV + £,

max
where

frequency of incident light
1/wavelength A
Planck's constant

wononon

€o minimum energy required to re-
move an electron from the met-
al to free space or vacuum
m = electron mass
Voax = Velocity of the fastest
emitted electrons
V,.ax = the retarding potential re-

quired to stop the fastest

electrons
The frequency of 1light which will just eject

electrons with 2zero velocity is called the
threshold frequency ( v,) and is defined by

hve = €,

The corresponding threshold wavelength or long
wavelength limit ( A,) may be defined by

h/Ao = €o

After Einstein, the next important theoretical
advance in the field of photoelectric emission
was made by Sommerfeld in 1928 with the introduc-
tion of the electron theory of metals. This
theory failed to explain all of the observed
photoelectric phenomena because the electrons
and atoms were assumed to be in thermal equilib-
rium. Later Sommerfeld applied the Fermi-Dirac
statistics to electrons in metals where the elec-
tron energy distribution extends over a range
from zero to a definite maximum value at 0°K.
Since photoelectric emission involves the inter-
action between a quantum of light and the elec-
trons near the surface of a metal, it is essen-
tial to have a satisfactory theory of electrons
in metals in order to have a sound basis for a
theory of photoelectric emission. The Fermi-
Dirac statistics applied to the electron theory
of metals has been used quite successfully to ex-
plain a number of the observed characteristics of
photoelectric emission with no important dis-
crepancies and, therefore, appears to satisfy the
above requirement.

A. PHOTOELECTRIC EMISSION FROM CLEAN METALS AND
THIN METAL FILMS

l. Energy Distribution of Photoelectrons

The total energy distribution characteristic
of photoelectrons for different temperatures 1is
shown in the upper part of Fig. 1 by the solid
and dashed curves, as calculated from the Fermi-
Dirac theory. These curves show that only at a
temperature of 09K 1is there a definite, sharp
limiting value of electron energy in a metal and
that at higher temperatures there are increasing
numbers of electrons with higher energies as the
temperature increases. Therefore, the theory
indicates that the energy distribution of elec-
trons emitted by monochromatic light of a given
wavelength will only have a sharp limit at 0K
and will tail off at higher temperatures. The
theory agrees with observations. However, until
very recently, experimental observations did not
fit the calculated curves closely at the lower
values of energy. The departure of the older ex-
perimental data is shown by the dotted curve. Us-
ing thin films of potassium, C. L. Henshawl has

1 ¢. L. Henshaw, ™Normel Energy Distribution of
Photoelectrons from Thin Potassium Films as a
Function of Temperature," Physical Review, Vol.
52, No.8, p. 854; October 15, 1937.
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recently shown by very careful experimental work
that the theoretical curves can be obtained ex-

perimentally.
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Fig. 1 - Theoretical total-energy distribution
and current-voltage curve.
(L. A. DuBridge, see Bibliography)

The curves in the lower part of Fig. 1 repre-
sent the theoretical form of the retarding po-
tential vs current curves which have now been
verified by the experimental work of Henshaw. The
retarding potential vs current curves are obtained
directly from data taken to determine the energy
distribution of emitted photoelectrons.

Nottingham has made two attempts and Mitchell
one separate attemptto modify the theory to con-
form to the older experimental data. The results
of their calculations are shown in Fig. 2, and
are compared with the DuBridge-Fowler calcula-
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(Israel Liben, Phys. Rev., Vol. 51, p. 647, 1937)

tion based on the Fermi-Dirac theory of metals
and the older experimental data shown by the dots.
None of these calculations of Nottingham or
Mitchell fit the experimental data at all well,
probably due to the fact that both the modified
theory and data are in error.

2. Spectral Distribution of Photoelectrons

The curve in Fig. 3 shows the form of a typical
spectral distribution curve which approaches the
frequency axis asymptotically, and an extrapola-
tion of the curve to determine the apparent
threshold. DuBridge and Fowler have worked out a
method of extrapolation of spectral distribution

/
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Fig. 3 - Typical spectral distribution curve,
showing extrapolation to determine
Y, (exaggerated) .
(L. A. DuBridge, see Bibliography)

curves based upon Fowler's theory of spectral
distribution which give values of the threshold
frequency and corresponding values of the surface
work function that agree well with thermionic data.

Ives and Briggs have postulated that photo-
emission should follow the rate of absorption of
energy at the surface of the metal and have,
therefore, calculated the rate of absorption of
energy at the surface of thin films of potassium
on platinum. Fig. 4 shows the results of their
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Fig. 4 - Calculated and observed photoelectric
emission from thin film of potassium on platinum.
(Ives & Briggs, J.0.S.A., Vol. 26, p. 249, 1936).
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calculations compared with their photoelectric
data as well as with the data of Suhrmann and
Theissing. The agreement between theory and ex-
periment is exceptionally good on the short wave-
length side but 1is not at all good on the long
wavelength side of the spectral distribution
curve. The lack of correlation on the long wave
side may be due to the effect of surface gas ad-
sorption on the spectral distribution character-
istic.

3. Threshold Frequency or Wavelength and Work

Function

The relation between threshold wavelength A,
in Angstrom units and the work function in volts
at 09K is given by 6 = 12340/A,. For tungsten,
Ao = 2720 AO. Therefore, 8 = 12340/2720 = 4.5,
volts.

Fig. 5 shows the variation of the photoelec-
tric work function throughout the periodic table
of elements. It will be noted that the alkali
and alkaline-earth metals have the lowest values
of work function, as is well known from thermi-
onic data. Since low work function means long
wavelength response, the alkall metals are used
in phototubes having high sensitivity to visible
light.

The photoelectric threshold and work function
of typical surfaces of different types are shown
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Fig. 5 - Variation of photoelectric work func-
tion throughout the periodic table. ©, values
for clean surfaces. X, single values of uncer-
tain precision. A, reliable thermionic value
(indicated only when photoelectric value is un—
certain. I, vertical lines indicate approximate
range covered by various reported values.
(Hughes & Dubridge, see Bibliography)
Courtesy of McGraw-Hill Book Co., Inc.

in Table I. With the exception of the data for
the clean metals, the values of threshold and
work function are very rough experimental values.

Table I
TEM- |THRES- [ WORK FUNCTION 6
TYPE OF PERA-| HOLD (Photo-
SURFACE TURE | WAVE-| elec- | Thermi-
LENGTH | tric onic
oK A0 [(Volts)|(Volts)
Clean Metals—
Ta 293 | 3010 | 4.13 4.13
Mo 303 | 2992 | 4.14 4.15
W 295 | 2720 | 4.54 4e54
Pd 305 | 2490 | 4.96 4.99
Thin Metal Films—
Na on Pt 5900 | 2.08
K on Pt 7700 | 1.60
Rb on Pt 7950 | 1.56
Cs on Pt 8900 | 1.38
Thon W 4900 | 2.52
Ba on Ag 7900 | 1.56
Metals and
Metal Oxides—
Th 3600 | 3.43
Oxidized Th 4100 | 3.01
Ur 3400 | 3.63
Oxidized Ur 3800 | 3.25
Ca 4000 | 3.09
Oxidized Ca 5200 | 2.37
Ba 5000 | 2.47
Oxidized Ba 6900 | 1.79
Composite Oxide
Surfaces—
Ag: Nax0, Ag - Na 6800 | 1.85
Ag: K50, Ag - K 8000 | 1.55
Ag: Rby0, Ag - Rb 10000 | 1.20
Ag: Csy0, Ag - Cs 12000 | 1.00

4. Space Distribution of Photoelectrons

The curve in Fig. 6 shows the space distri-
bution of photoelectrons from rubidium with
polarized light. There 1is a slight difference
between the two curves, one for parallel (ll) and
the other for perpendicular (L) polarized light,
but the fact that both curves follow close to a
cosine distribution when the light is incident at
700 from the normal shows that there is no ten-
dency for the emitted electrons to follow the
electric vector of the incident light.
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Fig. 6 - Symmetrical angular distribution of

photoelectrons from Rb, showing no tendency
to follow the electric vector. Arrow shows
direction of incident light.
(Hughes & DuBridge, see Bibliography)
Courtesy of McGraw-Hill Book Co., Inc.

5. Relative Spectral Response of the Alkali
Metals

The spectral distribution curves for four of
the alkali metals, Na, K, Rb, and Cs, are com—
pared with the spectral response curve of the
human eye in Fig. 7. All of the curves are drawn
with their peaks at the same level to bring out
the uniform shift toward longer wavelengths and
the similarity of the form of the curves as we go
from Na to Cs. It was found by Miss Seiler? that
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Fig. 7 - Photoelectric cells using the
pure alkali metals respond differently
to light of various colors.
(A. R. Olpin, Bell Labs. Record,
Vol. 9, P. 311, 1931)

2 E. C. Seiler, "Color Sensitivity of Photoelec-
tric Cells,™ Astrophys. Jour., VoL 52, p. 129;0ct.
1920.

for the alkali metals, the peak broadened and
shifted toward longer wavelengths, and the maxi-
mum 8Sengitivity decreased, with an increase in
atomic weight from Li to Cs.

6. Variation of Photoelectron Emission with Crys—
tal Planes

In Fig. 8 are shown electron image pictures
of a barium-covered nickel surface. Picture (a)
shows the non-uniform distribution of photoelec-
trons from a polished surface before heating.
Picture (b) is the image of thermionic electrons
after the surface has been etched by evaporation.
In the center portion the crystal structure shows
up clearly. Picture (c) is the image of photo-
electrons after the surface was heated to pro-

Fig. 8 - Electron emission pictures of a
barium coated nickel surface. (a) Photo-
electric before heating. (b) Thermionic.
(c) Photoelectric after heating.
(Gross & Seitz, Zeits. fiir Phys.,
Vol. 105, p. 735, 1937)

duce the thermionic-emission picture. Here the
crystal structure also shows up well but with
not quite the contrast shown by the thermionic-
emission picture. It is of interest to note the
good correlation between the areas showing high
emission for both photoelectric and thermionic
emission. The other factor of interest is that
different crystal faces have different values of
work function even when coated with a layer of
another metal.

7. The Selective Photoelectric Effect

The selective photoelectric effect 1is so
named because of the form of the spectral dis-
tribution curve, which has a rather sharp selec-
tive maximum usually at a wavelength of several
hundred Angstrom units below the threshold. It
has been found experimentally that this selective
maximum observed for +thin films and composite
smooth surfaces with unpolarized light is due en-
tirely to the component of the light polarized
with its electric vector parallel to the plane of
incidence or perpendicular to the plane of the
photosurface. When 1light polarized with its
electric vector perpendicular to the plane of in-
cidence, or parallel to the plane of the photo-
surface, is incident on a smooth surface, no se-
lective maximum is found in the spectral distri-
bution curve. Rough surfaces show the selective
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effect with light polarized in any plane, because
there is always part of the surface perpendicular
to the electric vector. K. Mitchell’ gives a
theoretical interpretation of the phenomena of
selective photoelectric emission.

B. PHOTOELECTRIC EMISSION FROM THIN OXIDE FILMS
AND COMPOSITE OXIDE SURFACES

l. Change in Spectral Distribution by Oxidation

The curves in Fig. 9 show the effect of oxi-
dizing the surface of calcium, The curve for
the oxide surface has a higher peak shifted toward
longer wavelengths with respect to the curve
for the pure metal. The oxidation of the surface
also extends the 1long wavelength threshold by
more than a thousand Angstroms. Similar effects
have been observed with several other metals,
e.g., Mg, Th, Al, and Ba. The curve for par-
tially oxidized Ba evaporated from abarium oxide-
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Fig. 9 ~ (a) Sensitivity curve for a calcium
cell in Corex D glass. (b) Sensitivity curve
for the same cell treated with the oxygen
from a tube at 40 mm pressure.
(Rentschler & Henry, J.0.S.A.,
Vol. 26, p. 31, 1936)

coated cathode 1is compared with that for pure Ba
in Fig. 10. The relative sensitivities of Ba and
Ba + BaD are not similar to the case of Ca and an
oxidized calcium surface, probably because the
surface is of different structure, being formed
by entirely different methods. However, the long
wavelength threshold 1s shifted by several hun-
dred Angstroms by the partial oxidation.

2, Quantum Efficiency of Light-Sengitive Devices

The curves of Fig. 11 show that the caesium-
oxide type of phototube has an extremely low en-
ergy efficlency in terms of amperes per watt or
in percentage of theoretical maximum yield of
electrons per quantum of light as compared with
other light-sensitive devices. The +two Photox
cells for which data are represented in Fig. 11

3 K. Mitchell, "The Theory of the Surface Photo-
electric Effect in Metals," Proc. Royal Society,
Sec. A, (Part I) Vol. 146, p. 442; 1934; (Part
II) Vol. 153, p. 513; 1935.
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have sensitivities of 200 and 150 pa/lumen while
the selenium cells have sensitivities of 450 and
120 pa/lumen, respectively. Commercial selenium
cells can now be obtained with a sensitivity of
480 pa/lumen and caesium phototubes with a sen-
sitivity of 35 to 55 pa/lumen. But even the
best experimental caesium-oxide phototube with a
sensitivity reported to be about 100 pa/lumen or
quantum efficiency of the order of 3% is far be-
low the theoretical maximum. For commercial pho-
totubes the quantum efficiency ranges from about
0.01% to 1.0%. The lower values of quantum effi-
ciency are obtained with the pure metals such as
Ca, Mg, Cd, Th, and their oxides. These sur-
faces are used for measurements of ultra-violet
radiation. The higher values of quantum effi-
ciency are obtained with the composite surfaces,
such as Ag: Csp0, Ag-Cs or Ag: Rbp0, Ag-Rb which
are used in the visible and infra-red region.
This extremely low efficiency for the extermal
photoelectric effect is due mainly to the low
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Fig. 10 - (1) Sensitivity curve for barium
metal in Corex D glass. (2) Sensitivity
curve for the vaporized deposit from a
barium oxide coated cathode.
(Rentschler & Henry, J.0.S.A.,
Vol. 26, p. 31, 1936)

probability of reaction betwsen a quantum of
light and the bound surface electrons. There is
practically no reaction between light quanta and
the conduction electrons, or nearly free elec-
trons, in a metal. Therefore, many quanta of
light pass through the surface layer of electrons
of a metal without ejecting an electron and lose
their energy to lower-lying bound electrons asso-
clated with the atoms by exciting the electrons
to higher energy states. The energy of the pho-
ton i8 not sufficient to eject an electron from
these bound states in the metal. However, the
case of secondary emission is entirely different
because the primary electron is equivalent to a
quantum of much higher energy and, therefore, may
eject several low-lying bound electrons.

This theory also points out why the quantum
efficiency of photoconductive-type photocells,
such as those with a barrier layer, copper oxide
or selenium, may have much higher quantum effi-
ciencies than phototubes which use the external
photoelectric effect. The reason 1is because
with photoconductivity we are dealing with semi-
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conductors which have plenty of relatively high
energy-bound electron states throughout the body
of the crystal sothat the excitation of an elec-
tron to an unfilled conduction level is the re-
sult of a volume reaction of high probability be-
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Fig. 11 - (top) Absolute spectral response
curves for various light sensitive devices.
(bottom) Quantum efficiency curves for var-
ious light sensitive devices.

(C. C. Hein, J.0.S.A., Vol. 25, p. 205, 1935)

tween 1light quanta and bound electrons. The
caesium-oxide phototube has considerably higher
quantum efficiency than clean metal surfaces be-
cause the Csy0-AgCs complex structure is of the
nature of a semiconductor. Therefore, it is
possible that electrons may be ejected from its
surface by reaction with light quanta at differ-
ent depths in the layer. But the layer is either
too thick or has a value of conductivity too high
to give an efficiency approaching that of the
barrier layer photocell.

3. Fatigue of Photosensitive Surfaces

High sensitivity photosurfaces of the type
represented by Ags Cs20, Ag-Cs are subject to
fatigue or decrease of sensitivity on exposure
to light. The curves in Fig. 12 show that the
fatigue increases as the wavelength of the light
decreases. Fatigue is assumed to be due to pho-
tochemical reaction which causes changes in the
surface composition of these thick films of com-

plex structure.
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Fig. 12 - Decrease of current for a given
Ag:Cs20, Ag—Cs cathode: 1, in infra-red
light; 2, in red light; 3, in green light;
4, in blue light.
(J. H. DeBoer, see Bibliography)
Courtesy of The Macmillen Company

The curves in Fig. 13 show the change in the
spectral distribution characteristic produced
by the fatigue reaction. The result of fatigue
is similar to increasing the amount of caesium
on the surface, as will be shown later. There-
fore, fatigue appears to be due to a photochemi-
cal reducing reaction whereby caesium is libera-
ted from the caesium-oxygen structure just below
the surface and diffuses to the surface.

4. Time Lag in Gas-Filled Phototubes

In order to increase the output of phototubes,
it has been customary to introduce into the tube
an inert gas such as argon to the order of 100
microns pressure. The primary photocurrent is
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then amplified by ionization in the gas. The
large mass of the ions produces a lag in the re-
sponse to high frequencies.

Photoelectric Sensitivity

)N

14 10 a9 08 "% 05 0s
Wave-length in pu (energy scale)

Fig. 13 - Spectral distribution curve of a
Ag:Csz0, Ag-Cs cathode: (a) in a fresh state;
(b) after fatigue has set in.
(J. H. DeBoer, see Bibliography)
Courtesy of The Macmillan Company

The curves in Fig. 14 were taken on a gas-
filled phototube of the 868 type with a gas pres-
sure slightly below normal after the tube had
been exposed to illumination for 694 microseconds
followed by a dark period of 7630 microseconds.
The different curves are for different voltages
on the tube with the steady-light value adjusted
to give a photocurrent of 10 microamperes. At
20 volts the curve is indistinguishable from that
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Fig. 14 - Time-leg plots for an argon cell
at 100 microns of pressure.
(Huxford & Engstrom, Review of Scientific
Instruments, Vol. 8, p. 389, 1937)

of a vacuum tube. The gas amplification ratio
for the tube was about 4 at 90 volts. The fact
that between 60% and 80% of the total current
flows inless than 50 microseconds indicates that
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a large part of the gas amplification arises from
the flow to the anode of electrons ejected from
the atom, through primary ionization by the photo-
electron. The slower-moving ions and metastable
atoms produced by electron impact reach the cath-
ode later and release more electrons which con-
tribute to the main portion of the current which
lags by 50 to 750 microseconds. The persistence
of the current after the light beam is removed
shows similar characteristics to those during
the rise. The electrons, ions, and metastable
atoms left in the space after the light is cut
off continue to bombard the cathode for from a
few to several hundred microseconds, and cause
electron emission which accounts for the current
flow dying off slowly after the light beam is
cut off.

5. Fnergy Distribution of Photoelectrons at Dif-
ferent Wavelengths

The curves in Fig. 15 show the energy distri-
bution of electrons from a thick film of potas-
sium for the wavelengths 4350 A0 and 3650 A°,
Comparing the curves with those of Fig. 1,it can
be seen that they approach the shape of the theo-
retical curves except far the slight curvature on
the low-energy side of the maximum. As was
pointed out earlier, this curvature can probably
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Fig. 15 - Energy distribution of photo-
electrons from a 30 molecular layer film.
(J. J. Brady, Phys. Rev., Vol. 46, p. 772, 1934)

be attributed to experimental error, because of
the difficulty of collecting low-velocity elec-
trons. The shift in the peak toward higher-energy
electrons for the shorter-wavelength light is
to be expected, because the shorter-wavelength
light quanta have higher values of emergy.

The curves in Fig. 16 are similar to those in
Fig. 15, except that the ones in Fig. 16 are for
a caesium-oxide surface of the type Ag: Cs20,
Ag-Cg and are all plotted so that the point at
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which the number of high-energy electrons be-
comes very low 1s the same point for each curve.
Thus, the horizontal axis of electron velocity
may be considered to be in per cent of an arbi-
trary maximum velocity. The curves bring out the
following interesting points. None of them ap-
proach the shape of the theoretical curve for a
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Fig. 16 — (1) A = 4358 A0; (2) A= 5460.7 A°;
(3) infra-red.
(Pjatinitzki & Timofeew, Phys. Zeits.
Sowjetunion, Vol. 9 p. 195, 1936)

clean metal surface as in Fig. 1 and the long-
wavelength infra-red radiation gives the highest
proportion of high-velocity electrons. The first
fact shows that either the absorption character-
istics or the excitation probability of complex
films is quite different from that of clean met-
als. This last fact indicates that most of the
electrons emitted by infra-red radiation come
from the surface layer of atoms and, therefore,
little energy is lost by the electrons in escape
from the metal. This evidence is in support of
DeBoer's picture of the infra-red peak in the
caesium-oxide surface being due to a type of
photoionization of the surface caesium atoms.

6. Spectral Distribution Characteristics of the
Caesium-Oxide Type (Ag: Cs20, Ag-Cs) Photosurface

The spectral distribution curve for an 868-
type caesium-oxide phototube is shown in Fig. 17.
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Fig. 17 - Spectral distribution curve for
Type 868 caesium—oxide phototube.

It will be seen that the infra-red peak occurs
at about 7300 A© and that the long-wavelength
limit is reached at nearly 11000 A°.

The curves in Fig. 18 show the relative spec-
tral sensitivities of the oxide surfaces of the
alkalies Na, K, Rb, and Cs. From these curves
it can be seen that Cs and Rb are the only alkali
oxides with a long-wavelength maximum. It is
also 1interesting to note that K and Na with no
long-wavelength peak have higher peaks, near
4000 A0, than Cs or Rb.
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Spectral distribution of Ag:Mezo, Ag-Me
cathodes (Me = Cs, Rb, K or Na).
(W. Kluge, Phys. Z., Vol. 34, p. 115, 1933)

pData relating to Ag:Me,0,Ag-Me cathodes
(w. Kluge, Phys.Z. 3%, 125 (1933)).

Short- Long- Long- Energy of the
Cathode wave wave wave | Ay of the long-
max. max. limit wave limit

mu my mu electron volts
Ag:Nazo,Ag-Na 410-820 * ~ 680 ~1.85
Ag:K,0,Ag=K 400-820 | 860-520 | ~ 800 ~1.55
Ag:RDzo,Ag—Rb 400-420 | 620680 ( ~1000 ~1.2
Ag:Cszo,Ag—CS 410-430 | 730-800 | ~1200 ~1.0

Fig. 18

Prescott and Kelly of Bell Telephone Labora-
tories did a considerable amount of research on
the influence of the caesium-to-oxygen ratio on
the characteristics of the caesium-oxide-type
phototube. The importance of the caesium-to-
oxygen ratio in determining the behavior of the
phototube 1is well 3illustrated by the spectral
distribution curves of Fig. 19. The curve No.l
is characteristic of a surface with a low cae-
sium-oxygen ratio; the peak sensitivity occurs at
about 7500 A° but is low;and the threshold wave-
length is slightly beyond 11000 A©. Curve No.2
shows the effect of adding more caesium. The in-
crease in caesium-to-oxygen ratio increases the
peak sensitivity, moves the peak toward longer
wavelengths toa maximum of about 8000 A©, and ex-
tents the threshold to about 12000 A®. Curve No.3
shows the effect of a still higher caesium-to-
oxygen ratio. The peak sensitivity still in-
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creases but the peak moves back to 7500 A®, and
the threshold wavelength decreases to just beyond
10000 A°. The effect of a still higher caesium-
to-oxygen ratio is shown by curve No.4 where the
peak~sensitivity wavelength and the threshold
wavelength are considersbly reduced. The spec-
tral distribution characteristic offers a very
sensitive check on the caesium-to-oxygen ratio
for a caesium-oxide photosurface, but unfortun-
ately it 1is not a characteristic suitable for
practical control of processing. Rather, it is
one of the results which must be held to somewhat
close limits by other less-sensitive methods of

test.
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Fig. 19 - Several spectral distribution
curves of Ag: Csp0, Ag-Cs photocathodes
with different amounts of adsorbed Cs
atoms. The amount of Cs increases from
curve 1 to curve 4. C. H. Prescott, Jr.
and M. J. Kelly, Bell System Tech. Jour.
11, 334 (1932). Courtesy of American
Telephone & Telegraph Company.

7. Silver Sensitization

The Japanese physicists, Asao mxiSuzuki,4 dis-
covered that the sensitivity of the caesium-oxide
type photosurface could be increased from about
20 to 100% by the evaporation of a metal such as
silver after the optimum photosensitivity has
been obtained by baking-in the caesium. Usually
the evaporation of a very small amount of Ag on
the sensitive surface causes a slight rise in
sensitivity, about 5%, followed by a rapid de-
crease in sensitivity with further silver evapora-
tion. However, if the Ag is evaporated umtil
the photosensitivity has decreased to about 20%
of its original value and baked for a few min-
utes between 170 and 190°C, the sensitivity will

4 3, Asao and M. Suzuki, "Improvement of Thin
Film Caesium Photoelectric Tube," Proc. Phys.
Math. Soc. Japan, Ser. 3, Vol. 12, pp. 247-250;
1930.
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usually rise to about 50% or more above the ori-
ginal value.

The spectral distribution curve shown in Fig.
20 is typical for a caesium—oxide-type surface
sensitized by further evaporation of Ag after
caesiation. The infra-red peak sensitivity is
high and occurs at about 8500 A®. The threshold
wavelength is near 12000 A°, The ultra-violet
peaek is not greatly changed by this process.

8. Semitransparent Photosurfaces

It has been found that thin films may show
rather high photoelectric emission when 1light
is incident on one side of the film and the
electrons are teken off the opposite side. Films
have been produced with white-light sensitivi-
ties from 15 to 40 pa/lumen. However, the films

200
o,
/

1200 1000 800 600 400
Wave -length in mu

Fig. 20 - Representative spectral distribu-
tion curve of a Ag: Csp0, Ag-Cs cathode
with a surplus of Ag in the layer. S. Asao,
Physics, 2, p. 19 (1932). Courtesy of Amer—
ican Physical Society.

with the higher sensitivities have very high
values of resistance (in the order of several
megohms). Films with sensitivities in the order
of 15 to 20 pa/lumen have sufficiently low val-
ues of resistance (in the order of 100000 ohms)
to be useful in television pickup tubes. In Fig.
21 is shown the spectral distribution curve for
a semitransparent photosurface having a white-
light sensitivity of 16 to 17 pa/lumen.

Besides being wuseful for television pickup
tubes of a special type, the semitransparent
photosurface can be used for a microscope, an
infra-red image tube, or phototubes for special
applications. The form of and results obtained
with an image tube using a semitransparent photo-
surface are shown in Fig. 22. At the upper right
is a diagram of the image tube. The 1lens 0 fo-
cuses an image on the semitransparent rhoto-
surface K. The electron image is focused on the
luminescent screen S by the electrostatic lens E,
formed by the potential difference between the
electrodes Zj and 22 and the magnetic lens M.
The mesh grid at the left was photographed on
the luminescent screen froman image on the semi-
transparent photocathode. The pictures of the
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boy at the lower right are the light image on the
semitransparent photocathode and the electron
image on the luminescent screen, respectively.
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Fig. 21 - Spectral distribution curve for
semitransparent photosurface having white—
light sensitivity of 16-17 pa/lumen.
. ce A Metal
The alkali metals may be obtained from their
compounds by a reducing reaction with a metal, in

a manner similar to the thermit reaction between
iron oxide and aluminum. A reaction of this type

IMAGE TUBE

b1 b

ELECTRON

IMAGE ELECTRON

IMAGE

LIGHT
IMAGE

Fig. 22
(W. Schaffernicht, Zeits fiir Phys.,
Vol. 93, pp. 765, 767, 1935)

is exothermic and 1liberates considerable heat
after being started at a temperature of 5000 to
1000°C depending on the materials. The heat of
reaction raises the temperature of the reacting
constituents and helps to carry the reaction to
completion.

The following metals and compounds of the al-
kali metals can be used as suitable sources of
the alkali metals for phototubes: alkali chro-
mate, dichromate, or permanganate used with sili-

con, aluminum, tentalum, columbium, titanium, or
vanadium. These materials are generally used in
the form of finely divided powders. The alkali
compound is mixed with the reducing metal and the
mixture pressed into a small pellet. This pellet
is enclosed in a tight-fitting metal box and
flashed by high-frequency heating. The reducing
reaction for some mixtures begins at a relatively
low temperature and proceeds rather slowly, while
for other mixtures the reaction may start at a
much higher temperature and proceed with almost
explosive violence. Different mixtures are used
for different purposes. In phototubes, a mixture
of caesium dichromate and silicon is quite widely
used as a source of caesium.

BIBLIOGRAPHY
Text Books

Hughes and Dubridge, "Photoelectric Phenomena."
McGraw-Hill Book Co., Inc., 1932.

L. A. DuBridge,
tric Effect."
English).

"New Theories of the Photoelec-
Herman and Cie., Paris, 1935 (in

Zworykin and Wilsonm,
plication.”

"Phototubes and Their Ap-
John Wiley and Sons, 1930.

J. H. DeBoer, "Electron Emission and Adsorption
Phenomena." Cambridge University Press, The Mac-
millan Company, 1935. Chapters I, II, III, IV,
v, VI, VIII, IX, XIII.

Periodicals
W. V. Houston, "The Surface Photoelectric Ef-
fect,” Phys. Rev., Vol. 52, p. 1047; Nov. 15,
1937.

A. L. Hughes, "Fundamental Laws of Photoelec-
tricity," Journal A.I.E.E., p. 1149; Aug. 1934.

W. S. Huxford, "Townsend Ionization Coefficients
In Cs - Ag - 0 Phototubes Filled with Argon,”
Phys. Rev., Vol. 55, p. 754; April 15, 1939.

H. E. Ives and H. B. Briggs, "Calculated and Ex-
perimental Photoelectric Emission from Thin Films
of Potassium," Jour. 0.S.A., Vol. 26, p. 247;
June, 1936.

H. E. Ives and A. R. Olpin, "Optical Factors in
Caesium Silver Oxide Phototubes," Jour. 0.S.A.,
Vol. 24, p. 198; August, 1934.

L. B. Linford, "Recent Developments in the Study
of the External Photoelectric Effect," Rev. of
Mod. Physics, Vol. 5, No.l, p. 34; January, 1934

Carl F. Overhage, "The Normal Energy Distribution

of Photoelectrons frou Sodium," Phys. Rev., Vol.
52, p. 1039; Nov. 15, 1937.

43



Vacuum Tube Design

C. H. Prescott, Jr. and M. J. Kelly, "Caesium-
Oxygen Silver Photoelectric Cell,"™ Bell System
Tech. Jour., Vol. 11, p. 334; July, 1932.

H. C. Rentschler and D. E. Henry, "Effect of Oxy-
gen upon the Photoelectric Threshold of Metals,"
Jour. 0.S.A., Vol. 26, No.l, p. 30; Jan.,1936.

F. Seits and R. P. Johnson,
Solids," Jour. of App. Physics, Vol. 8, 1937.
(Part I) February, p. 84; (Part II) March, p.
186; (Part III) April, p. 246.

"Modern Theory of

"Theories of the Spectral Selective
Phys. Rev., Vol. 47, p.

C. Zener,
Photoelectric Effect,”
15; Jan. 1, 1935.

Part Il - Secondary Emission

INTRODUCTION

Thermionic and photoelectric emission from a
metal surface occur when the conduction electrons
(free electrons) of a metal absorb a sufficient
amount of thermal energy or energy in the form
of incident light to overcome the potentiel bar-
rier represented by the work function of the met-
el surface. Therefore, metals of low work func-
tion readily emit electrons when subjected to
either thermal or light energy. The number of
emitted electrons is found experimentally to
agree well with the number calculated on the
basis of the general electron theory of metallic
conduction. However, considerably less is known
about the mechanism of secondary emission (the
emission of electrons from a solid bombarded by
electrons). For example, until the 1last few
years it has been impossible to determine from
the 1literature whether metals of low work func-
tion give high or low values of secondary emis—
sion. From measurements by Copeland5 on beryl-
lium, aluminum, and calcium, the impression is
gained that the secondary emission from these
metals is large compared with that from metals
of higher work function, such as nickel and tung-
sten. However, Farnsworth,6 who investigated
several metals in high vacuum, found that freshly
evaporated surfaces of magnesium had a lower value
of secondary emission than nickel, iron,cr tung-
sten. The conflicting results in the large amount
of published data on secondary emission are due
to the great influence of small surface contami-

5P. L. Copeland, "Correlation between Variation
of Secondary Electron Emission and Atomic Number,®
Phys. Rev., Vol. 46, pp. 167-163; Aug. 1, 1934.;
"Secondary Emission of Complex Targets," Phys.
Rev., Vol. 48, pp. 96-98; July 1, 1935.

6 H. E. Farnsworth, "Electronic Bombardment of

Metal Surfaces," Phys. Rev., Vol. 25, pp. 41-57,
July, 1925.
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nations on the secondary-emission characteristics
of solids and the poor vacuum conditions often
used. Most of the older data, with the exception
of the data by Farnsworth as well as other data
taken under good vacuum conditions with well-
degassed surfaces of metals which can be heated
to very high temperature such as tungsten, molyb-
denum, tantalum, and columbium, are not only in-
accurate but are not even good enough to show
general trends. Therefore, very 1little of the
early data will be used in this treatment of the
subject. However, for the purpose of historical
interest and completeness, reference is given to
a rather complete summary of the entire field of
secondary emission and a comprehensive bibliog-
raphy up to 1937 published by Kollath.?

Beginning with 1937, Bruining and DeBoer have
published a series of papers on secondary emission
which give data on a large number of metals, com-
posite 1layers and compounds, taken under good
vacuum and very carefully controlled conditions.
These data are used to formulate a consistent
and logical theory of secondary emission which
is an important addition to our knowledge of this
phenomenon. Reference will be made to these pa-
pers as the various subjects are discussed.

Some interesting results on the relation be-
tween secondary emission and work function for
very thin films of metals of low work function,
for example, barium on a metal of high work func-
tion such as tungsten, are given in a paper by
Treloar.® The results of Treloar are in agree-—
ment wath similar data given by Bruining and
DeBoer.

Data on a high secondary-emission composite
surface of the alkali metals represented by the
type A%:Cszo, Ag-Cs are given by Zworykin and
Morton .10

A careful analysis of the phenomena of high
secondary emission from composite surfaces, such
as magnesium oxi%e on a nickel alloy, has been
made by Nelson. Data have been presented by
him to show that a positive charge in the surface

7 R. Kollath, "The Secondary Emission of Solid
Bodies,"™ Phys. Zeits., Vol. 38, No.7, pp. 202~
240; 1937. (For English translation,see Ref.4-7)

8 L. G. R. Treloar, "Secondary Emission from Com-
plex Surfaces," Proc. Roy. Soc., Sec. A, Vol.49,
p. 392; 1937.

9 n. Bruining and J. H. DeBoer, "Secondary Elec-
tron Emission," Part VI—The Influence of Exter-
nally Adsorbed Ions and Atoms on the Secondary
Electron Emission of Metals, Physica VI, No.9,
PP. 941-950; October, 1939.

10 v, k. Zworykin amd G. A. Morton, "Television,"
p. 30, John Wiley & Sons; 1940.

n Herbert Nelson, "Phenomena of Secondary Elec-
tron Emission," Phys. Rev., Vol. 55, p. 985; May

15, 1939.



Headrick: Photoelectric and Secondary Emission

film is an important factor contributing to high
secondary emission. He also has pointed out the
relation between high secondary emission from
composite surfaces and thin-film field emission
described by Malter.1?

Data on the secondary-emission characteristics
of insulators, such as glasses and luminescent
materials, are far less numerous than that on
metals but some results may be found in the fol-
lowing references.13,14,15

SECONDARY EMISSION OF CLEAN METALS

The secondary-emission ratic ( 6 = the number

Data from Bruining and DeBoerl6,17 on the
maximum value of § for several metals and the
primary electron voltage at which it occurs are
given in the following table along with data on
work function, atomic weight, and atomic volume
for comparison. It will be noted that, taken as
a whole, the data in this table show a lack of
correlation of the maximum value of § with work
function, atomic weight, or atomic volume.

Table I

SECONDARY EMISSION FROM CLEAN METALS

of secondary electrons emitted per bombarding Primary

primary electron) increases to a maximum value, Maximum|Voltage

then decreases when the voltage of the primary Second-|at Max— | Work

electrons is increased, as shown in Fig. 23 which Metal ary imum Func— | Atomic [Atomic

gives data on a number of clean metals. A simi- Emission|Emission| tion |"eight|Volume
Ratio |(approx.

BOOTIE INERAREAES T ﬁ :ii ] 8 Volts) |(Volts)

130 nEE Be 0.53 200 3.16 9.0 4.9
© ! 117 Li 0.56 83 2.28 6.9 13.0
225 Roanrs H Cs 0.72 | 400 1.81 (132.8 | 1.0
& i = Ba 0.83 | 400 2.11 [137.4 | 36.1
%100 / mas Mg 0.95 200 2.42 24.3 | 14.1
a Eﬁl Pard 4 & LA Al 0.97 300 2.26 27.0 | 10.0
3 b L s Th 1. 750 3.38 [232.2 | 21.1
¥ LA T Ni 1.25 500 5.03 58.7 | 6.7
8 A =1 Mo 1.2 375 4.15 | 96.0 | 9.3
S HAT 2 BE ] Cu 1.29 | 600 4.30 | 63.6 | 7.1
o T P 13 S==uiimn w 1.35 630 454 | 184.0 9.8

N”T o I SEeE H , ‘ Ag 1.56 800 474 [107.9 | 10.2

oSy Teaaassannceannsas | i
o] I |

PRIMARY-ELECTRON VELOCITY — VOLTS
Fig. 23
(Data from Bruining and DeBoer)

lar type of curve is characteristic of the vari-
ation of secondary emission with primary electron
voltage for contaminated or composite surfaces.

12 L. Mzlter, "Thin-Film Field Emission," Phys.
Rev., Vol. 50, pp. 48-58; July 1, 1936.

13 W. B. Nottingham, "Electrical and Luminescent
Properties of Willemite under Electron Bombard-
ment," Jour. of App. Phys., Vol. 8, pp. 762-778;
November, 1937.

L von c. Hagen and H. Bey, "Charge Potential of
Insulators Bombarded by Electrons," Zeits. f.
Physik, 104, pp. 681-684; 1937.

15 s. T. Martin and L. B. Headrick, "Light Output
and Secondary-Emission Characteristics of Lumin-
escent Materials," Jour. of App. Phys., Vol. 10,
pp. 116-127; February, 1939.

However, upon more critical examination, one
finds that the following generalizations with
regard to the secondary-emission characteristics
of different metals are illustrated by the curves
of Fig. 23 and the data in Table I.

1) The maximum value of § occurs at lower
voltages for the light metals than for the heavy
metals.

2) The rate of decrease of & with increas-
ing primary-electron voltage beyond the maximum
is higher for the light metals than for the heavy
ones.

3) The maximum value of & occurs at higher
values of primary-electron voltage for metals of
high work function than for those of low work
function among metals of similer atomic weight.

16 Y. Bruining and J. Y. DeBoer — Preliminary
Communication: "Secondary Electron Emission of
Metals of Low Work Function," Physica IV, No.6,
PP. 473-477; June, 1937.

17 g, Bruining and J. H. DeBoer, "Secondary Elec-
tron Emission," Part I—Secondary Emission of
Metals, PhysicaV, No.l, pp. 17-30; January, 1938;
Part II—Absorption of Secondary Electrons, Phys—
ica V, No.10, pp. 901-912; December, 1938.
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4) The maximum value of & is higher for
metals of high work function than for metals of
low work function among metals of similar atomic
weight.

5) The maximum value of 8 is higher for
metals of low atomic volume than for those of
high atomic volume except in the case of a few
very light metals with low atomic volume.

Apart from the velocity of bombarding electrons
and other factors already mentioned, the second-
ary-emission ratio depends upon the nature of the
surface (rough or smooth) and the angle of inci-
dence. The value of 8 is a minimum for electrons
arriving perpendicular to the surface (angle of
incidence = 0°) and for smooth surfaces increases
from 2 to 5 times for different metals at large
angles of incidence approaching 900. The values
of § are considerably 1less for rough sugfaces
than for smooth ones. Bruining and DeBoerl® have
found, upon analysis of data showing the relation
between § and angle of incidence for different
metals and different voltages, that the low value
of § at zero angle of incidence is principally
due to absorption of secondary electrons before
they reach the surface. The decrease of § with
increased primary—electron voltage above the max-
imum value may also be attributed to secondary-
electron absorption.

Accurate measurements of the velocity distri-
bution of secondary electrons are difficult to
meke because of scattering and contact potential
difference; therefore, little data are available.
Haworthl8 gives data on the energy distribution
of secondary electrons from well-outgassed molyb-
denum. However, it has been found that most of
the secondary electrons have velocities less than
30 volts and more than half of them less than 10
volts. The velocity distribution of secondary
electrons is practically independent of the ve-
locity of the primary beam.

SURFACES OF LOW SECONDARY EMISSION

In the operation of radio tubes it is often
found that high secondary emission from certain
elements, far example, triode plates, and tetrode
screen grids and plates, produces undesirable
electrical characteristics. The suppressor grid
of the pentode was introduced to eliminate the
effect of secondary emission from the plate. It
is not always practical to introduce a suppressor
element to avoid the unwanted effects of second-
ary emission,nor is it always possible to design
electrodes of such a shape that low-potential
regions created by space charge will effectively
suppress secondary emission. Therefore, surfaces

16 Loc. cit.
18 1. J. Haworth, "The Energy Distribution of

Secondary Electrons from Molybdenum," Phys.Rev.,
Vol. 48, pp. 88-95; July 1, 1935.
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which are inherently low secondary emitters have
been of considerable importance in radio—tube
design and a few words regarding their prepara-
tion will not be out of place.

It has been generally found that rough surfaces
have low secondary emission and that carbon and
finely divided graphite have very low secondary
emission. Carbonized metals have been used in
radio tubes because of their low secondary emis-
sion and other desirable properties for many
years. Bruining, DeBoer, and Burgersl9 have pub-
lished data on the secondary-emission character-
istics of specially prepared carbon surfaces of
very low secondary emission. Their data are
shown in Fig. 24. Microphotographs of the sur-
faces of the two types of carbon films are shown
in Fig. 25.

It appears from these pictures that the sprayed
surface which gave the higher secondary emission
is the rougher. However, the very finely divided
precipitated soot film (Fig. 25a) probably appears
rougher and has a higher percentage of open space
presented to the electron than the agglomerated
sprayed film (Fig. 25b). It is also interesting
to note that the precipitated soot film could
absorb Ba and Ba0 evaporated from the cathode
surface without an appreciable change in second-
ary emission although the sprayed carbon film
showed an appreciable increase in secondary emis-
sion under similar conditions.

SECONDARY EMISSION OF GLASS AND
LUMINESCENT MATERIALS

The wide use of glass in radio tubes and the
more recent extensive use of cathode-ray tubes
with their luminescent screens lends interest to
the secondary-emission characteristics of these
materials. The prevalent use in such tubes of
the alkaline-earth metals as getters and of col-
loidal graphite bulb-wall coatings,both of which
are 1likely sources of contamination, has given
rise toa wide range of secondary-emission charac-
teristics of glass and luminescent materials as
measured in various tubes.

Data on the electron bombardment of glasses
which are relatively free of contaminations show
that with an anode potential up to approximately
200 volts, glasses stay at cathode potential, but
at slightly above 200 volts, they suddenly assume
a positive potential approaching that of the anode.
The glass remains near the anode potential up to
about 1600 volts. On further increase in anode
potential, the glass potential begins to depart
from the anode potential and reaches a maximum
of about 2000 volts when the anode potential is
several hundred volts higher. The glass poten-
tial remains at a nearly constant value of 2000

19 4. Bruining, J. H. DeBoer, and W. G. Burgers,
"Secondary FElectron Emission of Soot in Valves
with Oxide Cathodes," Physica, Vol. 4, pp. 267-

275; 1937.
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volts independent of further increase of anode
potential. When the anode potential is decreased
below 2000 volts, the same curve is followed
downward to about 200 volts, where the glass in-
stead of going suddenly to cathode potentiel as
in the case of increasing voltage, continues to
remein near anode potential down to about 100
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Fig. 24 - Change of capability for secondary

emission of different soot surfaces face to

face with an oxide cathode as a function of

time.
Curve P: soot precipitated from a flame;

Vg = +250 V, Vg = +11 V.

(mean value for 5 tubes)

sprayed soot;

Vg =250V, Vg=+11V.

(mean value for 9 tubes)

soot precipitated from a flame;
Vg = Vg =100 V.

(mean value for 5 tubes)

Curve Q:

Curve R:

volts, at which point the secondary—emission
ratio again becomes less than 1, and the glass
goes suddenly to cathode potential. This type
of curve 1s characteristic of glasses, but an
increase of alkali oxide on the surface will in-
crease somewhat the voltage range over which the
glass floats near anode potential. Clean Nonex
glass gives a secondary-emission ratio equal to
or greater than 1 over a small range of anode

potential from about 150 volts up to about 1200
volts. Lime glass with an excess of alkali oxide
on the surface gives a secondary-emission ratio
equal to or greater than 1 for a larger range of
anode potential from about 70 to several thou-
sand volts.

Fig. 25 - Microphotographs of two kinds of
carbon soot. (a) Precipitated directly from
a flame of burning turpentine: particle size
is smaller than the resolving power of the
microscope. (b) Obtained by spraying an al-
coholic suspension of soot: agglomerated
particles of ~ 100 pu diameter.

(DeBoer, Bruining, & Burgers, reference 19)

There are three classes of luminescent mater—
ials generally used in cathode-ray tubes, i.e.,
silicates, sulphides, and tungstates. Examples
of these are: =zinc silicate (green willemite),
zinc beryllium silicate (yellow to orange), zinc
sulphide (blue to green), zinc cadmium sulphide
(green to red), calcium tungstate, and magnesium
tungstate (blue). Values of the primary-electron

beam voltage for which 8 is greater than 1 with
luminescent screens on glass are given in Table
II.
Table II
Luminescent Electron Voltage
Material for § > 1
Class (Volts)

Silicates 300 to 15000 #*

Sulphides 400 to 8000 3

Tungstates 500 to 4000 #

# The higher potentials are often referred
to as the limiting potential of the ma-
terial in question.

These values are only rough approximations as
they may be appreciebly influenced by BaO or other
contaminations and also by the fact that the glass
surface area is probably not more than 75 per
cent covered by luminescent material. It has
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been shown by experiment that all values of the
limiting potential, between those given in Table
II and that for glass, can be obtained by varia-—
tions in glass coverage with luminescent material.

RELATION BETWEEN SECONDARY EMISSION AND WORK
FUNCTION AT LOW ELECTRON VELOCITY

It has been shown by Bruining and DeBoer<C in
experiments on barium and silver using electrons
with very low velocities (below 100 volts), that
8 is greater for barium than for silver for
electron velocities below 30 volts. At higher
voltages § is greater for silver than for barium.
The results were corrected for electron reflec-
tion which was measured separately. It is con-
cluded that at very low electron velocities, ab-
sorption of secondary electrons is not important
because the primary electrons penetrate only a
very few atomic layers. Therefore, the secondary
electrons for the most part have only the poten-
tiel barrier or work function at the surface of
the metal to overcome in order to be emitted.
Under these conditions, metals of low work func-
tion may be expected to show higher values of &
than those of high work function, while at higher
values of electron velocity where the primary
electrons penetrate a large number of atomic lay-
ers, the absorption of the secondary electrons is
of greater importance than the surface work func-
tion.

Further data on the relation between seccnd-
ery emission and work function at low electron
velocities are given by Treloaer8 with experiments
on barium-coated tungsten and by Bruining and
DeBoer? with experiments on barium-coated molyb-
denum. In both of these cases it is found that
as barium is evaporated onto a metal of high work
function, in less than a monatomic layer, & in-
creases until the work function reaches a minimum
value, and then slowly decreases as the work func-
tion increases with more barium on the surface.
Bruining and DeBoer? also show that as barium is
evaporated the photoelectric emission rises with
an increase in 8 but drops much more rapidly
than § beyond the minimum value of the work func-
tion as the work function increases. Another
Interesting point brought out by Bruining and
DeBoer? is that the § increases linearly with an
increased percent coverage by barium of a molyb-
denum surface while the photoemission increases
exponentially with the surface coverage for val-
ues of surface coverage below that corresponding

8 Loc. cit.

? Loc. cit.

20 y, Bruining and J. H. DeBoer, "Secondary Elec-
tron Emission," Part III —Secondary Electron
Emission Caused by Bombardment with Slow Primary
Electrons, Physica V, No.10, pp. 913-917; Dec.,
1938.
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to the minimum value of work function. This
difference between the behavior of secondary and
photoelectric emission 1s due mainly to the
difference in electron velocity range in the two
cases. In the case of the photoelectric emis-
sion excited by visible light, the electrons as
they approach the surface from within the metal
have a velocity distribution of about 3 volts,
while for secondary electrons the velocity dis-
tribution is about 30 volts. By using ultraviolet
radiation ( A = 2537 A°) where the electron veloc-
ity distribution is increased to nearly 5 volts,
the photoemission increases with the surface
coverage nearly linearly and thus more closely
approaches the linear relation between surface
coverage and &.

SECONDARY EMISSION OF COMPOUNDS
AND COMPOSITE SURFACES

Compounds and composite surfaces of the alkali
end alkaline—earth metals have high values of
8 . They are much higher than those of the pure
metals of which the compounds are composed, as
illustrated by the data on the left side of Table
III and the curves inFig. 26. The data given in
the right side of Table III show that 8 for other
compounds is of the same order as 8 for the met-—
als of which they are composed.
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Fig. 26

(Data for MgO from Nelson, reference 11; data
for alkali metals from Zworykin and Morton,
reference 10; data for Ba oxide cathode from
Bruining and DeBoer, reference 21.)

Layers of the compounds in the left column
have not been found to make suiteble surfaces of
high secondary emission for practical tubes be-
cause electron bombardment of these materials
causes 8 to decrease with time rather rapidly if
any appreciable current per unit area is drawn
from the electrode. Quite satisfactory results
have been obtained in electron multipliers which
use the Ag:Csy0, Ag-Cs type composite surface
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similar to that used for photoelectric emission.
Nelson,llas well as Bruining and DeBoer,?l give
data showing high values of & for a thin film of
magnesium oxide obtained by evaporation of mag-
nesium oxide or evaporation of magnesium in a low
pressure of oxygen. These films of magnesium
oxide have also been found to be suitable for use
as high secondary-emission surfaces in practical
tubes.

Table III

Compound Sm Compound S nax
CaF2 3.2 WS 0.96 - 1.04
BaF5 4.5 || Agd, | 0.90 -1.18
Nal 5.5 MoSy 1.10
KI 5.6 || Mo0; | 1.09 - 1.33
LiF 5.6 || Cud | 1.19 - 1.25
NaF 5.7
RbC1 5.8
CsCl 6.5
NaCl 6.8
KC1l 7.5

Compounds that have high values of & are those
in which the unfilled electron band has such an
energy position that the secondary electrons
brought in to this band by the action of primary
electrons are able to escape from the surface
without taking up additional energy. Thus they
are, in general, insulators where the ion of an
electro-positive element has a closed electron
shell (similar to the rare gas structure) and are
not good semiconductors. However, to be of
practical value as a high secondary-emission sur-
face in tubes where current must be drawn through
the surface, the compound or composite layer must
have some appreciable electron conductivity.
Therefore, for practical high secondary-emission
surfaces, we look for materials which are poor
semiconductors, or good insulators which have
been modified by their method of preparation so
that they become poor semiconductors.

MECHANISM OF SECONDARY-ELECTRON EMISSION

Until recently it has not been possible to
describe clearly the mechanism of secondary emis-
sion because of so much apparently conflicting
experimental data reported in the literature.
However, through the work of Bruining and DeBoer
on clean metals as well as on compounds and com-
posite surfaces, and that of Nelson, it is now
possible to see what data are most reliable and

11 10c. cit.

21 H. Bruiningand J. H. DeBoer, "Secondary Elec-
tron Emission," Part IV—Compounds with a High
Capacity for Secondary Electron Emission, Physica
VI, No.8, pp. 823-833; August, 1939.

to present at least a qualitative consistent
picture of the mechanism of secondary emission.
The views as presented here are derived mainly
from Nelsonll and Bruining and DeBoer .22

When the primary electron passes through the
surface of a substance, its energy for the most
part may be transferred to bound electrons at
different distances from the surface. Very little
energy can be transferred from the primary elec-
tron to the nearly free conduction electrons in
metals. In order that the secondary electron be
emitted after it has received energy from the
primary electron, it must be able to travel
through the substance to the surface and then
have sufficient energy to overcome the work func-
tion of the surface. As has been pointed out,
the work function of the surface exerts an im-
portant influence on secondary emission only for
very-low-velocity primary electrons. Therefore,
it may be concluded that secondary electrons in-
side a substance usually have ample energy to
overcome the surface work function. Thus, it
appears that the following factors are most im-
portant in determining what values of & will be
obtained.

1) The probability of transfer of energy
in suitable small amounts from the primary elec-
tron to a number of bound electrons within the
substance.

2) The transmission coefficient of the sub-
stance for low—velocity electrons.

Very 1little is known about the properties of
solids which influence the first factor. How-
ever, it 1is reasonable to assume that the first
factor does not vary widely for different solids
and then to consider what properties influence the
second factor. We know that metals have a large
number of unfilled energy bands capable of ab-
sorbing low-velocity electrons and thus they have
a high absorption coefficient for the yet unemit-
ted secondary electrons which mayaccount for the
generally low secondary emission of metals. On
this basis, metals which have the higher values
of & are those that have low atomic volume and a
large number of bound electrons in the outer level,
such as the heavy metals which have a high ab-
sorption coefficient for fast electrons and thus
provide an opportunity for secondary electrons
to be produced near the metal surface where they
may readily escape. Metals with large atomic
volume and few bound electrons in the outer levels
allow deep penetration of the primary electrons
and, therefore, the secondary electrons have long
distances to travel to the surface with a good
chance of absorption before they get there and
thus few are emitted.

22y, Bruining end J. H. DeBoer, "Secondary Elec-
tron Emission,"™ Part V—The Mechanism of Second-
ary Electron Emission, Physica VI, No.8, pp. 834-
839; August, 1939.
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The fact that the maximum value of 8 occurs at
lower voltages and the rate of fall of & beyond
the maximum is greater for the lighter elements
of high atomic volume than for the heavy elements
of low atomic volume, also fits in well with the
absorption picture as described above. For, if
we may say roughly that the optimum value of sec-
ondary emission occurs for given depth of pene-
tration of +the primary beam, then the primary
electrons will reach this depth, at lower voltage
in metals of high atomic volume than in those of
low atomic volume. Also, if the rate of penetra-
tion of primary electrons is high, the rate of
decrease of § above the maximum with increasing
voltage will be high.

Following this same picture, we conclude that
the secondary emission of compounds and composite
surfaces which are fairly good insulators is, in
general, high because their absorption coeffi-
cient for 1low-velocity electrons is low. The
absorption coefficient 1is low because they have
few empty electron bands, a fact which accounts
also for their low electronic conductivity. It
will be noted from Table III that there are
apparently two classes of compounds; those with
values of 8§ much higher than for metals, and
those with values of 8 of the same order as for
metals. These two groups of compounds have dif-
ferent empty electron energy bands, as follows:

1) The compounds with high values of § have
the empty electron energy band where secondary
electrons entering it may be emitted without re-
ceiving more energy.

2) The compounds with low values of § have
an empty electron energy band where secondary
electrons cannot leave unless they originate from
surface atoms, or unless they receive additional
energy to bring them to a still higher empty
band from which they may leave the metal without
still further energy.
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Therefore, we may say compounds of the first
group have low absorption for low-velocity sec-
ondary electrons, while those of the second group
have a high absorption for low-velocity second-
ary electrons similar to metals.

Bruining and DeBoer?2 bring out one other
interesting point regarding the correlation of
secondary—-emission characteristics with other
properties, namely, the compounds with low sec-
ondary emission are those in which the long wave-
length 1imit of the internal photoelectric ef-
fect 1s at longer wavelengths than that of the
external photoelectric effect. Or, in other
words, in compounds where the crystal lattice
shows light absorption at longer wavelengths than
that corresponding to the long wavelength limit
of the external photoelectric effect, & will be
low (semiconductors). When, however, the long
wavelength 1limit of the external photoelectric
effect corresponds to the first absorption band
on the long wavelength side of the absorption
spectrum, & will be high (colorless insulators).

It has been shown by Nelsonll with carefully
controlled experiments on thin films of magnesium
oxide deposited by evaporation on a nichrome
plate, that a positive charge produced in the
insulating layer as a result of secondary emis-
sion 1s responsible for enhancement of the sec-
ondary emission from such surfaces. Although
the dielectric strength of such thin films is
not sufficient to give rise to thin-film field
emission as described by Malter,l2 it is suffi-
cient to give a field which will materially in-
crease the emission of secondary electrons from
the layer.

11 10c. cit.
12 10c. cit.

22 10c. cit.
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LUMINESCENT MATERIALS

H. W. Kaufmann

The term "luminescence" was originally used
to mean the emission by & substance of visible
light, whether as the result of excitation by
some form of energy supplied from a source ex-
ternal to the substance itself (such as light,
x-rays, ions, cathode-rays, or mechanical work),
or as the result of a purely chemical process,
such as the slow oxidation of phosphorus. This
definition was logically extended to include the
emission of ultra-violet end infra-red radiation
as well; and it 4s so used today. The lumines-
cence phenomenon of chief wuse in electron tubes
and, therefore, of importance to us 1is that of
cathodoluminescence, i.e., the emission of 1light
as the result of cathode-ray bombardment. The
technical requirement of a high vacuum which
shall endure during the life of the electron de-
vice necessitates our excluding from considera-
tion any cathodoluminescent meterials which are
unstable under reduced pressure at the baking-
out temperatures required for the economical pro-
duction of the requisite vacuum. This limitstion
compels us to focus our attention only upon in-
organic solids of relatively high melting point
and chemical stability. Experience shows further
that, although there are glasses which glow under
electron bombardment, their efficiency as light
sources 1s much lower than that of a number of
well-known and readily available crystalline ma-
terials which are commercially useful in vacuum
tubes.

Proceeding from the purely technical view-
point, we come first to discuss the silicates be-
cause they are efficlent 1light sources, simple
to produce, and stable during processing and use.
The patriarch of silicates used in electron de-
vices is willemite, whose formula 3is either
Zn2810y, (as the general inorganic chemist writes
it) or 2Zn0°Si0, (written in the terminology of
the ceramist, who prefers to consider it as a
compound of two oxides). Willemite exhibits an
outstanding characteristic of many lumiphores
(luminescent materiels): if prepared in the
crystalline form, with as few impuritlies as pres-
ent chemical technique permits us to do, it re-
wards our care byrefusing to give any usably in-
tense luminescence even under vigorous bombard-
ment. Addition of small amounts of manganese-
oxide to the crystal structure, in proportions

from one-tenth to two per cent by weight, causes
the willemite to produce the brilliant green
light so commonly seen on tuning indicators and
ordinary oscilloscope tubes. The phrase "to the
crystal structure" is important. It means that
we cannot take pure zinc silicate, simply grind
it well with manganese oxide end produce lumines-
cence; but if we take that mixture and heat it
to such a temperature that the manganese can ac-
tually be absorbed into the crystal lattice

. processing.

(which begins to occur slowly around 600°C, and
proceeds rapidly at 9000 or higher), we shall
obtain the desired effect. The manganese is then
called an activator. It 1s characteristic of
activators that they are required in compara-
tively small amounts to produce luminescence.
Manganese 1s one of the most common activators;
copper is about as commonly effective; some
others used in various connections are silver,
bismuth, chromium, and various rare earths.
Copper in willemite produces a blue hue.

Willemite is a very convenient materisl to
manufacture, as it can be prepared by mixing in-
timately together the various oxides of which it
is composed (together with a barium compound,
which is needed to promote secondary emission)
and firing the mixture to a temperature of 12000C
for a period of the order of half an hour. It
can then be ground in a pebble mill to very small
size without losing much of its efficiency and
can be applied by spraying from an ordinery spray
gun, either directly from a volatile suspending
liquid, or in a nitrocellulose binder which is
burned away at some time during the subsequent
Willemite, like most oxygen com-
pounds of its kind, can be heated in air at any
temperature up to that at which the zinc oxide
becomes volatile (about 1400°C) without injury.

Luminescent screens applied to glass have
an optimum thickness for any given velocity of
bombarding electrons. For the conditions under
which our willemite screens are produced and
used, the optimum thickness corresponds to about
40 or 45 per cent light transmission of the
sprayed screen.

The efficiency of an average willemite screen
is about 2.3 candlepower per watt when it is
scanned in a 6 by 8 centimeter pattern (30 by
10000 cycles) by a focused electron beam of 50
microamperes at 6 kilovolts. Values of efficiency
for other screen materials to be mentioned later
on will be on the basis of these same conditions.
The variation of light output with voltage and
current for several screen materials is shown in
Figs. la, 1b, and 1c. From these figures it may
be seen that the efficiency increases with in-
creasing voltage, and decreases with increasing
current.

A curve of the spectral distributlon of the
light emitted by willemite (Fig. 2) makes clear
why it appears green to the eye. Since this
color is definitely unpleasant for television
reception, it is better to produce a screen hav-
ing a yellow light output, which more nearly re-
sembles the yellow 1light sources which by con-
vention we have come to regard as white. Such
a silicate can be obtained in a number of ways.
Fusing the green (alpha) willemite at a tempera-
ture slightly over 1500° and cooling it under
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suitable conditions will produce a yellow-lumi-
nescent substance (beta willemite) of good effi-
ciency, and having a spectral distribution char-
acteristic as shown in Fig. 2. The process of
fusion, however, 1s costly because of the high
temperatures involved, and the final product is
difficult to remove from the platinum vessel in
which it has been melted. A simpler way of ob-
taining a yellow-luminescent material is to re-
plece part of the zinc in alpha willemite by
beryllium. This results in a displacement of the
green-willemite emission band toward the longer
wavelengths as shown in Figs. 3 and 4. This dis-
placement towerd the red can be increased by in-
creasing any of the following: the proportion of
beryllium relative to zinc; the proportion of
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mangsnese; the proportion of silica relative to
the zinc and beryllium oxides (taken together);
or the firing temperature.

Zinc-beryllium silicate has the same general
properties as willemite with the exception that
its efficiency in candlepower per watt must be
decreased the more the peak of emission is shif'ted
toward the red end of the spectrum away from the
point of maximum eye sensitivity. It is possible
to obtain a given color byusing a number of com-
binations of the variables mentioned above, and
it is necessary to determine experimentally which
particular combination is the optimum for the
color desired. The material known as phosphor No.3
used in our television types 1800 and 1801 gives
a pleasant yellow color. Its spectral distribu-
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tion characteristic is shown in Fig. 5. The effi-
ciency of phosphor No.3 is about 1.8 candlepower
per watt.

It 1is also possible to obtain a good yellow
light by bombarding calcium silicate, manganese
activated. Here, however, we come into a diffi-
culty due to a property we have not yet dis-
cussed, i.e., phosphorescence or persistence.
Willemite and its beryllium-substitution deriva-
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tives have a decay curve in which the energy
drops to one per cent of its original value in
roughly one twentieth of a second. Calcium sili-
cate takes approximately one-tenth of a second
to decay, and so television tubes cannot be
screened with it because moving images would be
followed by ghostly shadows.

Yellow highlights and black shadows in a
picture are better than green and black, but they
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are definitely less desirable than black and T T T T

white. The observer may not object to white high- CURVE|  PHOSPHOR

lights and colored shadows,as in the rotogravure I |a WILLEMITE (S:SE':)N—ESE

supplements, but color in what should be white — 2 s WILLEMITE (YELLOW)— T
MAN

highlights 1is "agin' nature." To produce a
white-emitting screen,we can add thoria and zir-
conia to the zinc-beryllium silicate to increase
the emission in the blue end of the spectrum
(Fig. 6). It is possible to obtain a fair white
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by such means, but the product has an efficiency ’53 \
of only 0.5 candlepower per watt. This effi- ¢ \ \
cliency is too low for use in tubes made according 2 AN N
to present design criteria. \\\

For the production of a satisfactory white | <
cathode-ray-tube screen, we must turn to another \
class of compounds, the sulphides. If zinc sul-
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phide is prepared by methods involving elaborate
purifications to remove all traces of heavy .
metals, fluxed with suitable salts of one of the Fig. 3
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metals of the alkaline or alkakine-earth groups
(e.g., 2 per cent of NaCl), and crystallized at
an elevated temperature, it will show a blue
luminescence which consists of a rather broad
band. The addition of small amounts of silver
as an activator will narrow this band and pro-
duce a definitely deeper blue.l Replacement of
the zinc by cadmium! produces & shift of the
emission spectrum toward the red, as shown by
curves Nos.3 and 4 in Fig. 7. By the use of zinc
and zinc-cadmium sulphides of suitable blue- and
yellow-light emission, it is possible to produce
a mixture which emits white light when bombarded.
The efficiency of the blue sulphide is somewhat
over 1 candlepower per watt; that of the yellow
zinc—cadmium sulphide has been measured as high
as 4.5 in particular instences. Unfortunately,
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the yellow sulphide is very sensitive to impuri-
ties and to heat treatment. The color of the
emitted light may change after mistreatment, and
the efficiency is almost certain to drop. It is
customary abroad to use very long exhaust periods
with low-temperature bakeouts, the process run-
ning up to a number of hours. This process by our
standards, is considered as impracticable, and so
the use of the yellow sulphides is definitely not
regarded with favar, although the high efficiency
obtainable under optimum conditions is undeniably
attractive. The blue-emitting sulphide is much
lescs sensitive to processing, and it is possible
to mix it with yellow-emitting zinc-beryllium
silicate to produce a satisfactory white screen.
These screens can be processed by more-or-less
standard methods, and produce tubes having ordi-
narily good 1life. They appear to have distinct
commercial possibilities.

1k. Kamm, "Annalen der Physik," Vol. 30, pp.
333-353; October, 1937.

It 1is characteristic of the sulphides that
they are much more sensitive to grinding than
are the silicates, probably because their crys-
tals are normally much lerger than those of the
silicates. Consequently, grinding of the sul-
phides beyond a certain point involves actual
destruction of the crystals, while grinding of
the silicates involves simply a separation of
the crystals without destruction. For this rea-
son it is necessary to crystallize the sulphides
at comparatively low temperatures to insure that
their crystal sizes will be small when they are
to be mixed with silicates; otherwise, the dif-
ference in particle size will cause the two ma-
terials to segregate during spraying and produce
a dappled screen.

This tendency of the splphides to form coarse
crystals, and the difficulty of grinding them
satisfactorily led to the use of binders to hold
them to the glass bulb walls. The alkali sili-
cates, borates, and phosphoric acid were wused
for this purpose. They tend to be very hygro-
scopic and, if not completely freed from water
during the exhaust process, they impair tube life.
Even 4if the amount of vapor released should not
be great enough to impair seriously the cathode
surface, the presence of gas in the tube permits
the screen to be bombarded with negative ions
which produce a dark spot on the screen when
magnetic deflection is used. The sulphides ap-
pear to be somewhat more sensitive than the sili-
cates to damage from this source.

Characteristic curves of the phosphorescent
decay of zinc sulphide and willemite are shown
in Figs. 8a and 8b, respectively. The long per-
sistence shown for the sulphide phosphor does
not appear in the sulphides discussed above; the
latter have a rapid decay to a low level, and
any phosphorescence of long duration is of such
low intensity as to be negligible. The silicates
and silicate derivatives have a decey character-
istic which is peculiarly well suited to televi-
sion work, in that the intensity decreases fairly
slowly in a way which tends to minimize flicker
and ocular fatigue. The rapid decay from a high
initial 1level which is shown by the sulphides
tends to be tiresome during long periods of ob-
servation. The mixed silicate-sulphide screen
usually has enough "carry-over® from the sili-
cate component to prevent this effect.

A long-continuing phosphorescence in zinc
sulphide may be produced by the presence of cog—
per activator (in the proportion of about 10-°)
and the use of fluxes. When zinc sulphide is
thus processed, a highly phosphorescent material
is obtained. It is wuseful as a screen for the
temporary recording of slow phenomena which re-
quire several seconds for their completion. The
trace, which remains visible for a minute or
more, presents a complete picture of the whole
set of events. To excite the screen to its maxi-
mum phosphorescence requires the application of
a certain amount of energy; if the beam is passed
very rapidly over the screen, very little phos-
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phorescence will be excited.? This type of
screen 1s thus well suited for use in audio-
frequency curve tracers, electrocardiographs, and
similar instruments, but is not to be applied as
a means of recording very high-speed phenomena,
such as waves on transmission lines or switching
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transients. The long-persistence sulphide is
easily excited to phosphorescence by visible
1light, such as is produced by an ordinary in-
candescent lamp; but infra-red radiation, which
can be obtained from a low-temperature carbon
lamp enclosed in an infra-red transmitting bulb
which does not pass visible 1light, will quench
the phosphorescence. Such a lamp is a convenient

2 M. von Ardenne, "Zeitschrift fiir Physik," Vol.
105, pp. 193-201; 1937.
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accessory to wipe off traces of phenomena pre-
viously observed, or to destroy background phos-
phorescence which may exist if the cathode-ray
tube has been exposed to light just before it is
to be used.

Calcium tungstate 1s a material which is
useful because of its exceedingly short persist-
ence (less than 30 microseconds). It is similar
to the silicates in its ability to withstand
heat treatment during processing and in general
stability. It is probably unactivated and lumi-
nesces best whenit ispurest (although Swindells3
has found that it must be lead-activated for
x-ray work). It may be prepared conveniently by
precipitation from a solution of a soluble tung-
state, such as sodium tungstate. The precipi-
tate, because of the extreme insolubility of the
calcium tungstate, is not crystalline and is not
appreciably luminescent. It may be crystallized
by firing ata high temperature (1000°C or higher)
and then shows an emission which appears blue to
the eye,and actually extends out into the ultra-
violet (Fig. 9). Its energy efficiency is good,
but because it emits in a region where the eye
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Fig. 9 - Spectral energy charac-
teristic of phosphor No.5.

is very insensitive, its luminous efficiency is
only about 0.1 candlepower per watt under ordi-
nary operating conditions. Because commercial
photographic film is very sensitive to blue and
near ultra-violet light, traces on a calcium-tung-
state screen may te photographed very well. Since
the persistence is so short, the beam may be de-
flected in one direction only, and the time axis
may be supplied by moving the recording film in a
direction at right angles to the motion of the
trace.

The three types of materials, i.e., sili-
cates, sulphides, and tungstates, are the chief
ones used for cathode-ray tubes at the present
time. They can all be excited to some extent by

3 F. E. Swindells, "Luminescence of Alkaline
Earth Tungstates Containing Lead," Jour. 0.S.A.,
Vol. 23, p. 129; April, 1933.
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ultra-violet emission of suitable wavelength,
which may in particular instances be very short.
In general, the optimum amount of activator for
cathiode-ray excitation is not identical with the
optimum for ultra-violet excitation. The best
method of preparation may differ for each. At
the present time, there is a great deal of in-
terest in the possibilities of fluorescent lin-
ings for gas—discharge lamps, in which very large
amounts of ultra-violet light are produced. The
literature on luminescence excited by ultra-
violet light is much more voluminous and complete
than that on the luminescence excited by cathode
rays, partly because the technique of production
of ultra-violet light is somewhat older. No at-
tempt will be made here to cover this field; a
very comprehensive survey may be found in the ap-
propriate volumes of the "Handbuch der Experi-
mentalphysik" and of the "Handbuch der Physik."
Candoluminescence is best exemplified by the
ordinary Welsbach gas mantle in which a thorium-
oxide base containing a small amount of cerium
oxide is caused to emit light by being heated in
a gas flame to a temperature which, while far
above roon temperature, is believed to be below
that at which a black body would emit similar
light. This phenomenon is not well understood.
It has been found that if a sufficiently porous
thorium-oxide body is prepared,it may be brought
to 1incandescence in vacuo by the heating effect
of an electron beum. To produce this effect, no
cerium-oxide addition is required. This phe-
nomenon appears to be a case of simple incan-
descence, and not of so-called candoluminescence
The minimum energy input to produce light emis-
sion from bodies sufficiently dense not to sinter
under bombardment is greater than cathodolumi-
nescent materials can receive without undergoing
decomposition. One difficulty in the prepara-
tion of such a screen 1is the comparative fra-
gility of a sufficiently porous mass. If the
mass 1is not porous, heat is lost by conduction

to the adjacent portions of the screen to such
an extent that the beam intensities at present
available do not suffice to produce the requi-
site temperature.
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CONTACT POTENTIAL, PUMPS, AND GETTERS

E. A. Lederer

Part | - Contact Potential

The justification for the existence of contact
potential has already been discussed in Lecture
1. In that lecture we expressed contact po-
tential in terms of the characteristic barrier
action on the surface of metals which tends to
prevent the egress of all but a few very fast
electrons from a metal.

In order to convince ourselves that contact
electromotive force or contact potential exists,
we need not use any mathematics. Let us assume
that two dissimilar metals A and B (Fig. 1) are
Joined at one place, are surrounded by a common
vacuum, and are maintained at such temperature
that both metals become electron emissive. In
order to satisfy this latter condition, it is
only necessary that the temperature of the system
be slightly higher than absolute zero. Room
temperature, for example, may sufficeto dislodge
a few electrons per unit time from each of the
two metals.

Let us denote the work function, or the latent
heat of electron evaporation, of metal A by ¥
and that of metal B by y5; and let us assume that
V1 > ¥2. Then, at a temperature conducive to
electron emission, the electron current emerging
from B and flowing through the gap to A would be
larger than the electron current emerging from A
and arriving at B. The net result would be an
uncompensated electron current flowing continu-
ously through the system. In other words, we would
obtain electric power for nothing. This condi-
tion, as we know, is incompatible with the second
law of thermodynamics. The electron currents re-
ceived and emitted by A and B must be exactly
equal. The reason for this equality is found in
the difference of potential between the two met-
als at the gap. It is well to remember that the
potential difference 1is sustained by the egress
of electrons from both metals, and that the metal
loosing more electrons in unit time by reason of
its lower work function, will become positive
with respect to the other metal.
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Theory and experimental evidence lead to the
following relation for contact potential (V):

V:x/fl—W2+P

The quantity P in the formula expresses the so-
called Peltier effect and is a heat loss produced
by the passage of current through the junction
of the two dissimilar metels (Fig. 1). However,
the magnitude of this effect is of an entirely
different order than that of Y3 oryp; in fact,
it is so small that we are justified in neglect-
ing it. We have become aware that minute surface
contaminations exert a profound influence upon
the work function and we, therefore, conclude
that the contact potential is similarly affected.
Our conclusion 1is indeed justified. From past
experience we know that an oxide-coated cathode,
for example,loses barium metal during activaticn
and during 1life. The barium metal given off by
the cathode condenses on the other tube electrodes
which are cooler than the cathode. When the
contact-potential difference between cathode and
control grid is measured, it is not astonishing
to find 1large variations which may amount to
changes of 1 to 2 volts. These changes affect
the actual grid bias of the tube and thereby
interfere with its operation.

If we wish to measure contact—potential differ-
ences between cathode and control grid, we make
use of the simple circuit given in Fig. 2. By
means of the potentiometer P, a positive or neg-
ative potential E,., with respect to the indirect-
ly heated cathode, can be impressed on the con-
trol grid, and the grid current can be measured

I _GRID Ne)
'/

| -CATHODE
|

|

|

Er uA

:W

Fig. 2

with the microammeter. The measurement becomes
more difficult witha filamentary cathode because
of the voltage drop along the filament. In order
to carry out the measurement with a filamentary
cathode, a rotary commutator isused to advantage.
It interrupts the power supplied to the filament
during the moment the grid circuit, as shown in
Fig. 2, is connected to one end of the filament.
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With no power supplied to the filament the poten-
tial between it and the grid is not affected by
a voltage drop. By means of the rotary commuta-
tor it is possible to maintain the filament at
the desired temperature and to carry out instan-
taneous measurements as if the former were a uni-
potential cathode. It is evident that the fre-
quency of commutation must increase with decreas-
ing heat capacity (mass) of the filament.

If the electrons were to emerge from the emit-
ter with no initial velocity, the current in the
grid (collector) circuit would be zero at zero
grid potential, or with Er = 0O applied between
cathode and grid. We know, however, that the
emitted electrons emerge with initial velocities
ranging between zero and a certain maximum veloc-
ity, the magnitude of which depends upon the
temperature of the emitter. The result is that
electrons can reach the grid or collector even
when the grid is maintained at a negative or re-
tarding potential Ep with respect to the cathode.
We also know that the emitted electrons conform
with Maxwell's velocity distribution (most prob-
able distribution). The fraction n/ng of the
electrons capable of moving against a retarding
potential E. 1s given by Boltzmann's equation:

_Exr®
n kT

(1)

In this equation ng is the total number of emit-
ted electrons, E, the retarding potential, e the
electronic charge, k the Boltzmann constant, T
the temperature of the emitter in degrees K, and
e the base of the natural logarithms. Since a
number of electrons per unit time flowing past a
given point constitutes an electric current,
equation (1) can be expressed by

_EBge

KT (2)
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where I is the current to the collector with re-
tarding potential E, applied, and Ig is the satu-
ration current at the temperature T in °K.

Taking the logarithm of equation (2) and plot—
ting logypl against retarding potential Ep, we
obtain a line ABCD as shown in Fig. 3. From A to
B the line is straight and has a slope with re-
spect to the Ep axis expressed by

[S]

k_T 10g108

The bend BC in the line occurs when I becomes
nearly equal to Ig. Beyond the point C, all of
the electrons emitted by the cathode are inter-
cepted by the collector. If we extend both
straight portions of the line beyond the curved
section BC, they meet at S. Point S is at zero

retarding potential if no potential other than
Er is acting. If a contact-potential difference
exists Dbetween cathode and collector, the slop-
ing section AB is displaced parallel to its former
position, for example into position A'B'. The
horizontal displacement along the E, axis is a
measure of the existing contact—potential differ-
ence.

& €,=0 +E,

The practical application of contact-potential
measurements are important to the design engineer
and the factory engineer because by such measure-
ments changes in the surface conditions of grids
can be determined. Furthermore, since the ini-
tial velocities of the emitted electrons are a
function of the brightness temperature of the
coating, and since the core material affects the
brightness temperature, it follows that the core
material affects the contact potential.

The curves of Fig. 4 show a practical appli-
cation of measurements of retarding potentials.
Retarding potentials are plotted against cathode
brightness temperature. The tube under observa-
tion was a 6K7 using batalum getter and bright
nickel plates. One object of the investigation
was to determine what happened to the retarding
potential during aging, and another was to deter-
mine whether or not barium from the getter acti-
vated the cathode.

Curve 1 shows measurements taken on the 6K7
before the getter was flashed. As a result, the
presence of gas and the unstable condition of the
cathode were suspected of affecting the readings.
Curve 2 was taken after getter flashing. The gas
current tsken by the conventional method was less
than 1 x 107 amperes. Curve 3 was taken after
subjecting the cathode to a 220 per cent over-
voltage heating (hot shot) of 1 minute; curve 4,
after the same overvoltage for 2 minutes; and
curve 5, after the same overvoltage for 3 minutes.
The shift in these curves is considered to be
due to the grid becoming progressively more elec-
tropositive as barium metal from the cathode was
evaporated onto it. The very slight effect of
additional hot shots after the initial one-minute
cathode treatment indicates that enough barium
was obtained for almost complete grid coverage
in that time. The fact that only barium metal
evaporates from an oxide-coated cathode has been
mentioned in the section on oxide-coated cathodes.

In order that gas contamination of the other
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electrodes might be studied, gas was released in
the 6K7 by the following procedure. The cathode
was maintained at 11009K, grid No.l was allowed
to float, and a positive potential sufficient to
give a cathode current of 40 milliamperes for 3
minutes was applied to the other electrodes. After
this treatment, curve 6 was taken. It indicates
that barium metal was removed from grid No.l by
chemical combination with the gas previously
liberated.

From this description and the curves of Fig. 4,
we can make the following deductions: (1) no ba-
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rium metal from the getter reaches the cathode
or the No.l grid; (2) a hot shot of one minute
furnishes enough barium metal from the cathode
to coat grid No.l at least with a monatomic lay-
er; (3) successive additional hot shots merely
produce more barium metal which may even out bare
spots in the already existing barium layer on
grid No.l; and (4) considerable gas is produced
when heating or bombarding the electrodes, other
than grid No.l. Although the nature of the gas is
not known, we do know that it combines with barium
metal and very probably is CO and Hs.

The investigation of retarding potentials was
continued by making measurements on a 6K7-G taken
from stock. This tube had been aged previous to
the measurements. The results of these measure-
ments are shown in Fig. 5. It will be noted that
all curves are practically straight and the slope
appears almost constant. At first, the constancy
of the slope and the straightness of the lines
were surprising. However, the explanation of
these facts rests again on equation (2), i.e.,
the relation between initial velocities and cath-
ode temperature. After changing to common loga-
rithms end substituting numerical values for
Boltzmann's constant, the electronic charge, and
changing from e.s.u. to volts, we can rewrite
equation (2) as

E

log — = - 5050
i T

(2a)

In the equation, 1 is the collector or grid cur-
rent (see Fig. 2) at the retarding potential Er,
and 1g is the saturation current which the cath-
ode is capable of delivering at temperature TCYK.

From measurements taken on a 6K7 tube, using
an oxide—coated cathode with an emitting area of
0.718 sq cm, and determining Ey for i fixed ar-

800 850 900 9350 1000 1050 bitrarily at 5.0 x 10~7 amperes, we obtain the
CATHODE TEMPERATURE -DEGREES K data in Ta.ble I.
Fig. 4
Table I
T i i E . .
8 T = logjp3- | AEr/100°C
oK amperes amperes volts s s
1000 | 48.8 5.0 x 10~7 | 1.780 | 1.024 x 10™8 | 2.010 - 10
" -0.367
900 | 4.31 " 1.413 [1.16 x 10~ | 3.065 - 10
=0.347
800 | 0.269 n 1.066 [1.86 x 100 |4.270 - 10
-0.352
700 | 7.18 x 1073 n 0.714 | 6.96 x 1072 |5.843 - 10
6 -0.368
600 [ 39.5 x 10~ " 0.346 | 1.265 x 10_2 8.102 - 10
¥ Cathode temperature was measured in the middle Average = -0.359

of the cathode, i.e., at its hottest part.
(Brightness temperature is used in both the calculated and measured val-

ues of the slope of the lines.)
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From Table I we get the slope of the lines
of Fig. 5 expressed in AE./100°C and from the
constancy of this value, barring experimental
errors, we have proof that the lines are straight
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over the charted range. It should be remembered,
however, that AE./100°C is limited to the partic-
ular electrode dimensions and that brightness
temperature was used for convenience while for
a rigorous determination of AEpn/100°C, true tem-
perature should have been used.
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Part 11 - Yacuum Pumps, Vacuum Measure-
ments, and Yacuum Technique

INTRODUCTION

Reviewing briefly the historical development
of vacuum pumps will lead logically to a classi-
fication of pumps with respect to their principle
of operation. The first vacuum pump, invented by
Otto von Guericke (1602-1686) was a mechanical
pump of the piston type. While this invention
was 8cientifically of far-reaching importance,
it remained practically unused for more than 100
years. The first practical use of the piston
pump was made by James Watt (1736-1819) who im-
proved it considerably. Watt used the pump to
exhaust steam condensers by means of which he im-
proved the efficiency of his steam engine.

Toward the middle of <the past century after
the scientific world received stimulation by the
discoveries of Faraday, the need for better vacua
became very important. Realizing that mechanical
piston pumps could not be improved much further,
Toepler and Geissler, independently of each other,
substituted for the fabricated piston one made of
mercury. In this simple msnner, an absolutely
vacuum—tight piston was made available; and fur-
thermore, it did not require lubrication. Pumps
of this type not only made possible the discovery
of cathode rays, canal rays, and x-rays, but also
made possible the beginning of the incandescent
lamp industry. As it grew, it constantly demanded
better and faster pumps. A notable improvement
of the mercury piston pump was made by Gaede
in 1905, and can be designated as a rotary mer-
cury piston pump. It has found extensive use in
the lamp industry. The rotary oil pump is also a
piston pump but of improved design and is familiar
to us as the "Cenco" pump or the "Kinney" pump.

The most fundamental advences in pump design
are of rather recent origin. In these, the pis-
ton principle is abandoned altogether and advan-
tage is taken of the properties of gases as re-
vealed by the kinetic theory. The new principle
of operation is typified by two kinds of high
vacuum pumps,which are: (1) the rotary molecular
punp (Gaede); and (2) the mercury diffusion pump
(Langmuir). Although different in their mechanism,
both types must be backed up by a fore vacuum
which even today 1s produced by oil-lubricated
piston pumps.

THE ROTARY MOLECULAR PUMP

We consider a gas as an assembly of a large
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number of very small but perfectly elastic par-
ticles in random motion. They collide with each
other and impact upon and rebound from the walls
of the gas container. If V denotes the volume
of the container, n the number of the particles,
m the mass of one particle, ¢ the mean velocity
of the particles, and p the gas pressure per cm?,
then

nmc 2

3V

p:

If one of the boundaries of the vessel is given
a translatory motion in its own plane, all the
gas molecules rebounding from that boundary will
receive a velocity component parallel to the vel-
ocity of the boundary. Consider a channel of
length L and height h in a solid wall as shown
in Fig. 6, and denote ty ¢ the velocity of the

Fig. 6

moving boundary, and by v the viscosity of the
gas. The difference in pressure Ap, between a and
b as measured by the manometer M is given by:

évcl
h2

We note at a glance that the longer we make L and
the larger we make c, the greater the difference
in pressure. While Gaede was the inventor of the
molecular pump, Holweck improved this pump con-
siderably so that it could be used commercially
for exhausting demountable high-power trans-
mitting tubes. The Holweck pump is shown schem—
atically in Fig. 7.

The diameter of the revolving brass cylinder
is 15 cm, 1its length is 22 cm, and the clearing
between cylinder and housing is approximately
0.001". The cylinder revolves at a speed of 4000
to 4500 rpm. The pump can lower the pressure in
a 5-liter vessel from 0.1 mm to 0.001 mm in 10
seconds. The power input to the motor when the
fore vacuum has been established is only 10 watts.
One great advantage of the pump is that no liq-
uid-air trap is required. One of these pumps was
connected to the last two positions (previous to
tipping off on an old 24-head exhaust machine

Ap =
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and operated for over one-half year without any
meintenence. A disadventage of the Holweck pump
is that it is expensive. Perhaps someone will
design an equally good but less expensive pump.
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Fig. 7 — Holweck's molecular pump.
(From Comptes Rendus, Vol. 177, p. 44; 1923)

THE MERCURY DIFFUSION PUMP

Consider a porous plug P, a trap T, and a res—
ervoir V, as shown in Fig. 8. When steam is blown
through the tube S, it will diffuse through P into
T and V, while any gas contained in T and V will
diffuse simultaneously through P into S and be
carried away. Therefore, the concentration of gas
in T and V will decrease with time while the

Fig. 8

concentration of steam will increase. If, then,
we cool T so as to freeze out the steam, V will
be eventually exhausted. It is apparent that the
action of such & diffusion pump is slow. It oc-
curred to Langmuir that the important feature was
not the porous plug, but the condensation of the
steam. Langmuir's condensation pump is shown
schematically in Fig. 9.

Mercury vapor moves in the direction of the
arrow through A into a wider tube B surrounded by
a cooling jacket J. At atmospheric pressure, mer-
cury molecules emerging from A would collide with
gas molecules in B and mercury vapor would there-
fore diffuse into the vessel V. No such diffu-
sion will take place if the mean free path of the



Lederer: Contact Potential, Pumps, and Getters

molecules of mercury vapor is great as compared
to the dimension of the annular space between A
and B, for then the molecules leaving &4 will
travel in straight 1lines until they strike the
wall B and condense there. The necessary condi-
tions can easily be established by connecting B
to a fore vacuum. Thus, a downward stream of fast-
moving mercury atoms is established throughout A

Fig. 9 - Langmuir's condensation

Apilezon oil, dibutyl-phthallate, and ethyl-hexyl-
phthallate, having a low vapor pressure at room
temperature, were found which could be used as a
substitute for the mercury vapor. While mercury
diffusion, ar condensation pumps as they are fre-
quently called, require a liquid-air trap between
the pump and the vessel which is to be exhausted,
oil-condensation pumps operate satisfactorily us-
ing a water—cooled trap and for highest vacuum
can be made self-fractionating.— Modifications of
the condensation pump are numerous and develop-
ment work is still in progress.

It has been found that the speed of these
modern pumps can be made as great as desired up
to several hundred liters per second, the only
precaution being that for the highest speeds the
fore-pump pressure must be correspondingly de—
creased. The upper limit to the practical speed2
is set by the dimensions of the connecting tubing.

COMPARISON OF PUMPS

X The information in Table II is presented to
pump (schematic).
Table II
Type Input Vggizm Vacuum Exhaust
of Pump Watts Required Attained Speed
mm of Hg | mm of Hg | Liters/sec.
1. Mercury
with liquid-air trap:
G. E. Metal 365 4. 4 x 1077 3
Glass (RCA make)-
1 Jet-—lonE diverg-
ent nozzle 100 0.04 1x 1077 50%
2. Ethyl-Hexyl-Phthallate
with water—cooled trap:
Glass - 3 jet—
fractionating 175 0.04% | 5x 108 15
Metal - 3 jet~ 7
fractionating 300 0.10 2 x 107 240
3. Holweck Rotary 100 -7
Molecular (motor) 15. 7 x 10 45
¥* Estimated

and B, and gas molecules diffusing from V into
this stream suffer collisions with the mercury
atoms and receive a velocity component which
carries them dowmmward and prevents their return.
They are then removed by the fore pump.

Because this type of pump has no moving parts,
and since it can be built of glass or metal, it
is now widely used in vacuum technique. In re-
cent years, suitable organic compounds, such as

1k.c.p. Hickman, "Trends in Design of Frac-
tionating Pumps," Jour. of Applied Physics, Vol.
2, No.5, pp. 303-313; May, 1940.

2 7, E. Phipps, H. M. Tenney, O. C. Simpson, and
M. J. Copley, "A Study of the Speed of Divergent
Nozzle Punps,"” Review of Scientific Instruments,
Vol. 6, pp. 265-267; 1935.
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indicate the general operating characteristics
of some available diffusion pumps, and of the
older Holweck pump.

SPEED OF EXHAUST

The rate at which a given vessel can be ex-
hausted depends on the diameter d of the connect-
ing tubing, its length L, the difference in pres-
sure between that in the vessel pp and that at
the pump end of the tubing pj;, and on the molec-
ular weight m of the gas. The quantity of gas g
in cubic centimeters at 1 bar pressure which can
be exhausted per second, is given by

T d°
3809 [— — (P2 - Pi1)
m L

where d and L are expressed in centimeters, p;
and py in bars, and T in %K.

q:

VACUUM MEASUREMENTS

We have not been able to produce an absolute
vacuum. By means of vacuum pumps, we can only at—
tenuate the gas in a container and approach a
certain limit. It is not convenient to measure
low gas pressures in fractions of an atmosphere.
Instead, we measure them in terms of another unit
called the "bar" which is equal to a pressure of
one dyne per sq cm. The bar is sometimes called
the "barye" or the "microbar." While the bar is
the scientific unit of pressure, we often speak
of gas pressure in terms of the height of the
liquid column it will support. The liquid usually
used is mercury and so we indicate pressures in
centimeters, millimeters, ar microns (thousandths
of a millimeter) of mercury. A conversion table

follows:
1l micron = 1.342 bars
lmm Hg = 1342 bars
750 mm Hg = 1006500 bars

The micron is extensively used because certain
manometers are conveniently calibrated in terms
of millimeters of mercury pressure.

In order to gain some conception of a pressure
of one micron, letusconsider the following case.
A gram atom of any gas at 09°C and 750 mm pressure
takes up a volume of 22.4 liters, or it can be
accommodated in a sphere approximately one foot in
diameter. There are 6.06 x 1023 molecules in a
gram atom or 2.7 x 1019 molecules per cu cm. If
this sphere were expanded to a diameter of 100
feet, the pressure would be approximately one
micron and there would be 2.7 x 1033 molecules
per cu cm. A pressure of 10~ microns (10~° mm)
can be easily reached with modern vacuum pumps
and at this pressure a molecule of air would on
the average travel a distance of approximately
250 feet before meeting another molecule.
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MANOMETERS

Many manometers for measuring low pressures
have been designed. There is one, the "McLeod
gauge," with which the gas pressure can be derived
from simple measurements of volumes and dimen-
sions. Others make use of some properties of
gases which vary with the number of molecules per
unit volume but these manometers must be cali-
brated by comparison with another manometer, usu-
ally a McLeod gauge.

l. The McLeod Gauge

The McLeod gauge 1s by far the simplest
manometer and depends on the applicability of
Boylet!s law. It consists of a glass vessel of
volume V5 to which is attached a glass tube C of
small inside diameter, as shown in Fig. 10. The
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Fig. 10 - The McLeod Gauge.

glass vessel 1s connected as shown to a mercury
reservoir R, and alsoat P to the system in which
the pressure is to be determined. If we let V
equal the volume of gas in C plus that in the
vessel above the dotted line A, and X equal the
unknown pressure in the device, we have:

X V = constant

Raising the reservoir R causes the mercury to as-
cend in tube t, and when it has reached line A,
the volume of gas (V) is trapped in the vessel
and tube by the mercury. On raising R further,
the gas is finally compressed into the small vol-
ume a at the top of C under a pressure h, the
difference between the mercury level in C and t.
Knowing the diameter of C, we can easily deter-
mine V, and h can be read with a scale. There-
fore,
a h = constant =X V

and the gas pressure in the system is

a h
X = —
v
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In order that Jlow pressures may be read with
the McLeod gauge, C is a capillary tube. Then,
to eliminate errors in the reading of h, t has
to be made with the same inside diameter as C.
But with this arrangement, the speed of exhaust—
ing the gauge is cut down. Therefore, another
capillary tube C, is attached to t, as shown
by the dotted lines. Pressure h is then indicated
by the difference between the mercury level in C
and Co.

The McLeod gauge 1s very satisfactory for
non—condensible gases. The introduction of water
or oil vapors, however, will cause great errors.
Therefore, the gauge should be so arranged as to
permit a thorough bakeout from time to time. Fur-
thermore, a 1liquid-air trap should be inserted
between gauge and vacuum system. The gauge 1s
calibrated by "weighing it out"™ with mercury.
From the weight of the mercury and its density
at the temperature during calibration, the volume
of Vo, and that of C is computed. Due to irreg-
ularities in the diameter of capillary tubing, it
is worth while to determine its average diameter
by measuring the length of a mercury colum at
different places along the entire 1length of C.
Cy and C should be made from the same piece of
tubing. Before calibration, the gauge is thor-
oughly washed with chromic acid, then with dis-
tilled water, and dried in an oven. It should
be remembered that adirty McLeod gauge is worth-
less.

2. The Piranl Gauge

Suppose a wire 1s heated in a gas-filled
envelope by passing an electric current through
it. After temperature equilibrium is reached,
the heat loss of the wire is due to radiation and
to convection through the gas. At low wire temp-
eratures, most of the heat loss is due to convec-
tion. Suppose, now, that the envelope is connec-
ted to a vacuum pump. As the gas surrounding the
wire is pumped out, the heat loss decreases and
the temperature of the wire increases. The wire
temperature can be determined by measuring its
electrical resistance. The foregoing is a simple
explanation of the "Pirani gauge," the electrical
diagram of which is shown in Fig. 1l.

P

I S
Fig. 11 - Electrical diagram
of the Pirani gauge.

The Pirani tube P which 1is attached to the
vacuum system contains along, fine platinum wire
or ribbon and forms one arm in a Wheatstone bridge.
R is a resistance equal to that of the wire in

the tube with high vacuum under the conditions
of operation. S is a slide wire, and G is a gal-
vanometer. The current flowing through P and R
heats the platinum wire to about 3000C. In order
to make the arrangement less sensitive to changes
of room temperature, R can be replaced by an ex—
hausted tube identical with P. In this case, it
is also advisable to arrange both tubes close to-
gether and immerse them in a bath of constant
temperature.

The gauge can be made very sensitive to
small pressure changes but 1its useful range is
not very large. For example, a gauge which per-
mits measurements by large galvanometer deflec-
tions between 1 and 150 microns, has very rapidly
decreasing sensitivity as the pressure is in-
creased above 150 microns. An advantage of the
Pirani gauge is that 1its continuous indications
show rapid changes of pressure. This feature 1is
not found in the McLeod gauge which only permits
pressure checks from time to time. A disadvan-
tage of the Pirani gauge is that it must be cal-
ibrated against a McLeod gauge for every gas.
Thus, accurate measurements with a Pirani gauge
require a knowledge of the gas present in the
system.

3. The Ionization Gauge

An extremely sensitive gauge for measuring
the lowest pressures 1s the ionization gauge.
It has the limitation given above for the Pirani
gauge but its simplicity and sensitivity make
it a very useful instrument. It consists of a
triode (preferably one with acylindral plate and
a pure tungsten filament) sealed onto the vacuum
system. There are two methods of using this
gauge.

In method A, the grid is maintained at a neg-
ative bias, while the plate 1s at a positive po-
tential. Positive ions produced by collision be-
tween electrons and gas molecules are collected
by the grid. The ratio of grid current I, to
plate current Iy is proportional to the gas pres-
sure. Let us consider a specific case. Assume
that the triode has a cylindrical plate with a
diameter of 1 cm, and that the ratio of Io/Ip =
1/1000. This ratio indicates that among 1000
electrons collected by the plate only one elec-
tron impinges upon a gas molecule; and that the
mean free path of the electrons is 1000 times as
large as the actually covered distance, which ac-
cording to our assumption is 1/2 cm. The mean
free path at atmospheric pressure is about 10~5
cm and increases proportionally with decreasing
pressure. Thus, a mean free path of 1000 x 1/2
cm corresponds roughly to a pressure of 2 x 10
atmospheres or 1.5 x 10~ mm.

An empirical formula for use in determining
pressure with the ionization gauge has been eval-
uated by Moeller, and is as follows:

I
K —= g
Iy

p:

65



Vacuum Tube Design

in which p is the pressure, K is a constant, and
d is the grid to plate distance.

Method B is still more sensitive than method
A. In method B, a positive potential is applied
to the grid, while a negative bias is applied
to the plate. This arrangement is similar to
that used for production of Barkhausen-Kurz os-
cillations. The better sensitivity may be due
to the fact that electrons oscillate around the
grid and thereby increase the probability of ion-
ization. With method B it is impossible to esti-
mate the magnitude of the gas pressure from the
ratio Io/Tp.

Calibration of ionization gauges for every
particular gas with a given tube electrode ar-
rangement should be made with a McLeod gauge and
the values so determined can then be extrapolated
to lower pressures. See curves in Fig. 12.
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There are still other vacuum gauges like the
quartz—-fibre gauge, the Kundson gauge, and the
thermocouple gauge, but their use is limited to
laboratory measurements because they require spe-
cial precautions or they do not offer any par-
ticular advantages over +the gauges previously
described.

In all vacuum work there is one rule which
can not be disregarded or failure will result.
The rule is, "Cleanliness is next to godliness."
We have already discussed how to clean a McLeod
gauge. The same rules apply to the cleaning of
all vacuuwn apparatus. Rubber connections and wax
seals should only be used where absolutely nec-
essary. Stopcocks should be wused sparingly and
great care must be exercised in the selection of
the stopcock Jlubricant. Rubber tubing as used
for McLeod gauges should be boiled for hours in
caustic soda, scrubbed inside with a brush to
remove sulfur dust and talcum, rinsed with water,
and dried with air. Rubber tubing to be used on
a vacuum system should not come in contact with
carbon tetrachloride, alcohol, ether, or oil. An
exception to this rule is found in the permiss-
ible use of castor oil when it 1s applied spar-
ingly to exhaust ports. Our practice of manufac-
turing tubes onmachines using rubber connections
is feasible only because we do the final exhaust,
after sealing off, with the getter.

66

REFERENCES

S. Dushman, "Production and Measurement of High
Vacua," published by the General Electric Review,
1922.

S. Dushmen, "Recent Advances in the Production
and Measurement of High Vacua," Jour. Franklin
Inst., Vol. 211, No.6, pp. 689-750; June, 1931.

L. Dunoyer and J. H. Smith, "Vacuum Practice,"
D. Van Nostrand Company, New York, 1926.

F. H. Newman, "Production and Measurement of Low
Pressures," D. Van Nostrand Company, New York,
1925.

Part 11l - Getters
INTRODUCTION AND HISTORY

The term "getter" was coined years ago, prob-
ably by engineers of the Edison Lamp Works for-
merly located here at Harrison. A getter is a
chemical pump arranged in a vacuum or gas—dis-
charge device for the purpose of removing unde-
sirable gas residues. In radio receiving tubes
we use getters in order to reduce gas residues
initially to a tolerable level. This function of
the getter we have already mentioned in connection
with speed of exhaust. Further, we wish to main-
tain a low gas pressure during the useful life of
the tube and so the getter must resume the func-
tion of removing gases as soon as they are lib-
erated from the electrodes or from the envelope.
Because of this second function, certain getters
are also referred to as "keepers." Sometimes
the word "getter" is given a wider meaning and is
then used to designate those substances intro-
duced into tubes by the common getter technique,
but intended for other purposes than gettering.
An example is the use of caesium metal in photo-
tubes.

A getter is chemically a highly active mate-
rial and combines rapidly with gases. Because of
this very essential quality, it is necessary to
protect the getter in some way when fastening it
to the mount before the sealing and the evacua-
ting operation. The protected getter, is, of
course, inactive and is properly referred to as
the getter source.

In the scant and scattered literature on get-
ters, we find that Malignani is often credited
with having invented phosphorus getter in 1896.
Metallic getter, especially calcium getter, is
said to have been invented by C. Soddy in 1906.
I was greatly surprised a few years ago to find
during a patent search that an electrically flashed
magnesium getter was patented by Fitzgerald in
1883 (U.S. Patent 286,916). With the commercial-
ization of the radio receiving tube, the patent
literature on getters has increased rapidly. We
shall discuss only such getters as are or have
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been used for factory production.

Chemically active materials which in one form
or another are used as getters are given in the
following list.

Phosphorus
Magnesium

Calcium
Strontium

Barium

Alkaline earth
metals

Lithium
Sodium
Potassium
Rubidium
Caesium

Alkali metals

Cerium, Lanthanumt

The properties of each of these materials will
be discussed later on.

ACTION OF CLEAN-UP

If we vaporize or disperse a getter material
in an imperfect vacuum, the probability of combi-
nation between the vapor and the residual gas is
very great. Hence, the clean-up action is very
fast. In describing this action we refer to (a)
gettering by dispersion during which the vaporized
getter combines rapidly with the residual gas and
the surplus of the vapor settles on the cooler
sections of the bulb or electrodes; (b) contact
gettering during which the getter deposits com-
bine slowly with residual gas which comes in con-
tact with them due to temperature agitation; and
(¢) clean—up by ionization during which a rapid
chemical reaction takes place between a getter
deposit and an 1ionized gas. These three phases
of gas clean-up are generally observed with any
getter.

SHIELDING

Getter deposits are often undesired on tube
electrodes and particularly on the insulating mem—
bers of the tube structure. In order to keep the
getter from depositing where it 1is not wanted,
shields are used. Shielding is only effective if
the mean free path of the getter vapor is large
as compared with the distance between origin of
vapor and location of deposit. When this is the
case, the getter vapor travels in straight lines.
Fortunately, this condition ordinarily exists in
all tubes we are dealing with. There is also one
further point which should be remembered in con-
nection with dispersed gettering. Even if the
pressure in the device is too high at first to
satisfy the straight-line requirement, the pres-
sure will fall rapidly after traces of the getter
are vaporized.

* and some other rare earth metals (many of which
constitute misch metal)

PHOSPHORUS

Phosphorus occurs in several modifications,
two of which, the yellow and the red, are of in-
terest to us. Yellow phosphorus melts at 44°C
and ignites in air when heated to 50°C. If yellow
phosphorus is finely divided (such as it is on
filter paper dipped in a solution of yellow phos-
phorus in carbonbisulfide), it ignites even at
room temperature. Yellow phosphorus is very poi-
sonous.

Heating yellow phosphorus in a closed container
(under pressure) for several days at 260°C gives
the red phosphorus. Red phosphorus ignites in air
above 4009C and is chemically much less active
than the yellow modification. When red phosphorus
is heated in vacuum, it reverts again to the more
volatile yellow modification. These properties
of phosphorus make it very convenient for use as
getter, chiefly to remove traces of oxygen.

The lamp industry uses a suspension c¢f red
phosphorus into which the tungsten filaments are
dipped. A trace of red phosphorus remains on the
wire. It is chemically inactive in &air during
mounting of the filament, ard even during sealing-
in. After the lamp is exhausted and the filament
is heated for the first time, it is reconverted
to the yellow modification and is then capable of
removing oxygen contained in the residual gas.

The same technique was used with the early
types of radio receiving and transmitting tubes
employing pure tungsten filaments. Since an ex-
cess of phosphorus did not interfere with the
operation of the tube, a liberal supply of it was
painted on the plate from which it was liberated
by high-frequency heating of the plate or by in-
ternal bombardment of the plate. As mentioned in
connection with the properties of the thoriated
filament, red phosphorus was also used in connec-—
tion with magnesium getter in the types 199 and
201-A. Both of these types used a fine thoriated-
tungsten filament. The beneficial action of
phosphorus consisted of cleaning up the layer of
nickel oxide on the plates. As a result, the
"poisoning effect" of the nickel oxide on the fil-
ament was eliminated.

Phosphorus getter cannot be used in tubes with
oxide—coated filaments for it would combine imme-
diately with the free bariumin the coating. Like
oxygen, phosphorus poisons the emission of oxide-
coated cathodes. Back in 1931, a 24-head exhaust
machine on which 201-A's with phosphorus and mag-
nesium getter were made caused considerable
shrinkage when it was used for exhausting type
227. It was found necessary to change the port
rubbers and sweeps, and to cleen the manifold
thoroughly to remove all traces of phosphorus
vapor.

MAGNESTUM
Magnesium metal is chemically very active. It

reduces water vapor slowly at as low a temperature
as 1000C and it has a considerable vapor pressure
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at 6000C. When magnesium powder is blown into an
alcohol or Bunsen flame, it combines instantane-
ously with the oxygen in the air and also par-
tially with the nitrogen. We have all seen the
action of flash-light powder. Solid magnesium
metal, however, can be stored in air for years
without showing signs of oxidation or corrosion.
A fresh cut of magnesium metal is covered imme-
diately by a molecular film of magnesium oxide
which like an impenetrable varnish prevents the
metal from further attack by the air. Breaking
the continuity of this oxide film by amalgamation
with mercury, for example, one can observe rapid
oxidation at room temperature.

The use of magnesium as getter is based on its
properties just described. As we know, no special
precautions are needed in protecting magnesium
getter during handling and sealing-in. It is dis-
persed in the tube by heating it to a temperature
of from 5000 to 800°C, and forms & mirror-like
deposit on the glass bulb. The clean-up by mag-
nesium metal during dispersion is very rapid. Its
gettering by contact is slow and 1s ultimately
limited by the formation of a molecular layer of
oxide on the surface of the getter deposit. How-
ever, such a surface—contaminated deposit may
still cleanup large amounts of gas due to getter-
ing by ionization. It 4is well known that tubes
with magnesium getter remain good when in use be-
cause of the continuous gettering by ionization
but tend to become gassy when stored. Therefore,
magnesium is not a good keeper. In Fig. 13 is
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Fig. 13
(From S. Dushman, J. Franklin Inst.,
Vol. 211, pp. 689-750; 1931)

shown the relation between residual pressure in
evacuated envelopes and time. Each curve repre-
sents measurements on one envelope. The uppermost
curve was taken with ablank envelope (no getter).
The two other curves show the keeping properties
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of magnesium getter in two different envelopes.
Pressure measurements were made by means of ion-
ization gauges sezled to the envelopes.

Magnesium metal 1is produced by electrolysis
and while it is brittle at room temperature it be-
comes very ductile at about 2000C. Magnesium wire
is made by extrusion at elevated temperature
(4500C) . To protect the metal from oxidation, the
process is carried out in an atmosphere of illumi-
nating gas. Therefore, magnesium contains dis-
solved amounts of 1light hydrocarbons which are
liberated during flashing. In flashing a small
piece of magnesium completely, we find generally
a black residue which consists of carbon and mag-
nesium oxide.

CALCIUM, STRONTIUM, AND BARIUM

The processes of preparing the alkeline—earth
metals for gettering purposes are so much alike
that they can be treated together. It has long
been known that among these metals barium is chem-
ically the most active; hence, all efforts have
been directed toward obtaining and using barium as
a getter while calcium and strontium have served
only for casual experiments. Therefore, it will
be sufficient to discuss barium getter. The meth-
ods of preparation used for barium are applicable
to strontium and calcium. When barium metal is
exposed to the atmosphere, it reacts immediately
with oxygen, carbon dioxide, and water vapor.
Consequently, it cannot be used in its metallic
form but must be introduced into the tube indi-
rectly, i.e., it is either protected or in the
form of suitable compounds. Methods which have
been and are still employed make use of (1) cop-
per-, nickel-, iron- or aluminum-clad barium,
(2) berium azide (BaNg), (3) barium-magnesium and
barium-aluminum alloy, and (4) batalum and batalum
ribbon getter.

1. Copper—, Nickel—, Iron—, or Aluminum-Clad Ba-
rium Getter

One way of protecting barium from the atmos-
phere is to insert a stick of barium metal into
a copper tube having an inside diameter of approx-
imately one inch. The ends of the tube are closed
by plugs and this assembly is then worked into a
wire by rolling and drawing. The final product,
for example, may be a wire having an outside di-
ameter of 0.075 inch with a barium-metal core
measuring 0.060 to 0.065 inch in diameter. Sec-
tions about 1/4 inch long are pinched off from
this wire by means of a dull cutting tool. A sec-
tion, often called a pellet, is then fastened up-
on a nickel or iron getter holder and/or shield
from which the barium metal can be flashed by
heating it to about 1000°C with high-frequency
induction currents. This method of gettering was
worked out about ten years agoamd has been widely
used in the manufacture of the larger glass re-
ceiving tubes.

It should be noted that with this method the
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pinched ends of the pellets do not have an air-
tight seal. Therefore, corrosion of the barium
metal can take place, and once started, it pro-
gresses inward rapidly. Consequently, the getter
action is satisfactory only with fresh pellets or
those on which corroded ends have been cut off.
As an aid in evacuation, degassing of the getter
previous to flashing is essential. Changing the
protective sheath from copper to nickel, aluminum,
or iron has 1little influence upon the general
qualities of the pellet.

The flashing occurs when enough pressure is
built up inside the pellet to eject amixture con-
taining barium vapor as well as molten barium, and
sometimes molten copper or aluminum, depending on
whichever material 1s used for the sheath. Par-
ticles of the molten material often stick to the
glass and cause microscopic surface cracks which
widen in three or four weeks to form air leaks.

The barium deposit produced by this method
generally has a dark color indicating that the
presence of much gas during flashing reacted with
the barium to form an impure deposit. Pure ba-
rium-metal deposits are almost indistinguishable
in appearance from a magnesium deposit.

Recently, iron-clad barium wire has been pro-
posed for metal tubes. In this form the wire has
an outside diameter of 0.015 to 0.020 inch. The
thickness of the 1iron sheath is from 0.002 to
0.0025 inch. A section of such wire is heated by
passing current through it. The use of iron as a
protective casing permits spot-welding the sec—
tion between two lead wires. In order to facili-
tate the escape of barium-metal vapor and at the
same time to produce a directional flash, the cas-
ing is ground flat, as shown in Fig. 14. The ba-
rium vapor breaks through the iron casing where
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Fig. 14

the wall thickness is a minimum. Besldes, the
flat surface of the getter wire is intended to act
as a shield confining most of the getter deposit
to the section of the bulb near the flat surface
and limited roughly by a plane coincident with it.

2. Barium-Azide Getter (BaNg)

In Lecture 2 on oxide-coated cathodes, a brief

discussion of the barium-vapor process, carried
out with barium-azide as the barium source, was
given. Much more barium metal was used with this
process than was needed for filament activation,
and 8o the surplus served as getter. Later, ba-
rium azide was used in Europe as a barium source
for tubes using ordinary oxide-coated filaments.
The getter source was made as follows: A nickel-
mesh disk 3/4 inch in diameter with a centered
hole 1/4 inch in diameter, was dipped into a con-
centrated solution of BaNé in water, and then
allowed to dry. When this prepared disk (often
designated by the name "life-saver") was heated
in the tube during bakeout, nitrogen was liber-
ated at about 1509C. The remaining barium metal
was flashed from the life-saver by applying high-
frequency heating. The life—saver shape was cho-
sen because it heats up uniformly in a high-fre-
quency field. A round disk made from material of
poor heat conductivity (such as mesh) without a
center hole heats at the edge first while the
center is relatively cold. No efforts were made
to produce a directional effect except that pro-
vided by the plate which shadowed the tube struc-
ture and the mica spacers.

Examining this getter critically, we find that
the decomposition of BaN§ 1s not complete but
that the barium metal formed combines with part
of the nitrogen. The result is that the surface
of the life-saver has a mixture of barium nitride
and barium metal. Consequently, when high-fre-
quency heating is applied to the disk, the flash
is accompanied by a second evolution of nitrogen
gas. As a rule, the getter deposits appear dark,
indicating vaporization in the presence of gas.

Fabricating the getter is objectionable owing
to the danger of handling barium azide. The dry
azide is very explosive and traces dropped on the
floor may cause fire 1if they are stepped on. The
saturated azide solution (174 maximum at room
temperature), is not dangerous except that it is
highly poisonous 1like all soluble barium com—
pounds when taken internally. BaNg can be readily
oxidized with potassium permanganate (KMnOz), and
so the work of dipping the nickel-mesh disks in
the azide solution is carried out over a lead-
lined sink which 1is flushed from +time to time
with KMnO, solution.

Reimann has studied the activity of barium-
metal deposits in cleaning up gases. As a result
of experimental evidence, he contends that ablack
barium-metal deposit cleans up gases by contact
gettering about 4 to 5 times as fast as a bright
metallic-barium mirror. The reason was sought in
the difference of actual to apparent surface which
no doubt is greater with the black deposit. Mr.
Wamsley and I have observed exactly opposite ef-
fects. While this question should be definitely
settled by further experiments, it is of no great
practical consequence because contact gettering
takes place only during shelf life, end as long
as the gas pressure does not increase, the quality
of the tube remains unaffected.

It 1s well Xnown that contact gettering in
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tubes using pure magnesium getter is so poor that
the gas pressure increases on standing. This
drawback has been overcome completely by the use
of barium getter which permits the maintenance of
a vacuum of the order of 10~7 mm for as long a
time as free barium metal is available.

3. BariumMagnesium and Barium—Aluminum Alloy

Getter

In order to protect barium metal from attack
by the atmosphere, attempts have been made to
alloy it with other metals. When the alloy 1s
heated in vacuum, barium metal 1s vaporized to
serve as the clean—-up agent. Barium-magnesium al-
loy has gained wide usage. If the barium content
of this alloy does not exceed 25 per cent by
weight, the alloy is stable in dry air and can be
stored for long periods. However, owing to the
difference of vapor pressure of the two constitu-
ent metals, large amounts of magnesium are vapor-
ized during flashing before dispersion of the
barium takes place. For example, if we use a
piece of alloy weighing 5 milligrams, about 3 to 4
milligrams of magnesium must be evaporated before
any but traces of barium are dispersed. This
quantity of magnesium is very large for a medium-
sized glass tube. Fortunately, with the magnesium
assuming the role of cleaning up the bulk of the
gas, only very small amounts of free barium are
required to serve as a "keeper" during shelf life.
A serious disadvantage in the use of barium-mag-
nesium getter is that one cannot tell by visual
inspection of the flash whether or not any of the
barium metal has been dispersed.

No such limitation exists with barium-aluminum
getter. This alloy contains from 45 to 50 per
cent barium metal by weight. When this alloy
getter is flashed, barium evaporates first; and if
nickel or iron tabs (ar getter holders) are used,
no aluminum is dispersed. The amount of barium
flash can, therefore, be judged by inspection. It
is obvious that an alloy should contain as large
a percentage of barium as is comparable with good
stability in air. This maximum barium ratio is
attained at about 50 per cent. Such an alloy de-
composes slowly at 70 per cent relative humidity
at 800Fo

Barium-aluminum alloy in reality is a chemical
compound because during its preparation the heat
of the melt increases exothermically from about
700° to 1700°C. Consequently, energy has to be
expended to 1liberate barium metal during the
flashing operation. Hence, barium-aluminum getter
requires a high flashing temperature. Fortunate-
ly, this temperature isnot so high as to prevent
us from using nickel or iron tabs, although care
must be exercised not to melt the tabs. It is
sometimes advantageous to use a small amount of
magnesium as precleaning agent with the barium-
aluminum alloy. The magnesium may be mechanically
admixed to the barium—aluminum alloy, or mixtures
of barium-magnesium and barium—aluminum alloys may
be used. Such mixtures were employed at the be-
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ginning of metal-tube manufacture. Although heat—
ing of the getter was carried out at the maximum
permissible shell temperature, chemical analysis
revealed that practically no barium (only magne-
sium metal) was flashed.

Barium-magnesium as well as barium—aluminum
alloys, with barium ratio as given above, are
brittle at room temperature. It is customary,
therefore, to pulverize the alloys and compact the
powder into small pellets on a pill-press. Ac-
cording to usage, the weight of getter pellets
varies from 2 1/2 to 30 milligrams. ,(When such
pellets are flashed, variable amounts of gas are
liberated. The amounts vary within such wide
limits that a special study of these conditions
has been started.

Another factor affecting the temperature of
flashing is the thermal contact between tab and
pellet. Latest developments take this factor into
consideration. Hence, more uniform results are
obtained with so-called imbedded getters, i.e.,
pellets pressed into the getter tab.

Both types of alloy getters are widely used in
the manufacture of glass tubes and undoubtedly the
results are better than if magnesium getters were
used. However, there is still room for improve-
ment. A barium getter for glass tubes requiring
a low flashing temperature and permitting visual
inspection of the amount of barium deposit may
improve quality and decrease shrinkage consider-
ably.

4. Batalum and Batalum-Ribbon Getter

Batalum getter has been devised for use in
metal tubes. It is areaction-type getter and de-
rives alkaline—earth metal from its oxide which
is reduced at elevated temperature with tantalum
metal. Since we desired to produce barium with
tantalum, the name "batalum" was coined to indi-
cate this combination. The reaction is expressed
by the formula:

5 Ba0 + 2 Ta = Tap05 + 5 Ba

Owing to its volatility, the barium metal is re-
moved from the sphere of reaction and, therefore,
it proceeds in the direction of the arrow. How-
ever, Tap0Os5 (tantalum pentoxide) reacts with ba-
rium oxide forming barium tantalate, according to
the formula

3 Ba0 + Tap05 —> Ba3Ta20g

Therefore, the complete process can be represented

by
8 Ba0 + 2 Ta —> 5 Ba + BajTaz0g

Accurate measurements of the barium yleld and the
original amount of barium compound (weighed as
carbonate) indicate the general correctness of
this formula. The temperature required for the
reaction is about 1300° - 1500°C. The process is
most conveniently carried out by coating a tanta-
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lum wire with barium and strontium carbonates,
converting the carbonates to the oxides at about
10000 - 1100°C, and then raising the temperature
to about 1300°C at which barium and strontium
metal evaporates. Barium and strontium carbonates
were used, because, as we know, barium carbonate
alone melts and would cause sputiering. The re-
ducing agent, the tantalum, in form of awire has
two main advantages. First, it affords control
over the reaction by 1imiting the reaction surface
to that of the wire. Thus, in controlling the
wire temperature, we can start and stop the evap-
oration of barium at will. The second advantage
is of chemical nature, and results from combining
the wire (which serves as a heater) and reducing
agent into one and the same unit.

In its first form the batalum getter consisted
of a tantalum coil sprayed with the double carbo-
nates (presintered in air to increase their densi-
ty) and provided with a shield for directing the
flash.> Flashing of the getter was accomplished
by heating the tantalum wire electrically. While
the results obtained with this getter were satis-—
factory, it has two disadvantages. One was its
cost and the other was a processing requirement.
The carbonate coating required decomposition
during exhzust. Both disadventages were elimi-
nated by the so-called "ribbon getter." This
getter consisted of a tantalum strip 1.5 x 0.1 x
0.0025 cm, with the middle section formed into a
channel approximately 1 cm long. The barium com-
pound, mixed with a nitrocellulose binder was
filled into the channel on an autometic machine
which formed and cut the channel and dried the
coating. Since the channel which was coated only
on the concave side was in itself a shield, and
since the preparation of the getter was carried
out entirely on amachine, the cost of the getter
was only a small fraction of that of the coil
getter.

The disadvantage of decomposing the carbonates
during exhaust has been overcome byusing barium-
berylliate as coating material for the ribbon
getter. This is a compound formed from the basic
barium oxide with the amphoteric beryllium oxide
and 1is approximately represented by the formula
BaBeO3.

Because of its adventages, the ribbon getter
has found wide application in metal tubes. Both
types of batalum getters (made in our own factory
under controlled conditions to insure quality and
purity) yield alkaline—earth metel of very high
purity. The getters may be flashed partially or
completely on the exhaust machine, and the flash
is controlled completely by the temperature of
the tantalum carrier. For most purposes it is
advantageous to flash the getter after sealing
off, i.e., before or during aging of the tube.

3 E. A. Lederer and D. H. Wamsley, "'Batalum,' A
Barium Getter for Metal Tubes," RCA Review, Vol.
2, pp. 117-123; July, 1937.

THE GROUP OF ALKALI METALS

The alkali metals,lithium, sodium, potassium,
rubidium, and caesium are chemically very active
but cannot be used for radio receiving-tube get-
ters because of their high vapor pressure. Their
use is confined +to special devices, such as
caesium-vapor detector tubes, phototubes, vapor
lamps, and gas—discharge devices. In the latter,
they serve as a means for reducing the "cathode
fall." An alkall metal is introduced into the
device either as a metal by vacuum distillation
or 1is produced by reduction. While it is rela-
tively easy to produce an alkali metal by reaction
with a suitable reducing agent (vacuum decomposi-
tion of the tartarates, iron, aluminum, or calcium
with the halides, oxides, carbonates, etc.), it is
advantageous to use alkali compounds free from
water of crystallization and such reactions as do
not produce gas. For example, caesium metal is
conveniently produced by heating an intimate mix-
ture of caesium dichromate or permanganate with
silicon or boron. The formulas are:

CspCrp07 + 2 81 = Crp03 + 2 Si0p + 2 Cs

2 CsMn0, + 2 Si = 2 MnOp + 2 §10p + 2 Cs

Both reactions are exothermic and once started at
a temperature of about 900°C proceed until the
reducing agent is used up. Therefore, the con-
trol 1s poor and reflashing of the getter is
obviously useless. Notwithstanding these facts,
reactions using purified silicon are extensively
used in the manufacture of phototubes and Icono-
scopes. Rubidium and potassium can be made in a
similar manner. Lithium and sodium can be pro-
duced byreacting the respective berylliates with
tantalum, titanium, or aluminum.

MISCH METAL

Misch metal 1is a mixture of the rare—earth
metals and contains much cerium and lanthanum and
in addition variable amounts of sodium but not
over 5 per cent. This material has been proposed
often as getter for various devices. There is no
doubt that the heat of combustion of both cerium
and lanthanum is very high and that misch metal
may be an excellent material for dispersion get—
tering to remove traces of air. Misch metal for
contact gettering is obviously very inferior to
barium, because the former cen be stored in dry
air for many weeks while the latter reacts rapidly
with the oxygen in the air. It is believed that
misch metal 1s covered by a molecular layer of
oxide which protects the metal from rapid oxida-
tion. Misch metal is now used in gas-filled vol-
tage regulators (type 874) as an oxygen getter
and as a means to maintain the uniformity and mag-
nitude of the cathode fall during life.

71



Vacuum Tube Design

REFERENCES
S. Dushman, "Recent Advances in the Production

and Measurement of High Vacua," Jour. Franklin
Inst., Vol. 211, No.6, pp. 689-750; June, 1931.

A. L. Reiman, "Clean-up of Gases by Magnesium,"
Phil. Mag., Vol. 16, pp. 673-86; 1933.

72

Andrews and Bacon, "The Comparison of Certain
Commercial Getters," J. Amer. Chem. Soc., Vol.
53, p. 16743 1931.

A. D. Power, M"Gettering of Hydrogen," Ref. 6—
References a, Part III.
A. D. Power, "Gettering of Nitrogen," Ref. 6—

References b, Part III.



Lecture 7

METALLURGICAL PRINCIPLES

S. Umbreit

INTRODUCTION

"Careful research into the nature of the
metallic state has yet to discover, with any
certainty, its essential quality. We do not yet
know, for sure, what it is that makes the me-
tallic elements different from, if not actually
unique among created things. We do know, of
course, that metals have certain more or less
charscteristic properties — they are hard, strong,
end tough, and good conductors of heat and elec-
tricity, and these so—called metallic properties
provide a definition of a sort. However, it is
the structure rather than the behavior of the
metals which gives the really fundamentsl in-
formation necessary to the understaending of metal-
licityeecess

"As everyone knows, metals owe their in-
dustrial importance to the fact that they pos-
sess, often 1in a peculiar sense, useful proper-
ties, such as strength, plasticity, electrical
conductivity, and ferromagnetism. These and
other properties find their origin in the intermal
structure of the metal or alloy. What a metal
does is because of what it is. Metallic behavior
is simply an outward manifestation of what is,
and what goes on, unseen, inside..... The basic
fact underlying nearly all metallic behavior is
that a metal is crystalline in its nature; any
mass of metal that has been formed in the ordi-
nary way is made up of many small crystals tightly
bound together.™t

These words of L. R. VanWert,l of Harvard,
state the subject very well.

NUCLEI AND GRAIN GROWTH

If a piece of metal 1is polished, appropri-
ately etched, and examined under a microscope,
it is at once apparent that the mass 1is granular
in character but not in the sense that each
grain visible under the microscope has a defi-
nite shape and proportion as do mineralogical
specimens. The irregular polyhedral shape of
the metallic crystallite is due to the fact that
it grew rapidly in a liquid of high concentra-
tion, whereas the mineral grew at an exceedingly
slow rate from a dilute concentration. However,
both crystals do have the common feature that
the atoms are arranged with great regularity both
as to position and spacing.

This regularity distinguishes the crystal-
line solid from the liquid and from glasses in

1 1. R. VanWert, "Inside a Metal," Mining and

Metallurgy; October, 1937.

# Quotation with permission of Mining and Metal-
lurgy.

which the atoms are arranged with random orien-
tation and spacing. This appearance of the crys-
talline materisl in a 1liquid is called freezing
which occurs in a pure metal at a single fixed
tenmperature and coincides, in most cases, with
the temperature at which the crystalline phase
disappears on heating.

During the cooling of a melt of metal, crys-
tallization centers or nuclei are formed spon-
taneously at the surface of the container. From
these nuclei, the crystals grow in all direc-
tions but more rapidly in certain directions than
in others. These crystals grow together so that
the boundary planes form irregular polyhedra due
to the mutual interference of one another. The
freezing of a melt is not a simple affair but
depends upon two factors which determine whether
the melt will freeze on cooling or whether it
will become a glass, and if it crystallizes,
whether the grains will be coarse or fine. These
two factors are: the number of nuclei and the rate
of grain growth. Both factors must be large at
the same temperature to produce a granular solid.
The number of nuclei and the rate of grain growth
are generally large in the case of metals but
not so in the case of the alkaline silicates
which constitute our glasses. In the latter case,
the appearance of nuclei does not occur until
the liquid has cooled to a point where the vis-
cosity 1is high and the rate of grain growth has
diminished to zero. Consequently, the mass re-
mains glassy.

The difference between the behavior of a
molten mass of a crystalline substance and that
of a vitreous or glassy substance upon cooling,
is that the former reaches a temperature where
the crystalline, solid phase appears and further
cooling results in a completely solid mass.
Heating causes the disappearance of the crystal-
lites at the same temperature. In other words,
there is an abrupt change in viscosity or ri-
gidity when the freezing or melting temperature
is passed.

With a vitreous substance 1like glass or
pitch, there is no abrupt increase in viscosity
on cooling but rather a gradual increase extend-
ing down to or below room temperature. The mass
gradually changes from a liquid to a solid and
it is hard to say when it is a liquid and when a
solid.

The behavior of a pure metal and glass is
illustrated in Fig. 1, which shows the rate of
grain growth (GG) and number of nuclei (NN)
plotted against decreasing temperature. In me-
tals the number of nucleil present is large at
a temperature where the rate of grain growth is
large; consequently, crystallization occurs. How-
ever, in glass the number of nuclei present in
the temperature range of appreciable grain growth
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is practically nil; so, themass remains vitreous.

If the number of nuclei is great, there will
be a large number of fine grains of about equal
size because a large number of grains start to
grow at the same time and with equal speed, but
the growth 1s soon stopped by mutual interfer-
ence. If, however, the number of nuclei is
small and the rate of growth is large, then the
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grains will be 1large. Variations in rate of
nuclei formation and growth account for the
variation in grain size of different metals.
Steel or tungsten has a small grain size whereas
brass always has much larger grains which are
plainly visible on the surface of any brass door
knob frequently used and exposed to the weather.

This matter of grain growth under fixed con-
ditions can be noted elsewhere in ordinary life.
The large patterms of frost on a window pane in
the winter are the result of slow growth start-
ing from a limited number of nuclei. The phe-
nomenon differs from the freezing of metals in
that the solid is deposited from the vapor phase
rather than from the 1liquid phase, but the me-
chanism is the same. A practical application of
the knowledge of crystallization processes is
found in candy making, which is essentially a
freezing operation.

ATOMIC ARRANGEMENT

If +the metallic grains which have developed
during solidification are subjected to the mono-
chromatic x-radiation of molybdenum, it will be
found that the grains act like diffraction grat-
ings and refract the x-rays an amount which de-
pends upon the spacing of the atoms, because the
spacing of the atoms in metals is comparable in
size to the wavelength of x-rays. In a pure
metal, all the atoms in a single grain are ar-
ranged in a definite manner and at definite in-
tervals from one another in directions which are
straight lines. In other grains, the arrange-
ment and spacing are identical, but the direc-
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tions of the axes are somewhat different. From
the nature of the diffraction pattern produced,
it 1s possible to determine the arrangement and
spacing of the atoms. It has been found that
most pure metals fall into three groups. The
more ductile metals have atoms situated at the
corners of a cube and at the center of the cube
faces. This arrangement is called "face-centered-
cubic" as shown by Fig. 2; Al, Ca, Fe between

Fig. 2 - Face-Centered—Cubic
Crystal Structure
(Courtesy of Metals and Alloys)

Fig. 3 - Body-Centered-Cubic
Crystal Structure
(Courtesy of Metals and Alloys)

Fig. 4 - Hexagonal-Close-Packed
Crystal Structure
(Courtesy of Metals and Alloys)

910° and 1400°C, BCo, Ni, Cu, Sr, Rh, Pd, Ag,
Ba, pCe, Ir, Pt, Au, Pb, and Th are in this
class. Harder, more brittle metels have atoms
at the corners and center of the cube giving rise
to the term "body-centered-cubic" shown in Fig.
3. These metals are Ti, Na, K, V, Cr, Fe below
9100 and above 1400°C, Mo, Ta, and W. There is
another grouping called "hexagonal-close-packed"
that is obtained when balls are packed as closely
as possible starting with a triangular unit.
This arrangement is shown in Fig. 4. The metals
falling in this class are Be, Mg, Ti, Cr, aCo,
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Zn, 2r, Ru, Cd, aCe, Hf, Rn, Os, and Th. There
are a few other types of more complicated sym-
metry that are less important.

It should be noted here that because of the
regular spacing of atoms in metals, a large num-
ber of sets of parallel planes containing atoms
can be found oriented variously to principal
axes. The spacing between adjacent planes and
the density of atoms in each plane depend wupon
the orientation. If +the spacing between planes
is relatively large and the bond between planes
consequently weaker, the grain will distort dur-
ing cold work by slipping along these planes,
which are called "slip-planes." Ductile materials
are distinguished by their ability to slip on
these planes. The most ductile metals all have
a face-centered-cubic arrangement which has four
directions of easy slip, whereas the least duc-
tile metals of the hexagonal-close-packed system
have only one direction.

The atomic arrangements of practically all
compounds and minerals, however complex, have
been determined by x-ray analysis and classified
by the Braggs in England during the last twenty
years. Furthermore, much has been learned about
the effect of cold work and annealing of metals
which could not have been established in any
other way. It is possible to use the x-ray method
to determine the directional variations in me-
chanical properties of sheet material but other
methods are availsble that are more sensitive.

With pure metals, the freezing and cooling
to room temperature usually occur in a simple
manner. Some metals like iron or nickel freeze
at a definite temperature but on continued cool-
ing reach a temperature where the atomic arrange-
ment or some physical property changes abruptly.
These points are called transformation or tran-
sition points. Iron freezes with the body-cen-
tered-cubic atomic arrangement at 1530°C but,
with continued cooling to 14000C, it has a tran-
sition point where the arrangement chunges to
that of the face-centered-cubic which is stable
down to 910°C. At +this temperature, it again
transforms into the body-centered arrangement of
atoms which is called alpha iron. Further cool-
ing to 770°C brings about a change in the mag-
netic properties; iron is magnetic below 770°C
and non-magnetic above.

The cooling of nickel to room temperature is
unaccompanied by any atomic rearrangement but
nickel becomes magnetic at 360°C and remains so
below this temperature. The coefficient of elec-
trical resistance of nickel is also different
above and below this temperature which is called
the Curie point.

Other elements show transition temperatures.
For instance, the allotropic forms of carbon have
a transition point where graphite and diamond
are 1in equilibrium. Silicon has abrupt and re-
versible changes in electrical resistance at 2140
end 4359C; titanium at 3109, Tin has transi-
tions at 180 and 161°C.

The melting and transformation points of

metals are usually determined by making cooling
or heating curves which show discontinuities of
rate at the temperature of transition or freez-
ing due to absorption or liberation of heat. The
duration of the arrest is proportional to the
heat of fusion or transition and inversely pro-
portional to the rate of cooling. The heat of
transition is much smaller than the heat of fusion
but is sufficiently pronounced to be used as a
means of identifying the transition temperature.

MAGNETIC PROPERTIES

Metallic bodies may either concentrate or
disperse magnetic lines of force. Metals which
concentrate the lines of force are called para-
magnetic; those that disperse them are diamag-
netic. Ferromagnetic metals such as iron, nickel,
and cobalt are distinguished from other paramag-
netic metals by their marked capability of con-
centrating the lines of force.

The intensity of magnetization of ferro-
magnetic metals at constant field strength de-
creases only slightly with rising temperature
but drops practically to zero at a definite tem-
perature which is characteristic of the metal.

GASES IN METAL

The subject of gases in metals is an import-
ant one to us since our success in making tubes
depends largely on our ability to remove gas from
a bulb composed of or containing metal parts and
to prevent the appearance of gas during the 1ife
of the tube. Unfortunately, little is known of
the real nature of gas in metals; the operations
of reducing the metal from ore depend upon gas-
eous reactions which permit the metal, which is
usually molten, to dissolve gases readily. Gen-
erally, gases are more readily soluble in molten
than in solid metal, but even vacuum melting will
not remove all the gas from metal. It appears
that gas can be retained by metals in several
ways that are difficult to differentiate. Gas
may be occluded or adsorbed on the surface, it
may bedissolved in the metal as air is dissolved
in water, it may be in combination with the metal
as the oxide, or hydride, or it may result from
a reaction between constituents.

Most metallurgists are interested primarily
in the gases which are precipitated during the
freezing of the metal and which produce blow-
holes, pipes, and porous metal in the cast ingot
and cause difficulty in working the metal. But
we are interested in the amount of gas that is
liberated when the metal is heated in a good
vacuum. The surface of the metel contains much
adsorbed gas which can be easily removed by low-
temperature annealing in hydrogen. Some metals
contain oxides that are readily decomposed with
heat under vacuum. The decomposition liberates
oxygen. Such metals are silver, copper, iron, and
nickel. Gases from oxides are easily removed
but the gases that are dissolved or that result
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from chemical reactions present a problem. In
nickel or iron, if the oxide and carbon are pre-
sent, they may react to produce carbon monoxide
which diffuses slowly to the surface. The rate
of diffusion of most gases, except hydrogen, is
so slow that the ordinary firing and exhaust
schedules used in tube manufacture can remove
only a little from the surface. More diffuses
slowly to the surface during 1life of the tubes
and must be removed by the getter. A number of
years ago, some experiments with nickel and iron
indicated a higher rate of diffusion of gases in
nickel than in iron. The higher diffusion rate
in nickel permitted more gas to be removed from
it during firing at 10000C and exhaust than from
iron. It was also found. that with longer periods
of firing, the amount of gas liberated during
life was less, and that when the firing was con-
tinued for more than 8 or 10 minutes the rate of
liberation of gas was reduced very little. Al-
though some speak of hydrogen as replacing the
gases in metal during our annealing operation
and then being easily removed during exhaust,
the hydrogen 1is only effective as a protective
atmosphere that permits continued heating at ele-
vated temperature without oxidation. Of course,
hydrogen will reduce oxides and produce a bright
surface from one which had previously been oxi-
dized and make a clean part that can be welded
easily. But the primary function of hydrogen is
the prevention of oxidation during the period at
high temperature necessary to permit the gases
near the surface to escape from the metal.

COLD WORK

Vhen a metal 1s subjected to permanent de-
formation or cold work, some of its properties
are changed. This cold work may be accomplished
in several ways, such as by rolling, drawing,
hammering, swaging, bending, stamping, extruding,
and stretching. By means of one or more of
these operations, most of the metal used in con-
struction is produced in a few simple shapes,
such as wire, rod, tubing, sheet, strip, plate,
rails, I, T, and angle sections. From these
standard shapes are fabricated most of our me-
tallic articles, the most important exception
being castings for such parts as are too compli-
cated to be made from plain shapes.

Consequently, most metal in wuse has at one
time or another experienced the effect of cold
work. When a piece of soft metal wire or rod,
such as nickel, is subjected to tension as in
stretching, the metal elongates slightly. As
the load increases, the 1length increases pro-
portionally until a point is reached where the
increase in length is greater than expected. The
maximum stress at which the elongation is pro-
portional to the load, is called the proportional
or elastic 1limit. If the 1load is removed, the
length of the specimen returns to its original
value, and the elongation of the specimen has
been elastic. When, however, the load 1is in-
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creased to a value greater than the elastic
limit, the specimen elongates at a much greater
rate than before. Now if the load is relieved,
the specimen is longer than it was originally by
the amount of elongation occurring above the
elastic 1limit. This increase in length repre-
sents the plastic or permanent deformation and
removal of the load does not completely relieve
the internal stresses.

The tensile test is a common physigal test
which is readily applied to metals. In the elas-
tic range of the test, the ratio of the load to
the resultant elongation 1s called the modulus
of elasticity, or Young's modulus.

Actually, annealed metals can be stretched
elastically less than 1l per cent after which they
elongate rapidly or break suddenly if they have
been hardened by cold work.

As the tensile test is continued to the point
of fracture, the specimen elongates rapidly when
the stress exceeds the elastic 1limit. This
elongation is largely localized at a point which
is reduced in cross-section and ultimately be-
comes the point of fracture. The maximum load
required to break the specimen divided by the
original area is called the tensile strength.

The reduction of area at the point of frac-
ture expressed in per cent of the original cross-
sectional area of the specimen is an important
figure because it is an index of the ability of
the metal to work-harden.

The +total elongation is expressed as a per-
centage of the total length of the specimen but
since the elongation is greater at the point of
fracture because of the "necking down," it is
customary to give the elongation for a 10-inch
length and for the 2-inch 1length including the
fracture. These are the values obtained from the
tensile test.

Generally, soft or annealed face-centered-
cubic metals have large elongation (20 to 50 per
cent), large reduction in area, a definite yield
point, and a 1low tensile strength. When these
same metals are subjected to cold work, the elon-
gation drops to 1 or 2 per cent, the area does
not decrease, the elastic limit is identical with
the tensile strength which is high,and the modu-
lus of elasticity does not change. From these
values, we learn something about the following
properties of metals.

Ductility is the property by virtue of which
a metal can be drawn out by means of tension
without rupture. If a metal has high elongation
and large reduction in area together with enough
tensile strength to exceed the friction of the
wire in the drawing die, the metal is considered
to be ductile. If the tensile strength is low,
the wire does not have sufficient strength to
permit fine wire being drawn.

Malleability 1s the property by virtue of
which a metal can be deformed by compression, as
in hammering or rolling. Of course, tensile
strength is not a requisite for malleability but
compression strength is. Metals which are duc-
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tile are also malleable but the relationship is
only approximate.

Resilience is measured by the elastic energy
which is stored up in the metal and is greatest
in metals with low elongation and high tensile
strength. Piano strings are made of hard-drawn
steel wire for this reason.

Toughness and brittleness are, in a sense,
opposite terms. Toughness 1s measured in terms
of the work required to break the metal. If a
stress-strain diagram is drawn for a specimen,
the area under the curve 1s a measure of its
toughness or resistance to fracture. Toughness
is accompanied by high tensile strength and high
elongation. Brittleness 1is the property of a
metal by virtue of which it breaks without much
deformation.

Ability of a metal to work-harden may be de-
termined from the shape of its stress-strain
curve and would be indicated by low reduction of
area, high elongation, low yleld point, and high
tensile strength.

Hardness is a difficult property to evaluate
because there are several kinds of hardness, such
as resistance to abrasion, resistance to pene-
tration, rebound hardness, and cutting hardness.
These properties can not be determined from the
tensile test but require individual tests for
each kind of hardness.

Curve A of Fig. 5 1is a tensile diagram for
a hard-drawn metal which is strong, resilient,
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and brittle; it has no ductility, malleability,
or toughness. Similarly, curves B, C, and F
show the behavior of three types of ductile,
malleable metal. B, of course, is the strongest
and toughest, and almost as resilient as A. F

is a weak, ductile metal but although it 1is
tougher than A, the latter is much stronger.

Curve D 1s for a metal which has good work-
ing qualities. Although it has the same tensile
strength and elongation as has C, it is not so
tough as C,and requires less work to rupture it;
it work-hardens more rapidly, takes a permanent
set even at low loads, and does not tend to
localize the fracture by necking down. These
characteristics are shown by the steepness of
the curve over the plastic range.

Curve E is for a resilient metal that is more
flexible than A. A spring of this metal would
deform more for the same load than would one of
the metal represented by curve A.

When a ductile metal 1is subjected to cold
work, that is, plastic deformation below its an-
nealing temperature, it is found that the elastic
limit and the tensile strength increase, and the
elongation decreases as the amount of cold work
increases. The modulus of elasticity may change
to the extent of 20 per cent; a similar change
may be found in the electrical conductivity; and
a slight decrease in density is also noted.

About 35 years ago, Beilby advanced the view
that there was reason for supposing that metals
exist in the amorphous or vitreous as well as in
tle crystalline state. In metal aggregates, the
crystalline grains are surrounded by continuous
films of amorphous material.

At low temperatures amorphous metal is harder
and stronger than crystalline metal because, in
the latter material, there are definite direc-
tions of weakness resulting from the regularity
of the atomic arrangement. Near the melting
point, the crystalline material is stronger but
is surrounded by weaker, softer, viscous, amor-
phous metal having the properties of glass at
elevated temperature.

When a crystalline material is subjected to
cold work, the grain is distorted in a discon-
tinuous stepwise menner; the grain breaks up into
fragments by s8lipping along planes of weakness
called slip-planes. This rubbing together of
two surfaces displaces atoms from the regular
crystalline arrangement, and produces amorphous
metal in the plane of slip. When this slippage
on a given plane is interrupted by interference
with other adjacent grains, the amorphous metal
becomes rigid and stronger than the crystalline
material which it cements together. Further cold
work produces slippage at other slip-planes so
that the whole aggregate 1s broken down into
fragments cemented together by hard amorphous
metal.

It has also been found that, if a metal is
broken at a temperature near the melting point,
the fracture occurs in the grain boundaries but,
when broken at a low temperature, the fracture
occurs within the grains. The presence of amor-
phous metal in the grain boundaries would explain
these observations, since the vitreous cement is
stronger at low temperature and weaker at high
temperature than is the ¢rystalline material.
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Tests of Jeffries and Sykes, where various
rates of loading at elevated temperature were
used, showed the properties of vitreous material.
Very rapid fracture showed high tensile strength
with a ductile transcrystalline fracture, while
slow fracture showed a low tensile strength and
a brittle intergranular fracture. In this test,
it wes assumed that the properties displayed by
pitch exist in amorphous cement at elevated tem-
peratures, namely, that it 1s relatively soft
and plastic to slow loading but hard and brittle
to rapild loading or shock.

The crystal structure of each grain is oriented
differently from that of its neighbor, depending
upon the orientation of the nucleus from which
it grew. When the growth of two grains is in-
terrupted by mutuel interference, there exists
between the two grains a zone of discontinuity,
the nature of which is not exactly known. It may
contain impurities or amorphous vitreous material;
at least, it displays the properties of amorphous
netal.

GRAIN GROWTH AND RECRYSTALLIZATION

When a metal freezes or crystallizes, grains
grow in size and shape, depending upon the con-
dition of crystallization. If the metal has not
been cold-worked, the grain size of cast metal
can not be increased by annealing at any tem-
perature below the melting point. If the metal
is worked at a temperature above the annealing
point, that is, if it is hot-worked, new grains
are formed, which are usually smaller. If this
metal 1is heated to a higher temperature, fewer,
larger grains result; this effect is called grain
growth.

However, if a metal is plastically deformed
below the annealing temperature, or cold-worked,
it is found that the grains are distorted and
broken. When the metal is heated, the distorted
or elongated grains are replaced by new grains
of polygonal form called "equiaxed grains™ be-
cause the 1length of the grain in any direction
is about constant. The change is called recrys-
tallization and occurs at a temperature which
depends on the metal and the amount of cold work.
The lowest temperature of recrystallization vis-
ible microscopically for several metals after
they have been subjected to severe cold work, is
given in the following tabulation.

W 12000C Cu 200°cC

Ta 1000 Al 150

Mo 900 Mg 150

Ni 600 Cu room temp.

Pt 450 Zn room temp.

Fe 450 Pb below room temp.
Au 200 Sn  below room temp.
Ag 200

The recrystallization temperature 1is lower,
the lower the working temperature, the purer the
metal, the smaller the initial grain size, and
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the longer the time of annealing. The progress
of recrystallization can also be followed by
noting the annealing temperature at which the
electrical conductivity, tensile strength, and
percentage elongation change greatly.

When pressed powders are sintered together,
grain growth occurs at temperatures very close
to the melting point. But, before grain growth
can occur, consolidation by diffusion must take
place. Grain growth or possibly recrystalliza-
tion occurs in electrodeposited metals because,
although they are crystalline, they are deposited
in a strained condition which is conducive to
an alteration in grain size or shape. When iron
passes through the a-7ytransformation, the change
in atomic arrangement is accompanied by recrys-
tallization without the presence of strain in
the grain.

In cold-worked metal, the grains are elon-
gated in the direction of the flow of metal and
in a hard-drawn wire, such as tungsten, the
grains appear as fibers or threads. At low tem-
perature, the time required for recrystalliza-
tion may be days; near the melting point, it may
be seconds.

During recrystallization, strain-hardened me-
tal changes to unstrained or annealed metal
and small sannealed grains then grow into larger
grains. Actually, recrystallization is the change
from the strained fragment of a grain into the
anneeled, strain-free grain of small size; grain
growth follows recrystallization and changes a
small grain into a large one by absorption of
its neighbors. During annealing, these two op-
erations occur almost simultaneously.

The time of exposure has an important effect
on the temperature of recrystallization; the
longer the annealing, the lower the temperature
of recrystallization. The lower the temperature
of deformation, the lower the temperature of re-
crystallization. Also, purity of the metal has
much to do with the recrystsllization tempera-
ture, for solid solutions have higher tempera-
tures than pure metels. The greater the amount
of strain hardening, the lower the recrystalli-
zation temperature.

With large grains only slightly deformed, it
is impossible to have a uniform condition of
cold work; and so such metal has a recrystalli-
zation range. The greater the amount of cold
work, the narrower and lower 1s this tempera-
ture range.

Any foreign material in the metal affects
its grain growth characteristics; foreign ma-
terial may be present in solid solution, it may
be a mechanical inclusion, such as slag, or as
another constituent of an alloy. A good example
of inclusion is the thoria in tungsten used for
filaments in certain types of vacuum lamps and
in radio tubes. Thoria was added to tungsten to
prevent "offsetting" by obstructing grain growth
normal to tungsten and producing many fine
grains instead of a few large ones. In this
way, the interlocking effect of the fine grains
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prevented the side-slip which would occur in the
plain surface between two large grains. Thoria
is not introduced into filaments of radio tubes
for the same purpose, but the obstructional ef-
fect is present.

The thoria is added to tungsten oxide or tung-
sten powder in the form of thorium nitrate in
solution. When the mixture is evaporated to dry-
ness, thoria is left finely divided and evenly
distributed throughout the powder. When the
metal 1s worked into wire, the thoria particles
are drawn out with the wire into bead-like chains,
because thoria 1s not so plastic as the metal.
These particles offer 1less obstruction to grain
growth in the direction of drawing the wire than
they do radially; consequently, the tungsten
grains are longer in the direction of working.

Frequently, it is found that the results of
annealing contradict the laws of normal grain
growth. But usually this will be found to be
due to lack of homogeneity in composition, struc-
ture, strain, or temperature.

Strain gradients are introduced by drawing
or rolling which produce greater stress at the
surface of the metal than in the interior. Dur-
ing heating and cooling, there are always tem-
perature gradients especially if the mass of
metal 1is large and its thermal conductivity is
poor. Under suitable conditions, these gradients
result in very large grains due to exaggerated
or abnormal grain growth. Single-crystal tung-
sten wire is produced by large temperature gradi-
ents that permit a crystal to grow along a wire
at a rate higher than the speed with which the
wire moves into the hot zone.

H. M. Howe has called this abnormality in
grain growth "germination," and the annealing
range conducive to it, the "germinative range."
Many cases of germination have been reported and
in most cases have been produced by subjecting
the metal to slight strain followed by annealing
at low temperature. Plain steel containing 0.05
to 0.12 per cent carbon shows this phenomenon
quite clearly. Ruder has used this method to
produce coarse grains in silicon steel.

Another case of germination occurs in drawn
tungsten wire which has only small amounts of im-
purities or additions, such as are found in our
non-sag wire. This wire, which has been drawn
In the usual way and is thoroughly cold-worked,
can be heated so that it will have either a
coarse-grained or a fine-grained structure. If
the wire 1s heated suddenly to a high tempera-
ture, the grains will be fine but if it is heated
slowly through a narrow renge of temperature, the
grains become very coarse.

This grain growth i1s now known to occur by
the gradual, though rapid, absorption of one
grain by another, that is, the boundary separat-
ing the two grains migrates until one grain dis-
appears entirely. This requires the transfer of
atoms from the lattice of one grain to that of
the growing grain. However, similarity of orien-
tation in two adjacent grains is not considered

a prerequisite for grain growth but rather the
existence of thermodynamical instability of suf-
ficient intensity to overcome the obstructional
factors et a given temperature.

Jeffries and Archer belleve that absolute
and relative grain sizes are the chief factors
in determining the force or tendency to grain
growth. In aqueous solutions of salts, the ten-
dency is known to be due to the greater solubility
of the smaller crystals. Generally, in a mix-
ture of grains of various sizes, the larger tend
to grow at the expense of the smaller. Grain
growth would not occur if the grains were all of
the same size, because each grain is as potent
as its neighbor and no change results. Grain
growth depends upon difference in grain size
where the large grains have greater power of re-
orienting the atoms in the lattices of neighbor-
ing grains. The thing that limits the grain
growth and prevents metals from being single-
crystalline is the fact that the increase of re-
orienting power with size is most pronounced in
fine grains and diminishes rapidly with grain
size.

The growth of grains in a metallic aggre-
gate is a competitive process, each grain com-
peting with its neighbor for the atoms in the
grain boundary. The more powerful grain grows
at the expense of the weaker and thereby becomes
a trifle stronger.

The three important factors in grain growth
are grain size, temperature, and obstructions.
When a grain is cold-worked, a large number of
fragments are formed, some large and some small;
each, however, is a crystal fragment capable of
growth when temperature permits. If the tem-
perature is raised rapidly to a point above the
grain-growth range, all fragments have about the
same power to pgrow, and each is opposed by its
neighbor. Consequently, only a 1little grain
growth occurs. If, however, the temperature is
raised to a point Jjust below the grain-growth
range, only a few fragments have sufficient
energy to force their orientation upon their
neighbors, and they grow with 1little or no oppo-
sition because they are surrounded by small,
easily absorbed fragments. If sufficient time
is given, the aggregate will consist of only a
few large grains. This condition is designated
as "exaggerated grain growth." Most annealing
operations are performed at temperatures high
enough to produce a moderate grain size, since
coarsely grained metal 1s not particularly de-
sirable in industrial applicationms.

ALLOYS

An alloy is a mass of metal containing more
than one element, which has solidified from a
melt that was a single homogeneous 1liquid at
some temperature above the melting range. Molten
lead and aluminum are practically insoluble in
each other and when such a mixture of these
metals is frozen, a layer of lead and a layer of
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aluminun are formed. This is no more an alloy
than a mixture of oil and water is a solution.

The simplest form of alloy is the solid so-
lution such as is formed when copper and nickel
alloy. If an alloy of these two metals in any
proportion is inspected microscopically, it has
the appearance of a pure metal because there is
only one phase, the solid solution of one in the
other. The equilibrium diagramis shown in Fig.6.
In this case, the melting point is roughly pro-
portional to that of the two metals; however,
the alloy does not have a single melting tem-
perature but is pasty over a small range of tem-
perature.

L1Quib
1482 °C
1083°C
SoL1D
100 % Cu 0
o] %Y Ni 100
Fig. 6

When a solid solution 1is formed, the re-
sulting alloy is usually harder and stronger than
either metal; its electrical and thermal conduc-
tivity, and its vapor pressure are less; and its
recrystallization temperature is usually greater.

Another simple type of alloy is one in which
each metal is completely insoluble in the other
in the solid state. Its equilibrium diagram is
shown in Fig. 7. Line AE represents the solu-
bility of silver, and BE the solubility of lead.
If +the alloy is rich in silver and cools from
the liquid state, pure silver will be precipi-
tated when the temperature reaches that shown by
the 1line AE; further cooling results in con-
tinued precipitation of silver and the remaining
liquid has the composition shown by the line AE.
In a lead-rich alloy, pure lead is precipitated
when line BE 1is passed. As the composition of
the 1liquid changes with cooling, a point is
reached where the two 1lines cross; below this
temperature the liquid is saturated with respect
to both metals and they separate side by side to
form a peculiar structure which is called a
"eutectic." It has the lowest freezing point of
all silver-lead alloys and no alloy is completely
frozen until it reaches the eutectic tempera-
ture which is about 310°C.

An ordinary example of this type of solu-
bility is that of ice and common salt. The low-
est temperature at which these can exist in solu-
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tion is about -20°C. Consequently, salt cannot
be used to thaw ice if the ice is colder than
-20°C (-5°F). It should be noted that the chill-
ing effect of ice and salt mixtures is due to
the fact that salt dissolves in water or reacts
with ice with the absorption of heat and the
resultant solution is liquid to -200C.

There is &another type of alloy that is more
common than either of the two types given above

X Alag

LQuid

Py SOLID +

LiQuio

SoLID+
L1Quib E

sSoL 1D

-_—— Y — — —

Fig. 7

because it is an intermediate case. This type
occurs when the two metals are only partially
soluble in one another in the solid state. Silver
and copper is an example of this. At the eutec-
tic temperature, each metal 1is soluble in the
other to the extent of about 5 per cent. At
lower temperatures, the solubility wusually de-
creases but not always.

When such an alloy freezes, the metal which
separates from the 1liquid is not a pure metal
but 1s & solid solution containing some of the
other constituent; and the eutectic is composed
of two solid solutions simultaneously precipi-
tated.

The maximum solubility of copper in iron is
3.4 per cent, whereas the solubility of copper
in nickel is 100 per cent. To us, these are im-
portant facts because they permit us to copper-
braze steel parts easily and to clean copper-
plated button stems. If the solubility of copper
in steel were greater, the copper would not flow
over the surface into the joints which we wish to
seal but would soek into the metal 1like water
into a blotter. If the solubility were zero, the
copper would not wet the surface, and conse-
quently, would not spread over it. Even so, if a
heavy coating of copper is placed on steel and
heated above the melting point of copper, the
surplus runs off the surface or collects in pud-
dles. To avoid this action on the button-stem
header where a heavy layer of copper is required,
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the steel is first plated with a layer of nickel
heavy enough to absorb all the copper and pre-
vent the puddles which would otherwise form. The
nickel resists oxidation during stem-making
better than copper alone, but it could not be
cleaned up later if the copper were not present.
During stem-meking, the copper is more rapidly
oxidized at the surface of the metal, and is
easily reduced to metal during the hydrogen
cleaning operation which leaves a bright copper-
colored surface.

It may be noted that molybdenum cannot be
brazed in hydrogen with copper, because copper is
insoluble in molybdenum and there is no tendency
toward wetting of molybdenum by copper.

Ordinary solder, & lead-tin alloy, 1is a
similar case and brings up an important point.
With the exception of the 65% Sn - 35% Pb alloy
which has the eutectic composition,no other com-
position of these alloys has a freezing point.
They have freezing ranges and are pasty above
1810C. This means thet in soldering a joint, it
is necessary to heat it above the pasty range
(above 2400C for a 40-60 solder) but the finished
joint should never be heated above 1800C, be-
cause liquid metal 1is present above 180°C and
weakens the joint. The wiped joints made on
lead pipes by plumbers were only possible be-
cause they used a solder low in tin which had a
long pasty range that permitted molding the
joint by wiping.

8l



Lecture 8

METALS FOR VACUUM-TUBE CONSTRUCTION

S. Umbreit

NICKEL

In the manufacture of receiving tubes, the
most important metal 1s nickel, although with
the advent of the metal tube, iron and steel
have become important factors. If nickel is
superseded by steel, it will be largely because
of the latter's lower cost, for in nearly every
respect the properties of nickel are superior to
those of iron or steel for our purposes.

Nickel 1s used largely because it is a very
ductile metal and can be drawn or formed into
the complicated shapes that we require. This
property of working quality is due to the ability
of nickel to work-harden considerably, whereas
annealed steel on working first softens and
then work-hardens slowly. This is indicated by
the stress—strain diagram shown in Fig. 1. The
working property may be demonstrated by bending
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Fig. 1

a piece of nickel wire or strip and a piece of
steel both of which have been annealed at 9000C.
The nickel will bend with a smooth curvature of
long radius and the steel will bend sharply with
a short radius. This localized bend is called
a "break" and is the result of the lack of work-
hardness.

Nickel does not have a transformation point
as does iron, snd what carbon is retained in the
metal does not form a hard carbide. It does not
rust in moist atmosphere, or oxidize readily
when heated 1in air. Its oxide is readily re-
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ducible by hydrogen even though it contains sub-
stantial amounts of water vapor or a few tenths
of a per cent oxygen.

Nickel has & fairly high recrystallization
temperature and will withstand better than iron
"creep" which 18 the slow deformation that oc-
curs with moderate loads at high temperature.
The vapor pressure of nickel is low enough to
permit high-frequency heating to about 1000°C in
a good vacuum; iron vaporizes somewhat more
readily.

Sulphur has & detrimental effect on nickel
because these elements unite readily to feorm the
sulphide. This sulphide has a low melting point
which causes the grains of nickel to be sepe-
rated by films of the brittle sulphide. In the
melting of nickel, oxygen and sulphur are re-
moved by the addition of a small amount of mag-
nesium which raises the ductility of the nickel
and permits hot-working of the metal.

Nickel is used as the base metal for fila-
ments and cathodes coated with barium-strontium
oxide mixtures. In this case, the composition
of the metal is importent. Filaments are heated
by the passage of current so that the electrical
resistance at the operating temperature is im-
portant. Because the filaments are draped over
hooks that apply tension which keeps the fila-
ments taut and straight when hot, the hot tensile
or creep strength should also be high. Most burn-
outs of nickel filaments are not the result of
melting the metal, but the result of too much ten-
sion. At the operating temperature, the tension
applied by the hook exceeds the creep strength of
the filement which 1s eventually pulled apart.
When the 1lighted filament is broken, an arc is
formed; the arc fuses the fractured ends and
gives the appearance of a burn-out. Cobalt is
often added to nickel to raise both its hot ten-
sile strength and hot resistance; a high resist-
ance means a larger conductor which is inherently
strenger.

The way in which impurities in nickel affect
cathode emission is a complicated matter. If re-
ducing agents remain after the deoxidation of the
molten nickel, as they always do, the emission is
higher than when they are absent. The greater
the amount of reducing-agent residual, the higher
the emission. This effect is particularly notice-
able when these nickels are compared with electro-
lytic nickel which has poor initial emission. The
reducing agents that may be present are silicon,
manganese, titanium, aluminum, magnesium, and
venadium. These impurities have other effects.
A few tenths of one per cent of manganese will
increase the radiating ability of the cathode
enough to lower its operating temperature 200C.
Titanium reacts with the coating to produce a
black compound that reduces the temperature 600
to 800C. The effect of impurities in nickel is
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important and is receiving more and more atten-
tion. We should soon be able to say which im-
purities are most important and which have little
or no effect.

Nickel 1is also used for supports for grids
because it has sufficient ductility to permit
the cutting of a notch into which the grid wire
is laid and then peened securely. The thermal
conductivity of mnickel is good so that the grid
wires can dispose of their heat and operate
fairly cool.

The cross wire or grid wire usually is of
nickel alloy, such as manganese-~ or chromium-
nickel or even & molybdenum-iron-nickel; these
are cheaper than molybdenum. When grid bombard-
ment is used on grids of nickel alloys, the tem—
perature should be carefully controlled because
their melting points are lower than that of
nickel and much lower than that of molybdenum.

The leads and supports in tubes are also made
of nickel and here the stiffness and annealing
characteristics are important; impurities are not
so important, except insofar es they affect these
characteristics ar the thermal conductivity. When
stems are made, the nickel leads become so hot at
the point where they enter the glass that they
are partially annealed. If the annealing is com-
plete, the lead may be too soft to support the
attached part properly. An instance of the effect
of impurities an nickel for lead wire was experi-
enced recently when a glass stem was made with
one hard and one soft plate lead, but after stem
maeking, the hard lead was less stiff than the
soft lead. The hard lead was much purer than
ordinary grade A nickel and, consequently, en-
nealed more readily and resulted in a softer lead.

The thermal conductlvity of the nickel leads
is important. If one wishes to avoid electroly-
sis inarectifier stem, he might do it by making
the lead of a poorer conductor than nickel, such
as manganese-nickel or ferro-nickel. But, if the
anode 1s 8o hot that reverse emission from the
plate is a factor, a pure nickel lead might better
be used to conduot more heat away from the plate.
The resultant lead would be a nice adjustment of
size and composition to give the proper thermal
and electrical conductivity and stiffness.

Nickel is particulerly adapted to plate making
because of its ductility, the absence of any
transformation from one phase to another and its
behavior with carbon. Compared with steel, it
has a greater ductility which permits the more
complicated shapes to be made with less diffi-
culty, as mentioned previously.

Most plates are carbonized. Carbonization
1s accomplished by the batch process which is
impractical with steel. If steel were carbon-
ized wunder the conditions used for nickel, the
carbon would dissolve in the iron to a much
greater extent forming iron carbide, which makes
cutlery as hard as it is. It is apparent that
any distortion or warping of the plate in this
hardened state could not be corrected because
the resiliency and rigidity would be too great.

Metals for Vacuum-Tube Construction

If the temperature of carbonizing were reduced
to a point where the iron carbide does not form,
the character of the carbon deposit would be in-
correct.

Moreover, when iron is heated above 910°C,
there 1s a change from the body-centered-cubic
arrangement to the face-centered-cubic arrange-
ment which is accompanied by a change in volume.
Such changes, especially in thin sections result
in distortion or warping, and repeated excursions
from one condition to another would result in a
badly distorted plate.

To sum up the advantages of nickel would be
to list its high ductility, freedom from rust or
oxidation, ease of bright annealing, freedom
from transformations involving a change in vol-
ume, low solubility of carbon and absence of
carbide, easy weldability, good electron emis-
sion from oxide—coated surfaces, low vapor pres-—
sure, and good strength and stiffness.

IRON AND STEEL

Iron and steel suffer in comparison with
nickel when properties are concerned but when
cost is considered they are much cheaper than
nickel not only because the price per pound is
less but also because the density is less. Iron
has a higher melting point than nickel and re-
tains its magnetism up to a higher temperature
(7700C); this may be an advantage or a disad-
ventage depending on whether magnetic shielding
is desired or not. Much has been written about
the gas content and permeability of iron to
hydrogen but the data are conflicting. However,
it appears that nickel is more impervious at low
temperature and that iron is more impervious at
high temperature, possibly only when in the
gamma state. Since carbon must have much to do
with this property, the discrepancies in the
data may arise from variable carbon contents.
Knoll. and Espe hazard the guess that the dif-
fusion occurs in the carbon segregated in the
grain boundaries.

Very pure iron has a lower vapor pressure
than nickel while steel has & higher pressure.
Consequently, it 1is necessary to make a dis-
tinction between iron and steel. When steel is
nickel plated, a combination of the desirable
properties of nickel and of steel can be ob-
tained. At present, the main difficulty is in
obtaining strip steel with a heavy plate of
nickel evenly distributed. Much nickel has been
replaced by nickel-plated steel and in the fu-
ture more will be.

Fig. 2 shows the microstructure of nickel
strip and iron strips. The top section is that
of nickel which 1is characterized by the short,
fine, dark 1lines running in the direction of
rolling. Some crystals have parallel sides, a
condition which is characteristic of rolled and
annealed nickel. The next in order are "Svea'"
and "Armco" iron which have much the same appear-
ance. The dark particles are inclusions of slag
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or oxide. There appears to be little carbon pres-
ent in these metals. The bottom strip is Swedish
iron which is distinguished by heavy black lines

NICKEL

SVEA IRON

SWEDISH

IRON

Fig. 2 - Strip materials.

of slag. Needless to say, this metal cannot be
used for the fabrication of parts due to lack of
ductility. Furthermore, when such a strip is
fired in hydrogen, blisters are formed where slag
inclusions are near the surface.

TUNGSTEN

Tungsten and molybdenum are metals whose melt-
ing points are 8o high that no satisfactory re-
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fractories are available for crucibles in which
to melt them. With the high melting points of
these metals, there are several other properties
that are particularly valuable for our work, such
as low vapor pressure,low gas content, low coef-
ficient of expansion, high tensile strength par-
ticularly at high temperature, low specific heat,
etc. However, it is more practical to take up
each metal individually, and compare it with
other metals, and discuss its merits and demerits.

Tungsten, because it is prepared by the costly
process of sintering the tungsten powder into
coherent form without contact with other materi-
als, is one of the purest metals commercially
available. The coherent metal 1is prepared by
reducing the purified oxide with hydrogen. The
powder so produced is pressed into a bar or slug
which is consolidated in an atmosphere of puri-
fied hydrogen by passing a current through it
such that the temperature is raised nearly to the
melting temperature.

Unthoriated filaments usually contain no more
than 0.02 per cent impurities. The sintering
process has advantages over the melting process;
consolidation of the metals begins at the center
of the slug so that impurities have an opportun-
ity to escape. However, the greatest advantage
of this method is that we can add infusible ox-
ides, like thoria, and still maintain the oxide
particles finely divided and widely dispersed.
If this were attempted in a molten metal, differ-
ences in density and surface tension would result
in segregation.

We use two kinds of tungsten. Thoriated tung-
sten, containing 1.5 to 2.0 per cent thorium oxide
finely divided and uniformly distributed through-
out the wire, is used for filaments in power tubes
because of its high electron emission. More tho-
ria can be added to tungsten but drawing becomes
difficult and impractical. Life tests indicate
that the more thoria present, the better the life
although, at the end of life, about 80 per cent
of the original thoria remains in the filament.

The other kind of tungsten is called non-sag
tungsten. It is essentially pure tungsten. This
metal 1is produced by adding to tungsten powder
limited amounts of silica and alkalis which vapor-
ize during the heating operations of manufacture,
and leave only minute traces that greatly influ-
ence the shape of the grains produced when the
filament is heated. The mechanism of this grain
formation is not well understood, but the grains
are quite large, and overlapone another for con-
siderable distances. This structure 1is quite
stit'f at high temperatures and when coiled into
a lamp filament does not sag during life as would
a thoriated or pure tungsten filament. Non-sag
wire is wused for heater filaments, hooks, and
supports where hot strength is desired, although
our temperatures are not so high as to produce
or require the normal overlapping grains.

Fig. 3 shows the fibrous structure of drawn
wire and the crystalline structure developed by
burning a tungsten filament.
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The tensile strength of tungsten is very high,
especially when it is in fine wires in the cold-
drawn state. Moreover, this high tensile strength
is well maintained at high temperature although
it falls off with increasing temperature. Below
room temperature, the tensile strength is lower
because of the glass-like characteristics of the

ANNEALED

Fig. 3 - Tungsten wire.

intergranular cement. Drawn tungsten at room
temperature is pliable but has no elongation when
broken in tension. Annealed or equiaxed wire is
very brittle and cannot be formed or bent at room
temperature, but if the temperature is raised to
between 3000 and 400°C, the wire becomes quite
ductile and can be bent or formed easily. If the
temperature is raised to between 15000 and 1700°C,
the grains in some lots of non-sag wire begin
to coalesce or grow, although in appearance they
are still fibrous; this grain growth results in
the brittle wire which gives so much trouble in
heater winding and forming. It is believed that
brittleness 1is primarily caused by this action
rather than by the formation of carbide from the
graphite left on the surface of the wire after
wire-drawing. All drawn-tungsten wire before
annealing is in a severely cold-worked condition,
which varies with the conditions of wire—drawing
for larger sizes. Variations in amount of cold
work cannot be measured but they have a decided
effect upon the annealing temperature, and cause

some wire to become brittle and other wire not
brittle, in spite of the close control in manu-
facture. Very small amounts of impurities must
also havea large effect on the annealing temper-
ature. Much time and money has been spent by the
lamp companies in an effort to control the work-
ing qualities of tungsten, but in the twenty-five
years, the results are none too satisfactory.

Tungsten possesses the highest modulus of
elasticity of all metals and it does not decrease
greatly, even at 10000C. A high elastic modulus
means great stiffness or strength, and requires
a larger load to produce a given deflection than
does a lower one. This is particularly important
for hook or support material. The elastic modu-
lus of tungsten is about twice that of nickel at
room temperature, and at 5000C it is about three
times as great. It may be noted here that the
mechanical properties of tungsten, as of other
metals, are affected by the grain size and rate
of loading in tensile testing, especially at
elevated temperatures.

The thermal properties of tungsten, such as
vapor pressure, rate of evaporation, heat con-
ductivity, thermal expansion, specific resistance,
electron emission, etc., have been thoroughly and
carefully determined by workers here and abroad
because of the importance of tungsten to the lamp
industry. The electrical resistance of tungsten
is about one-half that of nickel, and three times
that of copper at room temperature. The resist-
ance rises rapidly and this rise in resistance
gives us an easy means of measuring the operating
temperature of our tungsten heaters or filements.
This high coefficient of resistance of tungsten
permits a surge of current when a tungsten heater
is 1it which reduces somewhat the heating time
from what it might be if some other metal were
used.

The 1low thermal expansion of tungsten, about
4.6 x 1076/°C, is the lowest of all metals. The
thermal expansion of graphige is about 3.0, and
that of silica is 0.5 x 10™°. The expansion of
tungsten matches that of Nonex glass so closely
and the adhesion of the oxide to tungsten is
great enough to permit the makingof a good glass-
to-metal seal, with the result that tungsten is
extensively used for leads in power and transmit-
ting tubes utilizing Nonex or hard-glass seals.
Furthermore, its high electrical conductivity is
a decided advantage over other metals used in
seals especially where high-frequency currents
are carried.

Dr. Lederer has mentioned the fact that tung-
sten, when heated in an atmosphere of hydrocarbon
gas, forms two carbides which aid the emission

and emission 1life of thoriated fileaments. WxC
is more stable and, consequently, is the one
found after burning. Carburizing is used for

two reasons: to produce thorium from its oxide
more readily, and to retain the thorium on the
tungsten surface for a longer period. It is
particularly fortunate that we can produce thor-
ium slowly and continuously from finely divided
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thoria, because this process assures that the
filament will have a constantly replenished sur-
face of thorium atoms. If this were not the
case, an alloy of thorium and tungsten would very
rapidly lose 1its thorium and become depleted,
because the thorium would reach the surface much
more rapidly than a monatomic film could evapo-
rate, with the result that a polyatomic layer
would be formed and this would evaporate more
rapidly than a monatomic layer. When a carbur-
ized tungsten filament is burned, the tungsten
carbide disappears at a greater rate than can be
accounted for by the reaction between thoria and
the carbide. This disappearance must result
from the decomposition of the carbide and the
vaporization of carbon. A filament in a 50-watt
tube operated for 500 hours at normal voltage
would contain no carbide at the hottest part,
although the emission would show no serious dim-
inution. Apparently, the effect of the carbide
remains after its disappearance. The rate at
which the carbide disappears is a function of
not only the getter action but also the amount
of magnesium present.

MOLYBDENUM

In less pronounced form, molybdenum has the
characteristic properties of tungsten and conse-
quently, is used less widely in the lamp industry.
However, in the drawn state, it possesses a re-
spectable amount of ductility and elongation; even
after prolonged heating at elevated temperature,
the wire is not brittle. For this reason alone,
it has applications where it is preferable to
tungsten. We are using molybdenum for support
hooks, support rods, grid wire, filaments, plates,
seal-in-wire, getter tabs, and furnace windings
for high-temperature work. In power and transmit—
ting tubes, much molybdenum is used where nickel
is used in receiving tubes.

Because of 1its superior working properties,
drawing, rolling, and forming of molybdenum can
be performed at room temperature, whereas tung-
sten must be worked hot. In the cold-drawn
state, its properties are similar to those of
tungsten; when annealed, molybdenum behaves like
the ordinary ductile metal.

At one time, the greatest use of molybdenum
in receiving tubes was for grid wires, but now
it has been largely replaced by cheaper nickel
alloys which also have some other advantages.
Molybdenum is an excellent grid wire for several
reasons. Its thermal conductivity 1is high so
that heat is transmitted to the support rods
readily, it has good hot strength so that it does
not distort when subjected to grid bombardment,
it possesses ample ductility for making grids
which will retain their shapes, its thermal ex-
pansion 1is low so that there is less likelihood
of buckling in the tube if the grid is bombarded,
and the melting point is high enough to permit
thorough degassing. Six or seven years ago, mo-
lybdenum was used almost exclusively for grid
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wires but now its use in receiving tubes is limited
to a few flat grids where other materials can
not be substituted. There are several reasons
for this change to nickel alloys. We found that
manganese nickel, because of its contact potential
or lower grid emission, enabled us to obtain
greater power output from tubes like the 45, 46,
and 47. Then, too, more receiving types were
made with cylindrical grids which do not require
the hot strength of molybdenum and so nickel
alloys were cheaper and equally satisfactory.
Furthermore, molybdenum oxidizes readily and its
highest oxide is distinctly volatile even at at-
mospheric pressures. During the exhaust of a
tube, a molybdenum grid may become oxidized and
be subjected to positive ion bombardment if gas
is present. Under these conditions, molybdenum
or its lower oxides are deposited upon the cathode
which then loses its emission. For these reasons,
little molybdenum is now used for grid wires. It
has been replaced by manganese nickel, chrome
nickel, and even steel.

Molybdenum 1is also used in making support
hooks and leads or tips for tungsten filaments,
where the superior mechanical properties of mo-
lybdenum are required. In power tubes, molybde-
num tips are used between the tungsten filament
and the nickel lead not only for the sake of the
added hot strength at the operating temperature
and the lower vapor pressure, but also because
tungsten (and also molybdenum for that matter)
in contact with nickel would form a eutectic
which would fuse and fail at about 1300°C.

With the advent of metal tubes, molybdenum
became an important seal-in metal for hard glass,
such as 705AJ or 705BA which is used with Fernico
eyelets. The thermal expansion of molybdenum is
linear and does not match that of the glass as
well as does that of Fernico or Kovar, but the
muich better electrical conductivity of molybdenum
gives it a distinct advantage. The electrical
resistance of Fernico 1is high. Because of the
small size of the eyelets and short path in the
glass between eyelet and lead, the latter must be
kept as small as possible and be made of a metal
having good conductivity.

When we started to make metal tubes with
molybdenum seals, we felt it necessary to fire
the nickel-molybdenum-nickel leads in hydrogen

for one hour at 1100°C in order to remove from
the surface the carbon that gave gassy seals.
This treatment was disadvantageous and even

detrimental. At 11009, the nickel became ex—
ceedingly soft and sintered the leads together
so that it required a large number of girls to
separate them and to straighten them by rolling.
Also, some 1lots of molybdenum would recrystal-
lize near the nickel welds and become so brittle
that the leads were useless. We soon found that
the firing of these leads was unnecessary if the
wire before weldmaking was properly cleaned by
etching away the outer surface.

Molybdenum support wires are used in power
tubes Dbecause of their greater stiffness par-
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ticularly at elevated temperature, and also be-
cause they are readily degassed. Molybdenum is
also used for plates because of its high melting
point, low gas content, and its capability for
forming into useful shapes. However, its ther-
mal emissivity or ability to radiate heat is
quite poor as compared with graphite or carbon-
ized nickel. The thermal emissivity of molybde-
num plates can be improved somewhat by sandblast-
ing them.

Molybdenum getter tabs are used when barium
is to be flashed from barium—aluminum getter,
because aluminum does not alloy with molybdenum
as it does with nickel and a much higher flash-
ing temperature can- be reached.

In the manufacture of coiled—coil filaments
for present-day lamps, molybdenum has become im-
portant as a mandrel material because it is
soluble in dilute nitric acid while tungsten is
not. During the process of making these fila-
ments, very fine tungsten wire is wound on a mo-
lybdenum mandrel. This wire and mandrel are
then wound on another molybdenum mandrel. After
the wires are fired at elevated temperature to
set the tungsten, the mandrels are dissolved in
nitric acid. The coiled—coil filament is a more
efficient 1light source because of the concen-
tration of the filament into a small space.

As aheater for cathodes, pure molybdenum wire
is not particularly adapted, but alloys with tung-
sten have distinct advantages over pure tungsten
and were, accordingly, introduced about five years
ago. One of these from which H wire is made con-
tains 20 per cent tungsten and another from which
J wire is made contains 50 per cent. The melting
point, density, thermasl expansion, and stiffness
of these alloys are intermediate between those
of tungsten and molybdenum. H wire can be used
for heaters having cores that act as supports,
but coreless heaters are made with J wire which
is stiffer when hot and can support the insu-
lation without sagging. The advantage of using
these alloys arises chiefly from the better me-
chanical properties resulting from the addition
of molybdenum which gives ductility and freedom
from brittleness. The factory shrinkage, es-
pecially in wire drawing and cleaning, has been
reduced considerably by the use of H and J wires.
Heaters made from these wires bave some other
properties that are not understood because they
have not been thoroughly studied. When these
heaters are lighted intermittently, the heater
current rises above normel by an amount pro-
portional to the percentage of molybdenum in the
heater wire. This 1increase is not experienced
with tungsten heaters. Noise and hum with H and
J wires are somewhat lower than with tungsten.

Fig. 4 shows the effect of annealing tungsten,
molybdenum—-tungsten alloys, and molybdenum for a
period of 30 minutes at 1800°C. The upper section
for tungsten shows the elongated grains persist-—
ing; the center section for molybdenum-tungsten
alloy shows the recrystallization is complete;
and the lower section for molybdenum shows that

grain growth has occurred.

In some power tubes, molybdenum with 20 to 25
per cent tungsten is used for grid wire where
more strength is required than is obtainable with
molybdenum.

GSTEN ALLOYS

L

MOLYBDENUM

Fig. 4 - Effect of annealing W, Mo-W, and Mo
for period of 30 minutes at 18000C.

In general, molybdenum is useful principally
because it combines the high temperature proper-
ties of tungsten with the ductility found in the
ferrous and softer metals.

COPPER

Copper 1is used in vacuum tubes where good
electrical or thermal conductivity, easy reduc-
tion of the oxide, or softness are required. The
vapor pressure of copper is rather high so that
the temperature of copper parts in a vacuum tube
should not exceed 400° to 500°C. With the excep-
tion of aluminum, copper is more impervious to
hydrogen than any other metal. Its limited sol-
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ubility in iron and its suitable melting point
permit it to be used as a solder for joining iron
parts as mentioned previously.

Copper is readily oxidized and forms two ox-
ides, the red (cuprous), and the black (cupric).
Unfortunately, the cuprous oxide 1is soluble in
copper and remains in the grain boundaries where
it causes brittleness if the copper is heated
under reducing conditions.

Copper is used for 1lead wires because of
its flexibility, electrical conductivity, and
ease of soldering. For water-cooled anodes in
transmitting tubes, it is particularly useful
because of its ductility, high thermal conduc-
tivity, and imperviousness to gas. In recent
years, we have been using copper because of its
high thermal conductivity for grid support wire
in tubes where grid emission is important. The
disadvantages of copper for this purpose are the
lack of stiffness and difficulty of welding. The
stiffness of copper can be improved somewhat by
alloying copper with elements that have little
effect on the thermal conductivity, such as Ag,
¢d, Cr, Sn.

GLASS-TO-METAL SEALS

At the outset of this subject, it is well
to maeke a distinction between a metal-in-glags
seal, such as is made in all glass tubes and the
glass—in-metal seal 1like the eyelet-to-glass or
insert-to-glass seal of the metal tubes. The
difference 1is that in the former case, the wire
is imbedded in the glass and in the latter, the
metal surrounds the glass. This distinction is
jmportant because a metal that will make one
seal may not make the other, especially if the
seal is large. In making these seals, it 1is
highly desirable that the joint between glass and
metal be in compression to avoid the tendency for
the parts to separate. All materials and joints
are stronger in compression than in tension. In
order thal compression can be maintained in the
seal, the metal should have less expansion, or to
express it more exactly, less contraction than
the glass in a metal-in-glass seal; and in a
glass—in-metal seal, the glass should have the
lower contraction. The earliest seal-in metal
was platinum, because its expansion was approxi-
mately that of glass. Platinum forms no oxides
to complicate the seal and its electrical conduc-
tivity 1is good, being about equal to that of
nickel. Platinum was used exclusively until about
25 years ago when dumet was developed by Eldred
and Fink.

It happens that the thermal expansion of iron-
nickel alloys varies widely with composition and
that the expansion of some other alloys matches
that of glasses. The nickel alloys never made
good metal-in-glass seals; although with 48 per
cent Ni, the expansion was about that of platinum
but the electrical resistance was high and the
adhesion of the glass was poor. Eldred's idea
was to cover the iron-nickel alloy with a layer
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of copper which carried most of the current and
gave & better bond with the glass. When the cop—
per was added, the expansion was increased and as
a result the nickel content of the alloy was re-
duced to 42 per cent. Unfortunately, such a com-
pound wire which we call dumet, does not have a
simple expansion characteristic. The expansion
along the wire is about 25 per cent less than the
radial expansion. The expansion in length is 7.6
x 10-6 /oC and the radial expansion is 10.25 x
106 /9C. Accordingly, it is necessary to keep
these seals small by using a small wire of short
length. In order to improve the adhesion between
glass and dumet and to protect the latter from
excessitve oxidation during sealing-in, the wire
is covered with a layer of borax.

Chrome iron containing 27 per cent chromium has
very good adhesiog to glass and an expansion of
10.5 to 11.0 x 10=© /oC which is higher than that
of the soft glasses. This makes it suitable for
glass—-in-metal seals. Its electrical resistance
is high so that it is not desirable as a conduc-
tor for a metal-in-glass seal. More chromium
might be added to iron to reduce the expansion
but such metal, with present mill practice, is
unworkable. Iron with 17 per cent chromium has
about the same expansionas iron with 27 per cent
chromium, but the expansion increases slightly
faster at the higher temperatures, and every seal
made with it and No.l2 glass cracks.

In making chrome-iron-to-glass seals, it is
our practice to weld the chrome-iron ring into
the steel header or shell and then bright—anneal
the latter. This procedure cleans the steel shell
but covers the chrome iron with chromium oxide.
The glass is then sealed into the insert or ring
by pressing a mass of pasty glass into it. The
seal is very strong. Under comparable conditions,
seals with nickel-iron are much weaker and fre-
quently fail. Fig. 5 shows the expansion curves
of a soft glass and of the metals which are used
with it. Soft glasses have annealing tempera-
tures of about 430°C, and it is desirable that
the expansion of the glass and of the metal be
the same up to 4300, if the seal is to be free
from strain. This is seldom possible because the
expansions of glasses and of metals do not match
too well, and the problem is to keep the devia-
tion as low as possible.

Since the match between the metal and glass
is not good and often in the wrong direction, the
seal may be subjected to alternate tension and
compression. Furthermore, in the manufacture of
metal tubes where the glass and metal are hardly
ever at the same temperature until the tube is
finished, it seems somewhat useless to attempt an
exact match in the expansion characteristics.
Due to these differences in temperature, the
strength of the bond between the glass and the
metal is the 1limiting factor. This accounts for
the failure of the 17 per cent chrome-iron and of
the 50 per cent nickel-iron when sealed to soft
glasses.

We Dbelieve that the strength of the bond is
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governed entirely by the adhesion of the metallic
oxide to the metal which in turn isa function of
the thickness of the oxide. During the stem mak-
ing, the metal is oxidized and 27 per cent chrome
iron does not oxidize so readily especially if it
has been preoxidized in a partially burnt gas
atmosphere which oxidizes the chromium readily
but not the iron. Iron with 17 per cent chromium
oxidizes more readily, and copper or nickel-iron
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produce large quantities of oxides unless spe-
cially protected from oxidation. The glass is a
solution of a number of oxides and has a tendency
to dissolve the oxides of the seal-in metals but
the rate of solution is too slow to accemplish
the dissolving during the period of sealing-in.
Consequently, the seal consists of metal to me-
tallic oxide to glass in which the adhesion at
each Iinterface must be strong enough to resist
the stress introduced by the temperature grad-
ients. When the layer of oxide becomes heavy,
its thermal expansion which differs from that of
the metal exerts enough force to separate the
oxide from the metal. This separation results in
fissures because the oxides are brittle and lack
flexibility.

With hard glasses like Nonex, tungsten is
quite satisfactory but it must be protected from
excessive oxidation by beading the wire before
sealing-in. This operation of beading controls
the amount of oxide formed by restricting the
convection of air around the wire. The oxide of
tungsten 1is quite volatile so that the accumu-
lation is negligible, but erosion of the surface
should be avoided. Tungsten has the virtue of
high electrical conductivity, but it is too

brittle and quite expensive.

With the development of the metal tube, Fer-
nico and molybdenum were used with the hard glass
called G705BA, or No.704. This glass has an ex—
pansion somewhat greater than that of Nonex, and
so molybdenum was found suitable for the metal-in-
glass seal. The glass—in-metal seal was made with
eyelets of Fernico, or Kovar. These <:obalt-
nickel-iron alloys contain 18 per cent Co, 28 per
cent Ni, and small amounts of the impurities or-
dinarily present in steel.

Cobalt, when substituted for nickel, has
the property of reducing the thermal expansicn
of the corresponding nickel-iron alloy, and of
thus permitting it to be used with hard glasses
which have lower expansion than soft glasses.
Furthermore, adhesion is improved by the presence
of cobalt in the Jjoint, whether it is in the
glass or in the metal.

Fig. 6 shows the thermal expansion of the
hard glasses and of the metals which are ordi-
narily used with them. The best seals are those
in which the expansions of the glass and metal
are identical below the annealing temperature of
the glass. Above this temperature, the strains
caused by inequalities of expansion would disap-
pear in time. Because this condition of identi-
cal expansion is very difficult to attain, a
compromise is made by matching the average ther-
mal expansion between room temperature and the
annealing temperature of the glass.
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With larger seals, this compromise matching
is not sufficient and so Fernico was developed
to give a more nearly perfect match with glass.
Fernico is a distinct improvement but the match
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with glass is not exact and various heats of
Fernico differ in expansion. The reason for
this 1s that small amounts of some impurities or
slight variations in the major constituents have
a large effect on the thermal expansion. Carbon
has the greatest effect and its amount is diffi-
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cult to control because it is easily introduced
or lost during heating operations. Variations
in annealing and amount of cold work have an ef-
fect on the expansion of Fernico, but these are
not important except in large seals.



Lecture 9

GLASS AND ITS PROPERTIES

G. R. Shaw and C. A. Jacoby

DEFINITION

Various definitions of glass have been given
by different authorities but probably the most
logical one for our purpose is by Littleton and
Morey, who state that glass is an industrial ma-
terial obtained by melting together various in-
organic oxides (or compounds that yield oxides
by decomposition during the melting process) and
cooling the resulting solution so that crystal-
lization does not take place.

COMPOSITION

The various physical properties of glass are
determined primarily by the chemical composition
of it. The glasses commonly used for radio tubes
may be divided generally into soft and hard
glasses depending upon the temperature required
for working them.

In the soft-glass group, we have the soda-
potash-lead glasses identified as No.l, No.l2,
and No.816 (81,KW), together with the soda-lime
glass identified as No.8. The soda-potash-lead
glasses are used for tube stems where dumet lead
wires are sealed into the glass stem press. They
may also be used for chrome-iron seals, as in
button stems. The soda-lime glass is used for
bulbs of radio tubes which are sealed to lead-
glass stems. This glass is also used for some
special tubes, such as gas phototubes. In this
case, it is wused because it is not attacked by
the caesium.

In the hard-glass group, we have the lead-boro-
silicate glass No.772 (702P), and the boro-sili-
cate glasses No.774 (726MX) and No.704 (‘705BA).
The lead—-borosilicate glass has the trade name
Nonex and is used for tube stems where tungsten
lead wires are sealed into the glass stem press.
It is also used for bulbs. The borosilicate
glass 77, (726MX) is a chemical-resistant glass
and has the trade name Pyrex. It is used for
transmitting and cathode-ray tube bulbs. The 704
(705BA) glass is used with Fernico metal seals
and molybdenum lead-wire seals in metal tubes.

All of these glasses contein, and have as their
base, silica which is obtained from sand. The
amount ranges from 57 to 72 per cent in the soft
glasses and from 72 to 81 per cent in the hard
glasses. Another important constituent common
to all the glasses is sodium oxide. The amount
ranges from 3 to 4 per cent in the No.816 glass
and 1is about 17 per cent in the No.8 glass. Of
all the constituents customarily present in glass,
sodium oxide 1is the one which does most to de-
crease the resistance of the glass.

All of these glasses contain some potassium
oxlde. The amount ranges from that present as
an impurity to 10 per cent in some of the soda-

potash-lead glasses. It serves approximately the
same purpose as sodium oxide in respect to lower-
ing the viscosity and raising the coefficient of
expansion, but gives a substantially higher re-
sistance than does an equivalent amount of sodium
oxide.

The hard glasses are essentially borosilicates.
Pyrex contains about 81 per centof 5105 amd some-
what over 10 per cent of B203. This composition
serves as the base for the rest of the series,
each one being suitably modified to accomplish
the purposes for which it is intended. Nonex,
for example, has a percentage of the silica re-
placed by lead oxide and the result is a glass
in which the resistance is much improved, even
though the viscosity range is lowered somewhat.

In general, the chemical compositions of the
different glasses may be represented by the fol-
lowing equations, where x, y, and z are variable
percentages of the various constituents.

Lead Glasses

x 5102 + y PbO + 2 Nay0 + ....
Lime Glasses

x S102 + y Ca0 + z Na0 + ....
Borosilicate Glasses

x Si0 + y B203 + z Nap0 + ....

CONSTITUTION

Recent speculations on the constitution of
glass based on x-ray evidence and studies of glass
by means of x-rays indicate that the glassy state
is distinguished by a continuous, randomly ori-
ented networkof atoms. Picture diagrams of soda-
silica glass a&d lead-oxide-silica glass are
shown in Figs. 1* and 22, respectively.

PRODUCTION OF GLASS PARTS

Lime-glass bulbs in large quantities are pro-
duced largely on the Corning, continuous-ribbon-
type, bulb-blowing machine. Glass flows from a
melting tank to a forehearth, thence through a

1 B. E. Warren and A. D. Loring, "X-ray Diffrac-
tion Study of the Structure of Soda-Silica Glass,"
Jour. Amer. Ceramic Soc., Vol. 18, No.9, p. 275;
1935.

2 George J. Bair, "The Constitution of Lead-
Oxide Silica Glass,"I. Atomic Arrangement, Jour.
Amer. Ceramic Soc., Vol. 19, No.12, p. 346; 1936.
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vertical orifice, and down between two rollers
which deliver a flat ribbon of glass to a hori-
zontal ribbon conveyor. As the glass ribbon pro-
gresses, the glass sags through holes spaced
about 3.9 inches on centers in the plates of the
conveyor. Blowheads traveling on top of the rib-
bon conveyor blow air down into the holes and
form partially blown bulbs. At the same time,

Fig. 1 - Schematic arrangement of atoms in
a soda silica glass.
(Courtesy of American Ceramic Society)

Fig. 2 - Atomic arrangement in lead-oxide
silica glass.
(Courtesy of American Ceramic Society)

molds traveling below meet and close around the
partially blown bulbs into which air continues
to be Dblown while the molds revolve around the
bulb to prevent mold marks. In the final opera-
tion, the blowheads leave the ribbon, the molds
open up, and the bulb is exposed to be cracked
away from the ribbon by a hammer mechanism. The
unused glass or cullet is returned to the tank
for remelting while the bulbs are transferred
by conveyor belt to an annealing oven. A more
detalled description has been given by F. W.
Preston.3

Lead-glass tubing is drawn continuously on the
Danner-type, tube-drawing machine. Molten glass
flows from a forehearth over a weir and down to
a large, revolving, tapered mandrel set at an
angle. Air is blown through the hollow mandrel
as 1t revolves and the hollow cylindrical form
of glass 1is drawn down to the proper size as it
cools into a continuous piece of tubing. The
diameter and wall thickness are controlled by the
rate of flow of glass, speed of mandrel, rate of
draw, and air pressure. At the end of the draw-

3 F. W. Preston, "New Lamps for 01d," Glass In-
dustry, Vol. 12, No.8, pp. 159-165; August, 1931.

92

ing operation, the glass is cut into lengths or
sticks by an automatic cutting wheel. The tubing
is then gauged, weighed, and sorted before being
wrapped and packed in bundles.

The glass-melting process consists of a fusion
of all batch particles into a homogeneous mass.
For closed pots, a temperature of 14009C is the
practical limit, but open pots having no crown
to be considered may be somewhat hotter. 1In
tanks, temperatures go as high as 1500°C or
slightly more, with occasional instances of the
more refractory glasses requiring even higher
temperatures. The degree of fluidity attained
is dependent on the method of fabrication to be
employed.

The following tabulation shows the approximate
working temperatures for soft glassand hard glass
during the manufacturing operations of flare mak-
ing, stem making, snd sealing-in.

Working Temperature

Operation oQ
Soft Glass | Hard Glass
Flare Making 800 1000
Stem Making 1000 1250
Sealing-In 1050 1300

At one time, it was believed that the physical
properties of glasses were affected by the ther-
mal treatment of the glass in the molten condi-
tion. Later, it was disccvered that dissolved
clays of the melting container caused the forma-
tion of a glass of a new composition and conse-—
quently of new physical properties.

Glass will crystallize in time below some def-
inite temperature called the devitrification or
liquidus temperature. If fabrication can be ac-
complished above this temperature, then there is
slight danger from devitrification during cool-
ing, since the cooling of the fabricated article
is always rapid until the annealing zone is
reached. Commercial glasses, of course, will not
devitrify in the annealing zone in the time re-
quired to anneal. The glasses more fluid at the
liquidus temperature are more easily devitrified.

PHYSICAL PROPERTIES

The chart shown in Table I is for general ref-
erence and shows the principal physical proper-
ties of the glasses used in radio-tube manufac-
ture. From the columns for the refractive index
and density, it will be noted that the refrac-
tive index 1is higher in the case of the heavier
glasses.

. Viscosit

The viscosity ofa glass is of prime importance
because it determines the working range of temp-
erature during the fabrication of the article to
be made. Viscosity is that property of a mater-
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ial oar mixture which resists flowing when a force
is exerted upon it. The unit of viscosity is the
poise. It is defined as the force exerted tan-
gentially on one square centimeter of either of
two horizontal planesone centimeter apart, which
will move the one plene at the rate of 1 cm/sec.
with reference to the other, the space between
the two plenes being filled with the viscous
liquid. Expressing this definition by an equa-
tion, we have

where,

viscosity in poises
force in dymes
surface in sq.cm.
velocity in cm/sec.

o

< > g

or the time when the glass is drawn from the pot
or tank, its viscosity should be 105 poises. For
purposes of comparison, the viscosities of some
other substances at room temperature are:

Substance Viscosity
Poises
Water 0.01
Glycerine 10
Glucose 1000

melting point but the softening point of all
glasses is designated in this country as the
temperature corresponding to adefinite viscosity
of 4.5 x 107 poises. As a check on the menufac—
turing operations in the glass works, the follow-
ing test has been installed. The softening point
is determined as that temperature in degrees
Centigrade at which a glass fiber (diam. = 0.55
to 0.75mm+ 0.0l mm; length = 23.5 cm) will elon-
gate under its own weight in a special furnace
at the rate of 1 mm/min. Commercial variations
permitted in the value of this constant are: + 59C
for glesses having a coefficient of expansion per
9C above 50 x 10~7, and * 10°C for glasses below
50 x 10~7.

3)_Annealing Point — The annealing point
is designated as that temperature corresponding
to a viscosity of 2.5 x 10 3 poises. It is also
defined as the temperature at which 90 per cent
of the strain in the glass is removed in 15 min-
utes in a glass sample 1/4 inch in thickness.
This temperature is sometimes called the upper
annealing temperature.

4) Strain_Point — The strain point is
designated as that temperature corresponding to
a viscosity of 4.0 x 1044 poises. It is also de-
fined as the temperature at which 90 per cent of
the strain is removed in 4 hours in a glass sam-
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ple 1/4 inch in thickness. This temperature is
sometimes called the lower annealing temperature
below which permanent strain is not introduced
at ordinary rates of cooling and above which an-
nealed glass cannot be reheated without introduc-
ing permanent strain and requiring a reannealing
to remove the strain.

5)_Viscosity Curves — Fig. 3 shows the
viscosity curves of glasses No.l, No.8, No.l2,
Nonex, and Pyrex. The temperatures at the fabri-
cating point of 10° poises for eachof the glasses
are indicated on the curves as are also the temp-
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Fig. 3 - Viscosity curves of several glasses.

eratures at the softening point of 4.5 x 107
poises. Fig. 4 gives graphical data on a contin-
uation of the viscosity of the various glasses
down into the lower temperature ranges. These
curves are logarithmic and are of the form

A
A T
log p = E-+ B, or p =B ¢
where,
p = viscosity in poises
T = absolute temperature in degrees
A and B = constants.

in connection with glass is not the same term as
is used in connection with metals which lose
their hardness when heated. When glass is an-
nealed, the internal stress is removed without
the glass becoming soft. Technicually, annealing
consists of the removal of a portion of the stress
by a heating schedule and then cooling the glass
at acertain rate so as to allow a desired amount
of stress to remszin in the glass at room temper-
ature.
The
used when
force per
formation

terms stress and strain are frequently
annealing is discussed. Stress is the
unit of area. Strain is a relative de-
resulting from a stress. The relation
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between stress and strain 1is given by the equa-
tion
F = SE
where,
F = the stress in kg/cm?
S = the strain in cm/cm
E = the modulus of elasticity in kg/cm?

The study of strains in glass involves the
theories of elasticity and heat conduction. When
a slab of glass of certain thickness is heated,
a temperature gradient is set up by the conduc-
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Fig. 4 - Viscosity of glasses between annealing
and strain points. The intersection of 1lines
A, B, C, D, and E with the viscosity curves for
the various glasses indicate the temperature
intervals at which the viscosities are doubled,
as shown in the tabulation immediately preced-
ing Table II.

tion of heat from the outer to the inner layers
through the glass. The outer layers are hottest
and any movement is resisted by the inner layers
of the glass. The result is a compression in the
outer layers and a tension in the middle. If,
now, the temperature is allowed to become uniform
throughout, then the thermal gradient, and hence
the stress, will disappear. When the glass is
cooled, the reverse condition is true. There is
a tension in the outer layers and a compression
in the middle. Strain introduced in the glass
by removal of the temperature gradient is called
ordinary or permanent strain. Strain introduced
by viscous yielding of the glass when it is be-
ginning to cool 1is called reverse or temporary
strain. Glass may receive a permanent strain
when cooled from a high temperature down to a
room temperature.
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Fig. 5 shows a piece of glass 2centimeters
thick cooled froma high temperature, i.e., above
the annealing range. A permanent strain is intro-
duced when the temperature gradient is smoothed
out as the glass cools to room temperature. If

the amownt of permanent strain exceeds the
strength of the glass, a fracture will occur.
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