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FOREWORD

The fifty-three articles in this book were written by
RCA engineers and scientiststo acquaint RCA tube en-
gineers, particularly those of limited tube experience,
with the terminology, objectives, problems, and tech-
niques peculiar to electron tubes. Thearticles are in-
tended to provide the basic principles underlying the
design, manufacture, andapplication of the many pres-
ent-day varieties of tubes.

Because this book is a compilation of articles by
authors, each writing more or less independently, dup-
lication will be encountered. In this kind of material,
however, duplication is desirable. First, some dupli-
cation is necessary to help keep individual articles
complete in themselves; second, some repetition may
assist the reader in acquiring information faster; and,
most important, different treatments of similar sub-
jects illustrate how tube design is affected by the dif-
ferent design objectives and the different environments
of individual authors.

In general, the treatment is non-mathematical and
free of detailed descriptions which often are subject to
change. For more detailed treatment, the reader is
referred to the references and bibliography at the end
of most articles. References to published material
list the publications; those to unpublished information
show a code, the key to which is available to author-
ized persons through RCA Electron Tube Division li-
brarians.

Because the preparation of these articles extended
over several years, some authors are no longer as-
sociated with the design activities which they discuss.
In such cases, however, the authors' names are shown
in the article captions with the locations where the
preparation of the articles took place. Most articles
involved the cooperation of associates of the authors.
These contributions are gratefully acknowledged by the
authors.

This book is the result of a strong management de-
sire, supported by the Engineering Education Commit-
tees at Harrison and Lancaster, to bring the original
Vacuum Tube Design book uptodate. It was recognized
that the earlier book had played a very important role
in the orientation, training, and development of RCA
tube-design engineers, that a revised edition would
supplement and strengthen the programs conducted by
the education committees, and that engineering super-
vision would benefit greatly if new engineers had ac-
cess to basic tube-design know-how written by RCA
authorities.

An early step in implementing the program for the
revised book was the formation by Dr. G. R. Shaw,
then chief engineer of the Electron Tube Division, of a
steering committee under the chairmanship of J. F.
Hirlinger. From the first, this committee worked
closely with the education committees, who had the re-
sponsibility of choosing subject matter, selecting and
appointing authors, and guiding and encouraging authors
in the completion of their assignments.

Much progress was made, but a greater and more
concerted effort was needed to carry the program
throughto prompt completion. As a result, R. S. Bur-
nap, Manager of Commercial Engineering, on his re-
tirement, was appointed a consultant to the RCA Elec-
tron Tube Division with his most important and essen-
tially full-time assignment the completion of the
Electron Tube Design book. With the establishment of
new schedules and through the special efforts of com-
mitteemen, authors, and reviewers to complete their
commitments, the job was finished.

The names of contributing committee members dur-
ing the preparation of thebook, together with the names
of those who reviewed or edited articles follow. The
contributions of these people and of the men who car-
ried the heaviest load, the authors, are hereby acknow-
ledged with the sincerest of thanks.

R. S. Burnap

Consultant to the Electron
Tube Division
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Fundamentals of Electron Emission

L. S. Nergaard

Princeton

ELEMENTARY CONSIDERATIONS

In the preparation of this article on electron emis-
sion, two courses seemed open: (1) to give brief de-
scriptions of the various emission mechanisms and then
topresent a substantial amount of data relating to these
mechanisms, or (2) to give a more detailed elementary
exposition of the physical phenomena involved and then
to illustrate them in some detail with a particular ex-
ample, the oxide cathode. The latter alternative seemed
preferable because a comprehensive literature survey
can make boring reading and, more important, it was
believed that an elementary discussion of the physical
phenomena involved in electron emission would prepare
the way for a study of the vast literature on the subject
and, at the very least, provide a lexicon for the reading
of this literature. Accordingly, the second course was
adopted.

In the subsequent discussion, the viewpoint will be
quite elementary and even mechanistic where possible.
Tothis writer, barium oxide on a cathode is not a white
coating of "'gunk' prepared by a complicated bit of witch-
craft. The writer has no complaint with witchcraft but
he regards the end result in this case as a collection of
crystallites, each containing an orderly array of very
tangible spherical barium and oxygen ions stacked al-
ternately. It is just this kind of mental imagery that
the writer hopes to convey so that atoms, ions, and
other elementary particles will have the reality of the
balls onapool table. Then the interactions of particles
are easy to visualize and to remember. As long as the
behavior conforms to classical mechanics, visualiza-
tion is easy, butdifficulties arise when quantum effects
enter and particles display wavelike properties. These
difficulties may be surmounted for the most part by
considering electrons and photons as short wave trains
("wave-packets') and invoking the familiar concepts of
physical optics. The quantum effects which are of con-
cern are: (1) the dual nature of particles, (2) the quan-
tization of energy, and (3) quantum statistics.

The Dual Nature of Particles

The wave theory of light, which accounts for the nu-
merous interference effects observed in optics and ra-
dio propagation, was firmly entrenched when Planck
showed that the spectral distribution of radiation from
a black body can be accountedforby assuming that ra-
diation occurs in energy particles (quanta) of size h p,

where h is a constant (Planck's constant) and v is the
frequency of the light. When it was shown that the
photoelectric threshold for metals is given by

hv = ¢ (1)

where v, isthelowest light frequency at which photo-
emissionoccursand ¢ isthe work function of the met-
al, the evidence for quanta was overwhelming. Be-
cause both the wave characteristics and particle char-
acteristics are requiredto encompass optical phenom-
ena, the particles ("'photons'') may be thought of as
wave trains characterized by a frequency, yet local-
ized in space so that they are in a sense particles. As
noted above, the energy of a photon is

€e=hy (2)

The momentum p of a photon is equal to its energy di-
vided by its velocity (the velocity of light c), or

h h
T ®

where X is the wave length

This value for the momentum was precisely demon-
strated by A. H. Compton in 1922.

In 1924, deBroglie suggested that electrons, which
are normally considered particles, might also display
wave properties. He associated a wave length

x= ()

p

with the electrons. This relation is the same as that
found for photons. In 1925, Walter Elsasser suggesteg
that electrons should display diffraction phenomena.
Diffraction effects in accord with the above relation
were found in 1927 by Davisson and Germer and by
G. P. Thomson.*™ Thus both electrons and photons
can be visualized as wave trains.

*See Mott, N. F., and R. W, Gurney, Electronic Process in
Ionic Crystals, Oxford University Press, London, 1950.

**The electron wave length canbe written )= (1.1x10-7)/v1/2
cm where V is the energy of the electron in volts. Hence, an

100-volt electron has a wave length of about 1078 cm, or about
a lattice spacing for a metal. It is this short wave length that

gives the electron microscope its high resolution.




ELECTRON TUBE DESIGN

Quantization of Energy

The possible energy states of a system are discrete.
The energy losses and gains of a system correspond to
transitions between the discrete states and, thus, are
also discrete. This discreteness of the energy states
may be regarded as a consequence of the wave nature
of particles. (See Appendix A.) In some systems, the
energy states are so closely spaced that the thermal
energy kT (k= Boltzmann's constant, T = absolute tem-
perature) of the particles constituting the system can
cause transitions between states. In suchsystems, the
states may be regarded as a continuous band of states.

Quantum Statistics

Indescribing the equilibriumdistribution of particles
among possible energy states, two Kinds of statistics
are possible: Fermi-Dirac statistics and Bose-Ein-
stein statistics.

Fermi-Dirac Statistics. These statistics, which ap-
ply to atoms, ions, and electrons, state that the proba-
bility that a state of energy be occupied by a particle is
given by the expression

1

5
1 + exp [( € - eF)/kT] )

where € is the state of energy of the electron, and
€p isthe Fermi-energy, the energy at which the prob-
ability of occupancy is one-half. In Appendix B it is
shownthat transitions in a system obeying Fermi-Dirac
statistics may be regarded as bimolecular and that, ex-
cept for electrons, each state may be occupied by only
one particle; in the case of electrons, each state may
be occupied by two electrons if their spins are oppositely
directed.

Bose-Einstein Statistics. These statistics apply to
photons and phonons (the energy quanta of lattice vi-
brations) and state that the probability that a state of
energy € be occupied may be expressed as

1
exp (€ /KT) -1 (8

We will have no need for the Bose-Einstein statistics.

The subsequent discussion will consist of a brief in-
troductiontosolid-state physics and will lay the ground
work for the discussion of electron-emission processes.
The emission processes involved in thermionic emis-
sion, field emission, photo-emission, and secondary
emission will then be outlined. Finally, the physics
of the oxide cathode will be discussed in some detail.
The oxide cathode is the bread and butter of the tube
industry and particular attention to this emitter is well
justified.

ELEMENTARY SOLID-STATE PHYSICS
If all that an emitter did was to emit electrons co-

*The following books on solid-state physics are standard; Kittel
is the latest and, in some ways, the most readable; Seitz, F.,
The Modern Theory of Solids, McGraw-Hill, New York, 1940;
Mott, N, F., and R. W. Gurney, Electronic Process in Ionic
Crystals, Oxford University Press, London, 1950; Kittel, C.,
ir;’t;‘é) uction to Solid State Physics, Wiley and Sons, New York,

2

piously, life would be simple. However, such is not
the case; an electron emitter also emits atoms and
molecules as well, and may absorb atoms and mole-
cules from ambient gases. The emission and absorp-
tion of atoms and molecules changes the constitution of
the emitter and alters its emitting properties. There-
fore, it is necessary to consider some properties of
solids other than their electron-emitting properties if
the behavior of emitters is to be understood.

Some Properties of Solids

A solidis an assemblage of atoms or ions. The par-
ent atoms can be thought of as almost rigid spheres
each consisting of a positively charged nucleus sur-
rounded by electrons. Outside of this core of nucleus
and electrons are afew electrons (the valence electrons)
which determine the chemical properties of the atoms.
The total charge carried by the core electrons and the
valence electrons is equal to the nuclear charge so that
the net charge on an atom is zero. When atoms are
packed together that may share electrons, i.e., the
valence electrons of one atom may spend part of the
time on neighboring atoms. When this sharing occurs,
the crystal is said to be covalently bound. Germanium
and siliconare examples of covalent crystals. Another
possibility exists when a crystal contains atoms of two
or morekinds. Then, thevalence electrons of one con-
stituent may transfer toatoms of another constituent to
form positive and negative ions; the ions are held to-
gether by coulomb forces. Such crystals are called
ionic crystals. The alkali-halides, such as NaC1l, are
examples of ionic crystals. Ineither event, the crystal
canbe regarded as made up of stacked spheres. Fig. 1
shows a two-dimensional model of a crystal; each ball
bearing represents anionor anatom. This model gives
an effective visualization of howa crystal is constituted
and illustrates several of the defects that occur in real
crystals. A lattice vacancy is obvious and the slip
plane of a dislocation due to the non-uniform strain on
the boundary is quite visible. Fig. 2 shows the effect
of an "impurity'' (an oversize atom) on the crystal. No -
tice that the crystal makes room for the impurity by
leaving vacancies.

How well the packed-sphere model is borne out in
realcrystals is shown by thefact that Goldschmidt was
able to select a set of numbers, one assigned to each
ion, such that the sums of the numbers associated with
any pair of ions gave the lattice spacing of the crystal
formed from the ions. These numbers are called
iox}lic radii and range from0.07 A for F7- to 2.94 A for
Sn*t.

Although the atoms are almost rigid, they still can
move somewhat and they do move with an energy of mo-
tion that depends on the temperature. The energy
stored in atomic or ionic motion is responsible, in
large part, for the specific heat of solids; the remain-
der of the specific heat is due to the heat motion of
electrons.

Some effects of this heat motion are illustrated in

*Tables of ionic radii are to be found in Seitz, F., The Modern
Theory of Solids, McGraw-Hill, New York, 1940
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Fig. 3. This is an energy diagram in which the energy
of a particle is shown vertically and its position hori-
zontally. The binding energy of the atoms is shown by
the periodic curve; it shows the potential energy that
must be surmounted for an atom to jump from a normal
lattice site, near a minimum, to an adjacent lattice
site. Such a jump can occur when: (1) an atom picks
up enough thermal energy to surmount the potential
hill and (2) an adjacent lattice site is vacant. This jump
process is the vacancy mechanism for self-diffusion
and the energy €p is the activation energy for self-
diffusion. Notice that where the crystal terminates on
the right, there is a potential barrier of height AH.
When a surface atom picks up enough thermal energy
to surmount this hill it is '"free' and can escape from
the solid. The value AH, then, is the heat of sublima-
tion.

SLIP PLANE
VACANCY
X
O /

Figure 1. Ball-Bearing Model of a Two-Dimensional
Crystal with Several Common Crystal Defects —
Vacancies and Dislocations

In ionic crystals, where the binding energy is coul-
ombic, an applied electric field tilts the energy level
diagram as shown in Fig. 4. Then, the probability of
a negativeion acquiring enoughthermal energy to sur-
mount the hill on the right is greater than the proba-
bility of getting enough energy to surmount the hill on

the left. Consequently, if there are vacancies in the
negative lattice, negative ions will drift to the right.
Similarly, positive ions will drift to the left. These

processes constitute electrolysis. The activation en-
ergy for electrolysis differsby very little from that for
diffusion and in practice is the same.

The evaporation process mentioned above has its
counterpart inabsorption. This counterpart must exist
or all solids would evaporate away in time — some in
avery shorttime. The factis that solids are in equilib-

rium with their surroundings. Such an equilibrium is
illustrated in Fig. 5. The figure shows schematically
a solid having N sites that a particular constituent can
occupy, ng of which are occupied. Also shown is the
vapor phase which has N, sites for the same constituent,
of which ny are occupied. The rate at which particles
move from the solid to the vapor phase and from the
vapor tothe solid phase is discussed in Appendix B; the
equilibrium formula is found to be (in the notation of
Fig. 5)

ng NeWyp = ny (N - ng) Wy (7)

where W5 is the probability that the constituent of
concern moves from state 1 to state 2 in unit time (see
Appendix B)

Wa1
—— = exp ( AH/kT) (8)
w
12
and AH = the latent heat of sublimation.

It frequently happens that
n << N 9)

then Ne
n, = nS?exp (- AH/KT) (10)

Eq. (10)says that the number of particles in the vapor
phase isdirectly proportional tothe number in the solid
phase and that their ratio is determined very sensitively
by the latent heat of sublimation AH; conversely, to
maintain a certain constituent in a solid phase, a cer-
tain vapor pressure of this constituent must be main-
tained about it. When the latent heat is high, the re-
quired pressure may be very small indeed but is still
finite.

(¢

Figure 2. Ball-Bearing Model of a Two-Dimensional
Crystal with Impurities (Over-size Balls). (Note that
the crystal accommodates the impurities by
forming vacancies and dislocations)
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Figure 4. The Peviodic Electric Field with a Voltage

Applied to an Ionic Crystal

SOLID VAPOR
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ng OCCUPIED ny OCCUPIED

Figure 5. Solid-Vapor Relationships in the Equilibrium
Between a Solid and a ""Vacuum"'

If the ambient vapor is continuously pumped away,
the ''saturated emission" current is the product of ny,
and the mean thermalvelocity is normal to the surface.
This velocity is given by

_ 1_
V=3V (11)
where Vv = 8 kT
7 m

m = the mass of the particle

1

(\—zn~ 107 ¢cm sec~! at room temperature)

Thus the particle current density, i.e., the rate of
evaporation per square centimeter,is given by

ip = ny ¥ (12)

Electronic Properties of Solids

Band Structure. The discussion so far has related
tothe atomic constituents of solids. It is now pertinent
to consider the behavior of electrons within the atoms
or ions that constitute the solid.

As has been noted earlier, an atom in free space
consists of a compact nucleus carrying an integral num-
ber of positive electronic charges surrounded by an
equal number of electrons. To free each electron from
the nuclearfield requires a specific amount of energy.
This situation is illustrared in Fig. 6 which shows the
energy-leveldiagram of a valence electron of a simple
atom. The energy level of the electron is shown as at
1 in thefigure, together with an excitation level for this
electron at le. To raise the electron into the bottom
of the continuum of free energy states, requires the
ionization energy €. Whenatoms are compacted into
a crystal, the forces between atoms shift the electron
energy levels in much the same way that coupling two
isochronous tuned circuits changes the resonant fre-
quencies. Justas the resonant frequencies of a pair of
coupled circuits must be ascribed to the circuits in
combination and not to each circuit individually, the
energy levels of the atoms ''split" to form a band of
permitted levels which must be associated with the crys-
tal as a whole instead of with individual atoms. The
"splitting'' of the uppermost atomic level and its exci-
tation level may occur in one of two ways depending on
the atoms involved. First, the !'splitting' may occur
insuch a way that the resultantbands of levels overlap
each other and the free electron continuum above the
surface potential barrier or second, the splitting may
occur insuch a way that the resultant bands of occupied
and unoccupied levels do not overlap. Fig. 7 illustrates
the ocurrence of such overlapping. In this case, there
are about as many free electrons as there are atoms
and the material is metallic. Such materials have high
conductivity. To be emitted, an electron needs to ac-
quire an energy sufficient to surmount the surface bar-
rier ¢ in Fig. 7, where ¢ is the work function of the
metal and is the same as the photoelectric threshold.
The case where overlapping does not occur is illus-
trated in Fig. 8. In this case, there is a region of
width € . which cannot be occupied by electrons; this
region is called the '"forbidden gap. '* Materials with a
gap between the occupied and free electron bands are
semiconductors or insulators. To obtain conductivity,
electrons must be thermally excited sothat their energy
is high enough to enable them to cross thegap into free
electron levels.

>-
&
w
P4 ?
w 1e + €, EXCITATION LEVEL
Z €e
& 1 VALENCE LEVEL
e
(&)
w
-
w
DISTANCE

Figure 6. Enevgy-Level Diagram of a Simple Atom
Containing Two Electrons
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Figure 8. '"Splitting' of enevgy levels of atoms in a cvystal to form bands. If the bands do not overiap, a for-

bidden gap forms and the cvystal is, thevefore, a semiconductor ov insulator.

Except at absolute zerotemperature, where the filled
band is actually full and the free states are empty, some
electrons from the 'filled" band are always in the
"empty' states. Toavoid this contradictory nomencla-
ture, it is advisable to introduce other terms for these
bands at this point. Becausethe filled band is occupied
by valence electrons, it is called the valence band.
Because electrons in the free states can conduct, this
band of states is called the conduction band. It now re-
mains to compute how many electrons from the valence
band are to befound in the conduction band at any tem-
perature. The conduction band has N, states that may
be occupied. Because the density of states in the va-
lenceband is so high, it may be regarded as also having
N, states which may be occupied. Suppose n electrons
from the valence band are in the conduction band. The
equilibrium number of such electrons is given by

(N, - nf Wyp = n2 Wy, (13)
Because n <N, for all reasonable temperatures
Wio. &
n=N, (—2)2= N, exp(-€4/2kT)  (14)
Wa1

where €g is the band-gap energy

Therefore, the activation energy for the thermal exci-
tation of electrons into the conduction band is one-half
of the bandgap energy. Because there are as many
missing electrons ("holes') in the filled band as there
are electrons in the conduction band, the Fermi level
lies half-way between bands. The semiconductor or
insulator is then said to be "intrinsic." To evaporate,
an electron in the free energy states (the conduction
band) must acquire an additional energy X. This en-
ergy is equalto the energy difference between the low-
est conduction band levels (the only ones occupied at
reasonable temperatures) and the surface barrier.
Thus, the thermionic work function is X + eg/z.

Conductivity. If there are no electrons in the con-
ductionband of a solid, or no holes in the valence band,
the solid is non-conducting. The first part of the fore-
going statement is obvious, the latter may require ex-
planation. If all of the levels of a band, separated from
other bands by substantially more than the thermal en-
ergy of the electrons, are occupied, no electron in the
band can be accelerated. Acceleration would result in
an increase in energy, and there are no empty energy
states into which the electron can move. Hence, solids
with large band-gaps are insulators. Electrons in the
conductionband of a solid have many unoccupied states

5
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into which they can move, so they can be accelerated.
Similarly, holes in the valence band open up energy
states into which electrons can move, thus permitting
acceleration. Whenever an electron moves into an un-
occupied state in the valence band, it leaves a ""hole"
behind just as do atoms in vacancy diffusion. It is con-
venient to think of the hole rather than the electrons
as moving. The hole then acts like a positive charge.
In summary, both conduction electrons and valence-
band holes can act as charge carriers; the former are
negative (n-type), the latter are positive (p-type).

Both electrons and holes move with thermal veloc-
ities, velocities of the order of 107 cm per sec. In so
doing, they collide withlattice atoms or impurities now
and then. If the average distance between collisions is
L, the average time between collisions is

<l|

T= (15)

where V is the thermal velocity,
fined

as previously de-

In the presence of an electric field E, an electron
or hole, starting from rest, moves a distance
s = (q/2m)Et in a time t. When t = T the electron
makes a collision and must start from rest again.

Hence

L-14g ;2 (16)

2 m

And the average drift velocity due to the field is

Ve—==——E T == ——E (1

This equation is not exactbecause some electrons have
a remanent forward component of velocity after a col-
lision and others moving at angles to the field are scat-
tered forward. A more refined computation taking
these effects into account leads to

vV = E (18)

3 oo
<]

q
m
instead of Eq. (17).

In both computations, it has been assumed that v is
small comparedto V sothatthe collision time is deter-
mined by the thermal velocity. This assumption is
valid for all the usual applied voltages. The ratio of
drift velocity to field is called the mobility 1, where
8 L

= v

=)

where Eq. (18) hasbeenused instead of the less exact
Eq. (17)

Note that in many solids, the apparent mass of elec-
trons and holes is not the free-space mass of elec-
trons. Due to the periodic fields they see in crystals,
their masses may be as small as a few per cent of the
free-electron mass and theoretically may become nega-
tive in certain instances. These apparent or effective
masses, as they are called, are usually denoted by m*.

6

The conductivity, then, is the product of the number
of carriers, the chargethey carry, and the mobility, or

o =nqu (20)

The diffusion of electrons or holes — or
atoms, ions, or molecules, for that matter -- occurs
when their density varies from point to point. This
variation in density gives rise to a current in the ab-
sence of an electric field and is important in many
semiconductor devices, including transistors. To il-
lustrate the formation of such a current, consider a
planenormaltoa one-dimensional distribution of elec-
trons, as shown in Fig. 9. All of the electrons with
velocity directed to the right, in a column of length L
and unit-areacross section on the left of the reference
plane, will, on the average, cross the reference plane
in a time 7 without making a collision. Similarly, the
electrons with velocity directed to the left in a similar
column on the right will move to the left. The average
density of electrons on the left is l:n — (dn/dx)(L/2){;
the density on the right is [n + (dn/dx)(L/Z)J .

Diffusion.

Hence, the net rate of flow to the right is
dnL L anL L  LZdn

ip=m-%3)7 -+ 3)7=-7 & 1)
or
—_ Gdn
in=-VLg (22)

D

Now jp is the diffusion current density and, by defini-
tion, the diffusion constant is

D-VL (23)

The relationbetweenthe mobility and the diffusion con-
stant is

3|
3.0
<

1 _4q
vL kT (24)

Ol=

This expression is the Einstein relation.

In a region where positive charges, such as holes,
are non-uniformly distributed in the x-direction, and a
fieldis applied inthe x-directionthe net current density
is

j = ne LE -Def—di (25)

If the current is made zero, the equation is easily in-
tegrable because - /° E dx = V, the voltage drop.

The result is

n = ng exp (-eV/kT) (26)
where ng is the density when V = 0.

This expression is the well-known Boltzmann equation.

Donors, Acceptors, and Traps. So far, it has been
assumed that the crystals have been free from defects
and have contained no foreign atoms. If this assump-
tion were true, semiconductors and insulators would
have little utility — transistors would be impossible
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and the oxide cathode would not exist.
is possible to introduce foreign atoms, ions, and va-
cancies into solids to make them useful. In a covalent
crystal, the substitution of a fraction of atoms having
one more electron thanthe host-crystal atoms provides
electron''donors. '" These atoms produce energy levels
that lie in the forbidden gap near the conduction band,
and are therefore easily ionized. A conventional en-
ergy-level diagram with donor levels is shown in
Fig. 10. In this figure, the horizontal lines of Fig. 8,
indicating the energy levels that constitute the valence
and conduction bands, are omitted and only the upper-
most state of the valence band and the lowest state of
the conduction band are shown. The potential barrier
at the surface is indicated by a step. The energy lev-
els introduced by the donors are shown by the dotted
horizontal line, dotted to indicate that the donors are
localized and do not give rise to a band that extends
throughout the crystal. Similarly, the substitution of
atoms having one less valence electron than the host
atoms of a covalent crystal produces ""acceptor levels"
near the valence band, levels which by accepting elec-
trons from the valence band thus produce holes in the
valenceband. Donorscanbe produced in ionic crystals
by substituting ions of higher valence than the negative
constituent ions of the crystal, or of lower valence than
the positive constituent ions of the crystal. Conversely,
acceptors canbe produced by substituting ions of lower
valence than the negative constituent ions of the crys-
tal, or of higher valence than the positive constituent
ions. Vacancies in the negative lattice of ionic crys-
tals also provide donors; such donors are known as F-
centers. Positive ion vacancies yield acceptors and
areknownas V-centers. To maintain charge neutrality
of the crystal, the vacancies must be occupied by as
many electrons as constituted the net negative charge
of the ion removed.

Fortunately, it

REFERENCE PLANE

Figure 9. Column for the Computation of a
Diffusion Curvent

Because donor centers and acceptor centers lie in
the forbidden gap, they require less thermal energy
for ionization than does excitation from the valence

band to the conduction band.* The number of electrons
excited to the conduction band from donors of density
ND lying at an energy €p belowthe conduction band is
easily computed, by use of the by-now familiar forma-
lism for computing equilibrium distributions. The re-
sulting equation is

(Np-n) N, W, =n2W,, 7

where n is the density of ionized donors, i.e. the
number of electrons in the conduction band.

The solution of thi$ quadratic equation is

Nc \/ 4ND
n=—5- exp (- €p/kT) 1+Wexp (eD/kT)-l (28)
When
Np << N, exp (-€p/kT) (29)

All of the donors are ionized, and

n = Np (30)
When

Np>> N, exp (-€p/kT) 31)

Only a fraction of the donors are ionized, and

n =\/NDNC exp (- €p/kT) (32)

and the activation energy is one-half the difference in
energy between the donors and the edge of the conduc-
tion band. Fig. 11 is a plot of Eq. (28) for the partic-
ular case (N./2)exp (- €p/kT) = 1010 and shows the
change from full ionization to partial ionization as the
density of donors is increased.

CONDUCTION BAND

* X

GD I

DONOR LEVELS —/ - .
G

VALENCE BAND

SURFACE

Figure 10. Conventional Energy-Level Diagram
for a Solid

*It is assumedthat the energy levels of other donors and of the
valencebandlie far enough below the energy levels of the don-
ors considered so that these 'other donors' and thevalence
band do not contribute significantly to the occupation of the con-
duction band.
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Figuve 11. The Density of Electvons nin the Conduction

Band of a Solid as a Function of the Donor Density
Np When N,e€D/RT = 2 x 1

The "doping' atoms normally used in germanium and
silicon have such low activation energies that Eq. (29)
is satisfied, and all of the donors and acceptors are
ionized at room temperature. However, the donors in
Ba0 lie far enough below the conduction band so that
Eq. (31) is satisfied, evenatthe temperatures at which
oxide cathodes are operated (1000to 1100 K). As a re-
sult, the oxide cathode requires a high density of don-
orstoprovide useful conductivity and emission. These
requirements will be discussed in detail later.

Donor and acceptor levels are not the only levels pro-
ducedby foreign atoms, introduced by intent or acciden-
tally. Unfortunately, foreign atoms may produce levels
known as '"trapping levels.' These are levels in the
forbidden gap, unoccupied at zero temperature, which
drain electrons from the conduction band, either di-
rectly or by emptying donors lying above them. They
are particularly pernicious inphotoconducting devices.
When electrons are excited from the valence band to
the conductionband by incident light, many are trapped
by these levels. This trapping reduces the photocon-
ductivity and, what is worse, these traps empty very
slowly sothat electrons dribble back into the conduction
band from the traps for a long time after the light has
been shut off. This dribbling back results in a very
slow decay in the photoconductivity. At present, trap-
ping levels set adefinite (and embarrassingly low) limit
to the speed of response of photoconductive devices.

Other foreign atoms form recombination centers.
These centers trap electrons (or holes). Having done
so, they thentrap holes (or electrons) which recombine
with the charge already trapped, thus destroying elec-
trons and holes in pairs. Such centers may limit the
equilibrium densities of electrons and holes obtainable
and, therefore, the recombination through centers
rather thandirect recombination may limit conductivity.

Conclusion

This section has skimmed the aspects of solid-state

physicsthat pertain to electron emission; the viewpoint
has been elementary, some would say naive. However,
the intent has been to outline the basic phenomena in-
volved in emission problems and to introduce the jargon
that willbe encounteredinthe literature on the subject,
without at the same time burdening the reader with math-
ematical rigor.

EMISSION MECHANISMS

This section will be devoted to an outline of the var-
ious schemes by which electrons are persuaded to leave
their natural habitat in solids so that they may be ex-
ploited in an environment free from the lattice and im-
purity collisions that impede their motions in solids.
Only the basic mechanisms will be considered and no
attempt will be made to detail the artificesused to ex-
ploit the various mechanisms.

Thermionic Emission

Thermionic emissionis simply the thermal evapora-
tion of electrons from a solid. Hence, Eq. (12), de-
rived in the preceding section, may be used to write
down the evaporation current density

Jp =Ny vn (12)
This equation gives the particle current. To obtain the
electron current, Eq. (12) must be multiplied by the
electron charge q, thus

je =My avy @33)

For a semiconductor, the number of electrons Ny in
the vapor phase is related to the number of electrons
in the conduction band by Eq. (10)

Ne
ny = Ng - exp (- AH/KT) (10)

For electrons, the latent heat AH is the product of the
electroncharge q and the electron affinity X*; the num-
ber of possible sites N for electrons in the conduction
band is N..; and the number of occupied sites ng is the

number of electrons in the conduction band n. Hence,
Eq. (10) reduces to
ny = nexp (-gX/kT) (34)

To obtain the emission formula, it remains to express
n in terms of donor density in the semiconductor. Eq.
(32) gives the required relationfor the semiconductors
used as thermionic emitters

n-= ,’ Np N, exp (- € p/2kT) (32)
Combining Eq. (33), (34), and (32)

. - -q(X + € p/2)

je = evn\/ N Npexp [—k’I‘D_

or

*In emission problems, itis customaryto express X, and €D
and ¢ interms of electric potential, i.e., electron volts; this
convention will be used henceforth.
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= ATZ‘/ exp[ a (X +k;D/2)] (35)

C

where 47%2 mq (36)

A =
h3

In practical units, the value of A is the familiar

A = 120 amperes cm~2 deg'2

Note that the work function is the sum of the electron
affinity X and one-half the energy gap between the don-
ors and the edge of the conduction band.

For metals where the valence band overlaps the con-
ductionband (see Fig.7), the solid may be regarded as
an intrinsic semiconductor (one having no donors, ac-
ceptors or traps) with zero bandgap. Then, Eq. (14)
with €g set equal to zero is applicable, i.e., n = N,.
Usingthis value for the electrondensity in the conduc-
tion band is tantamount to settingNp=N;, and €p = 0
in Eq. (35).

Thus for a metal

jo = AT2  exp (-q$ /KT) (37)
where X of Eq. (35) has been replaced by ¢, the
usual symbol for the work function of a metal.

The work functions of metals are usually high (of the
order of 4.5 electron volts) sothey are ordinarily used
only in high-power transmitting tubes where their ther-
mal stability and insensitiveness to ambient gases make
them desirable.

The work function of a metal can be reduced by build-
ing a dipole layer on the cathode surface. Fig. 12 is an
energy-leveldiagram showing a dipole layer consisting
of a monolayer of oxygen,on the metal surface, covered
by a monolayer of some low-work-function metal, such
as cesium or barium. Theoxygenunderlayer binds the
low-work-function metal to the base metal so that the
evaporation rate of the low-work-function metal is
greatly reduced. Unfortunately, the evaporation rate
is still appreciable. Furthermore, the dipole layer is
easily removed by ion bombardment, so that any gas
in the tube has a serious effect on such an emitter. To
mitigate these difficulties, A. W. Hull invented the
""dispenser cathode' in which a reservoir of active ma-
terial replenishes thedipole layer as it is lost by evap-
oration or bombardment. More recently the dispenser
cathode has received much attention. The Lemmens
("L") and Katz ('""M-K") cathodes are examples of the
dispenser cathode. Insome of these cathodes, alkaline
earth oxides and areducing agent are stored in a reser-
voir. The reducing agent reacts with the oxides to pro-
duce free metals which proceed to the emitting surface
through a porous plug by Knudsen flow through the pores
or by surface diffusion. If the reducing agent reacts
rapidly, the porosity of the plug controls the rate of re-
plenishment; if the reducing agent reacts slowly, the
rate of reaction controls the rate of replenishment. In
other versions, alkaline earth compounds (oxides,
silicates, and aluminates are used) are compacted with
finely divided metal powder to form the emitter. These

cathodes are mechanically stable and can be made with
precision. Because any loss of dipole layer is replen-
ished, they can be operated at temperatures at which
they yield emissions of the order of amperes per cm?.

The measurement of the work function of an emitter
is by no means simple. Part of the difficulty arises
from the fact that the work function is lowered by
an electron-accelerating field at the emitter sur-
face. This effect is known as the Schottky effect. Ly
arises because an electron leaving the surface sees its
image in the surface. Thus, in the case of a metal,
the force on an electron is

2

- @2 “9E (38)

where x is the electron's distance from the surface,
and E is the applied field. Atsome distance 1 from the
surface, the force becomes zero and the electron can
be regarded as free. This distance is obtained by set-
ting F = 0. Thus,

The work requiredto remove an electron from the sur-
face is 9

1
q
W;:/O.[(Z_X)Z —qE] dx

Examination of this equation shows that something is
wrong because the integral is infinite. The difficulty
is that the image force cannot vary as x~¢ down to
atomic distances; somewhere near the surface, the
image force must change in a manner which keeps the
forcefinite. Schottky ingeniously bypassed the difficulty
by dividing up the integral as follows

_ e -
W%qf (x) dx /1-(2x)2 dx [ qE dx

where f (x) represents the image force near the surface
and behaves as q/(2x)2 remote from the surface. In-
tegration then gives

(=]

q
W:_/O~ af (x)dx- a1 -qEl (40)

Eliminating 1 by use of Eq. (39) gives

W=‘/O-qf(x)dx= q ‘, qE

In the absence of field, W must be just q ¢ , where ¢
is the work function. Therefore,

- ¢&] (41)

In practical units, this relation is

W= q[qb -3.72 x 1074/ E]

where E is in volts cm-1

W= q[¢

The result shows that the work function is reduced by
an electric field and that the equation for the emission
of a metal in the presence of a field should be
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k:ATzemEf%(¢—/ﬁU] (42)

This equation may be written

e = o expE(iT,/ qE} (43)

where jo is known as the field-free emission

A plot of the logarithm of je versus the square root of
the field should yield a straight line with a zero-field
intercept of Inj,. To determine the work function of a
metal, it is the logarithm oijT-2 that should be plot-
ted against T-1 to make a so-called Richardson plot.
Then, the slope of the line will be ¢ and the intercept
will be A.

For semiconductors, the simple image-force repre-
sentation is not adequate because the density of elec-
trons is usually so low that the field of the external
electron extends a considerable distance into the solid
— aDebye length. 2 1o complicate matters further, the
dielectric constant of semiconductors usually differs
substantially from unity. The treatment of a problem
of this complexity is beyond the scope of a simple ex-
position suchasthis. It will only be noted that Schottky
plots and Richardson plots made from the zero-current
intercepts obtained on semi-conducting cathodes must
be treated with great reserve.

When data for Schottky plots are taken with great
precision, it is found that the resulting curve shows
periodic deviations from the straight line computed
above. 3> 4 These deviations are due to the wavelike na-
ture of the electrons. As the field at the surface in-
creases, the potential barrier keeping electrons in the
solid becomes narrower and it acts like a '"'quarter-
wave plate' in optics so that, depending on their ve-
locity (wave length), some electrons are more easily
transmitted and others are more completely reflected.
The net effect of summing over-all velocities is the
periodic variation in emission. The effect is very
small, but in the hands of Coomes and his co-workers
it has provided a powerful tool for studying the nature
of surfaces.

Because of the great difficulty in determining true

work functions, W. S. Nottingham has suggested that
the Richardson equation

jo = AT2 exp (-q ¢/kT) 37)

be written for all thermionic emitters and that A and

¢ bestarred(A*, ¢ *)toindicate thatthey are not true
values of the thermionic constants. He proposed the

name '‘work factor" for ¢*.  This proposal has the
merit of providing a basis for the comparison of cath-
odes without raising the many questions involved in in-
terpreting the constants in fundamental terms.

Field Emission® 8

Field emission results from the wavelike nature of
electrons. Itis theperiodic deviationfrom the Schottky
line effect carried tothe extreme where most of emitted
electrons ''tunnel" through, rather than moving over
the potential barrier. Because the computation of the
field-emission formula is complex and laborious, the
derivation will not be reproduced here. A computa-
tion that illuminates the physical mechanism involved
and displays the general functional form of the emis-
sion equation will suffice.

Fig. 13 is an electron-energy diagram of a metal
with a strong field at the surface. As before, ¢ is the
work functionand 7 isthe width of the occupied levels.
The potential outside of the surface is

= ¢ - Ex (44)
where E is the electric field

The triangular area labeled A is the potential barrier
through which the field-emission electrons must pen-
etrate. Also shown is the curve of the distribution of
electrons in the various energy states. Notice that
there are practically no electrons where the barrier is
thin; therefore, most of the emitted electrons must
penetrate the barrier where its thickness is

ELECTRON ENERGY

DISTANCE

¢
S = T (45)
The equation of an electron wave (as in Appendix A) is
Y= exp (+i 21X (46)
1
= TR
T 2] - oX
=
i %
| I
| i [}
N | v
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Figure 12. Enevgy-Level Diagram Showing Reduction of the Work Function of a Metal by Building a Dipole
Layer on the Cathode Surface
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where

27 . p
) it

and the momentum p is

(See App. A, Eq.4)

2m (€ - U)

The total energy € of the electrons at top of the oc-
cupied levels (Fermi Sea) is zero.

The average potential energy through the potential bar-
rier is

kel
©

U- (47)

)

Therefore, the momentum is

p=\-mas (48)
= iyfmq¢

And the propagation constant is
= i\/ mq ¢ (49)
+H

Hence, the wave function is

mq¢o
bl

The electrondensity is a maximum onthe left and drops
off to the right, so it is clear that the negative sign is
pertinent to this case. Thus

-V— x) (51)

Y = exp (F X) (50)

= exp

Hence, the density of '"free''electrons at x = s is

3/2
ww*—exp(zv ¢) exp(C¢E— (52)

This calculation has been very rough; ityields the form
of the exponential factor in the emission equation and
that is about all. The complete emission formula in
practical units is

/
J = 6. 2x106(ﬂ)1/2——exp( 6.84 x 107 (53)

For the refractory metals, ¢ is about 4.5 electron
volts and 7 is about 10 volts. With ¢ = 4.5 electron
volts, the exponential is approximately

6.5 x 108) 2.8 x 108

e_( E ~10—( E )

Hence, a field of about 1.3 x 107 volts per centimeter
isrequired to obtainan emission current of an ampere
per square centimeter. Because the emission varies
so rapidly with field, a very slight increase in field
will run the current into thousands of amperes per
square centimeter. However, such field strengths can
be obtained only with very sharp points and the heating
of these points at the high current densities obtained
gives risetosurface diffusion of the atoms of the metal.
The surfacediffusion tends to lower the surface energy
of the solid and rounds off the point so that the field de-
creases, and with it, the emission. Hence, only the

most refractory metals have found use as field emit-
ters and these, chieflyin field-emission microscopes.
An attempt has been made to use germanium as a field-
emitter in a surface study; however, the point deformed
badly and, on the whole, little was learned.

t
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CURVE OF DENSITY V=¢-Ex
DISTRIBUTION OF ///*'
ELECTRONS (FERMI —'—‘—,'o 05 0

DISTRIBUTION FUNCTION) |
SURFACE

Figuve 13. Enevgy-Level Diagram of a Metal with an
Intense Electric Field at the Suvface so that
Field Emission Occurs

Photoemission’» 8

Photoemission is the ejection of electrons from a
solid by photons. Thefirst question to be answered is,
what electrons? A consideration of the results of a
head-on collision between a photon and a free electron
will elucidate the problem. The energy transferred
from a particle of mass mj and energy ¢qto a second
particle of mass my, at rest initially (keeping in mind
conservation of energy and momentum) is
4m;| mgy

€ = €

5 (54)

1 (m1 + rn2)2

Suppose the first particle is a photon and the second is
an electron. The phenomenon involved is Compton
scattering, but to avoid the complications of a relati-
vistic computation a heuristic approach which leads to
the correct answer will be used.

As noted earlier, the momentum of a photon is

_ hv
P= 3 ®)
If the energy hv is written as
p2
hy = —, (55)
2m

where p isthe momentum and m”*is the apparent mass

The apparent mass is

m* = M (56)

22

This mass is very small; if the energy is one electron
volt, the mass is m* ~ 10799 gram.
Because this mass is small compared to the mass of

11
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an electron, Eq. (54) may be written

e - € 4m1_€ 4m* 57
27 1t T 1t (57)
or
hv
€9 = 612 (58)

m2C2
This is the maximum energy transfer in a Compton en-
counter. If hv isexpressedin electron volts, Eq. (58)
becomes

€ :10'5 hve

Hence, a photon in the visible region of the spectrum,
say a 2-volt photon, can transfer only a 2 x 107 frac-
tion of its energy to an electron.* This energy is far
from enoughto overcome the work function of any ma -
terial. It now seems clear that a direct encounter be-
tween aphoton and an electron cannot cause photoemis-
sion and that a ''three-body'" collision is necessary.
i.e., the photoelectron must be at least partially
""bound'" so that neighboring electrons, atoms, or the
lattice as a whole can take part, and the stringent mo-
mentum conservation requirement encountered in the
free-electron collision can thus be relaxed.

photoelectrons come from the top of the
Thus, the photoelectric threshold occurs

In metals,
Fermi sea.
at

hy = q¢ (60)
where ¢ is the work function

When hy exceeds q ¢, the ejected electrons have a
maximum kinetic energy of

1/2mv2 =hv - qé (61)

This is the Einstein equation which, when verified ex-
perimentally, clinched the particle concept of light.
Because the emitted electrons do not all come from the
same depth in the Fermi sea, the curve of yield vs.
energy hv has a tail that makes the exact determina-
tion of ¢ from photoelectric measurements difficult.
This difficulty was obviatedby R. W. Fowler who com-
puted the "straggling' effect and arrived at a universal
curve that makes possible the determination of ¢

Fowler's formula is given by
I h( v - vy)
In ’Iﬁ =B+ In [To] (62)

where
I = the photoelectric current
B = a constant
T = the emitter temperature

*Similar considerations apply to ""electron sputtering.' The
ratioof electron-mass to atom-mass is of about the same or-
der of magnitude as that above. It seems likely that in "elec-
tron sputtering' the incident electron interacts with another
electroninanatom or ion, then excites itto a higher electronic
state for which the binding energy of the atom or ion to the host
crystal is small with the result that the atom or ion departs
via dissociation.

12

h = Planck's constant

k = Boltzmann's constant

v = the frequency of the incident light
VO = the frequency of the light when hv = q¢

and
2x 3x
eX _ & + e—-+ , X£0
92 32
f(x) =
2 2 -2X -3x
T X (ex - & < + ), x20
6 2 22 32

The use of the so-called Fowler plot is shown in Fig. 14.
The curves labeled Ty and Ty are ""experimental'’ curves
taken at temperatures Ty and T9, respectively. These
are matched to the universal curveby translating them
horizontally and vertically. The required horizontal
translation gives q ¢ /kTfrom which ¢ may be compu-
ted; the required vertical translation gives the con-
stant B.
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Figure 14. The ""Fowlev Cuvrve'' for Photoelectric
Ewmission and an Example of How the Work Function
of a Metal is Determined by Matching Experimental

Curves to the Fowler Curve

In semiconductors and insulators, photoelectrons
may be obtained from the donor levelsand from the va-
lence band. In the former case, a peak, centered at
€ p + X, is found when the yield is plotted against the
energy of the incident photon.* In the latter case, the
yield increases for photon energies exceeding the thres-
hold value of €, + X. Again the yield curve has a
""'tail" near the threshold. Attempts to determine the
true threshold by matching the Fowler curve have met
withvarying degrees of success; itis not yet clear that
a curve based on a metallic model will fit a semicon-
ductor.

*Asbefore, €D isthe depth ofthe donors below the edge of the
conductionband, Xis the electron affinity, and € g is the band-
gap energy.
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Fig. 15 shows curves of the photoemission of Ba0 in
theinactive state and in a thermionically active state.9
The effect of the donors produced by activation is ap-
parent in the substantial ''tail"’ on the "active'' curve
that extends to much lower photon energies than in the
inactive case. Thistail may be resolved into peaks in-
dicating a set of donor levels at about 2.3 ev below the
conduction band and a second set of donor levels at
about 1.4 ev below the conduction band. For compari-
son, Fig.16 shows the corresponding curves of photo-
conduction. These curves are displaced from the pho-
toemission curves by hy~0.5 ev. In photoconduction
electrons need only be excited to the conduction band
whereas in photoemission they must be excited over
the surface barrier. Hence, the displacement between
the photoemission and photoconductivity curves must
be equal to the electron affinity, i.e., X ~0.5ev in the
case of Ba0.
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The photoelectric yield of metals may be quite high.
Hughes and DuBridge cite values of 1 electron for every
14 photons for potassium, and 1 electron for every 4
photons for gold. The usual yield in television pick-up
tubes is about 1 electron for every 100 photons.

Secondary Emissionl0; 11

Secondary emission is the ejection of electrons from
a solid by electrons impinging on the solid. The theory
of secondary emission is in an unhappy state — no the-
ory fits the experimental results indetail. To illustrate
some of the physical notions involved, and to point up
some of the features common to all present theories,
the theory of Bruining will be discussed.

The first problem is that of computing the energy
loss of the impinging electron as it moves into the
solid. At the energies required for secondary emis-
sion, the electron wave length is so small that the
chance of a head-on collision with any other electron
in the solid is trivial. Hence the encounter of the on-
coming electron with any other electron is fleeting.
The momentum transferred to the secondary electron
may be written

Ap = Ft (63)

where F isthe average force felt during the encounter
time t, in other words Ft is the impulse.

Now t depends on the range 1 of the force F and the
velocity of the primary electron

v =y 2V (64)

m

where V is the energy in electron volts.

Therefore
Fl

Ap = ——
P /2qV
m

The energy imparted to the secondary electron is

Ac= (ap? _ @2_ (686)
2m Zm%LV)

(65)

Thisisalsothe loss of energy of the primary electron.
If there are n encounters per centimeter of path, the
energy of the primary electron decreases as

=1\2
g €--n (FH)” (67)
2m (Zq_V)
m
If the energy ¢ is expressed in terms of V
AL - )
2mq(24¥)

Integrating yields

v2 . ch) = -ax (69)
or

13
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v-vE -ax (70)
where V,, isthe energy of the electron at the entrance
surface of the solid

This equation is the Whiddington Law for the loss of
energy of an electron moving into a solid.

Terrill has found that for many metals

2 0.4 x 1012 yolts?2 cm-!

Y
where 7y is the density of the metal relative to the
density of water.

(71)

Bruining then writes the contribution to the second-
ary-emission currentdig of an element dx at a distance
x below the surface as

. s max d(qV)
dig = er % dx (72)
where
= a constant
i, = the primary constant

The "Attenuation factor' for secondary electrons is
e ~ ¥X  This attenuation factor accounts for the fact
that some of the secondary electrons moving toward the
surface are scattered and do not reach the surface.

The energy givento secondaries in the interval dx is
d(qV) dx. The total secondary current is then

d x -v2/a -
ig - ﬁiz./x Vo/a gax 24qV) 4
(0}

(73)

This equation may be simplified by the substitution

= - —a
y a \ (74)
It then becomes r
] y 2
ig = Bip qu e e¥" dy (75)
a 0
where
a
r = Y Vo (76)
This equation has a maximum for
V., = 0.92¢ &
0 v - (17)

However, like all other theoretical expressions for
secondary emission, when the theoretical maximum is
fitted to the maximum of an experimental curve, the
rest of the curve fails to fit. Therefore, nothing is to
be gained by further discussion of the theory.

Experimentally, the energy distribution of second-
ary electronsisas shown in Fig. 17. Most of the sec-
ondary electrons have an energy of less than 10 elec-
tron volts, as shown by the peak on the left. The peak

*This factor is used in all secondary-emission theories.
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on the right, centered on the primary energy, results
from reflected electrons.
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PER UNIT ENERGY INTERVAL

L
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Figure 17. Typical Enevgy Distvibution Curve
of Secondary Electrons

The secondary emissionratio 0, the number of sec-
ondary electrons divided by the number of primary
electrons, of a number of metals is shown approximately
in Fig. 18. In every case, the maximum yield occurs
at about 600 electron volts.
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Figure 18. Secondavy-Emission Yield vs. Primary-

Electron Enevgy (The curves arve approximate and ave

intended to show only the geneval behavior and magni-
tude of the yield of the metals listed)

Compound materials have been found that have yields
higher than those of the pure metals. For example,
cesium-on-oxygen-on-silver gives a yield of &= 8to
11, and magnesium-on-oxygen-on-silver gives a yield
of 6=8. The latter emitter has prompted a study at
the University of Minnesota of the secondary-emitting
properties of single crystals of magnesium oxide. Re-
cently, Lye at Minnesota has measured the secondary
yield from the surface of a single crystal of Mg0 pre-
pared by cleaving the crystal in a vacuum of 107° mm
of Hg. He obtained an initial yield of & = 24; the yield
dropped with time and electron bombardment.

Some insulating secondary emitters, notably MgO
films, display the Malter effect, the emission of elec-
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trons for an extended period after the primary beam
has been shut off. This phenomenon is believed to re-
sult from the charging up of a thin insulating surface
layer. Sucha charging up produces a field high enough
to produce field emission. To illustrate this, suppose
that a layer one atom thick were charged to a potential
of 1 volt. Then, the field would be approximately 108
volts per centimeter. Thisvalueis high enough to give
a very high initial field-emission current.

It may have been noted that there are some "wrin-
kles' inthe curve immediately tothe left of the V,; peak
in Fig. 17. In examining these wrinkles critically and
in further experiments on the penetration by electrons
of thin metallic films, it has been found that there are
discrete energy losses by the primary electrons.
Ruthemann and Lang have studied this behavior in de-
tail.}2, 13 Pines and Bohm have advanced the theory
that these discrete energy losses result from the col-
lective behavior of the electrons in the metal. 14, 19
The mechanism they envisage is plasma oscillation,
a behavior found by Langmuir and Tonks in gas dis-
charges.1 The computation of the characteristic ab-
sorption energy proceeds as follows: Suppose the den-
sity of electrons in the Fermi sea is n. Now consider
aslab of thickness dx, as in Fig. 19. Suppose the elec-
trons immediately to the left of the slab are displaced
toright by an amount £ andthoseat the right displaced
by anamount £ +E%<£ dx. Then, the net charge moved
into the slab is

pdx =qn¢ —qn(§+d—€)z —qn(ﬁ)dx (78)
d dx

X

where p isthe charge density. Hence, p=-qn 3¢/9 x.

By the Gauss theorem, the divergence of the field E is
dE/dx= p/ €=-(qn/€)(® &/dx), where € here
denotes the dielectric constant. Integration yields
E = (-qn/€ ) £ . The integration constant has been set
tozero, because the field vanishes when there is no
displacement.

The equation of motion of an electron then is
42 2
_gziE:- an . (79)
dt2 m m

This equation is that of a simple harmonic motion with
an angular frequency

ng® (80)

This frequency is the so-called plasma frequency. Ac-
cording to Pines and Bohm, electrons should lose en-
ergy in discrete amounts, which Pines calls plasmons,
and of magnitude

A =
E ﬁwp (81)

Forthe case of aluminum, thediscrete losses are about
15 electron volts. To see how the theory hangs to-
gether, it is interesting to compute the electron den-
sity corresponding to this energy loss of 15 electron
volts.

Setting
E=fw =qV (82)

with V = 15 qv gives

w, ~ 2x 1016 (83)
From Eq. (80)
2
wWp me
n=-—L""0 1023 (84)
q2

This value is of the right order of magnitude for the
density of electrons in the conduction band of a metal.
This result does not mean that the theory is correct;
the fact isthat the theory is the subject of much contro-
versy. Many feel that collisions of the electrons with
lattice atoms will provide such strongdamping that free
oscillation cannot take place. Sternglass, who has done
much work on the contribution of inner-shell electrons
to secondary emission, has suggested that the discrete
losses are in factdueto the excitation of electrons from
an inner shell and are indicative of the discrete level
from which they came. The resolution of this prob-
lem is not vet at hand.
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Figure 19. Charge Displacementinan Electvon Plasma

THE PHYSICS OF THE OXIDE CATHODE*

Emission-Current Density

The ability of the oxide cathode to emit at current
levels of 50-100 amperes cm-2 for microsecond pe-
riods seemed remarkable at one time. In the light of
modern solid-state theory, it does not seem as remark-
able. In the previous chapter, the emission equation
for a semiconducting cathode was found to be

je = ATz‘/—EIL ;D)] (35)
Cc

*Recent research onoxide cathodes is summarized in a chap-
ter entitled "Electron and Ion Motion" by the present writer,
in Halbleiter, IN, edited by W. Schottky, Vieweg and Sohn,
Braunschweig. This paper contains an extensive bibliography
of oxide cathode work, past and present.

exp l:- .l«:g’l—‘(x +
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At 1000 K, N, is about 1019 for electrons. It should be
possible to produce donorstoabout 1part in 105, i.e.,
N, = 1018, Ifthese donors lie 1.4 electron volts below
the conductionband, as DeVorefound in Ba0O, then, with
X = 0.5 electron volts, the current density at 1000K
should be

jo ~ 40 amperes cm™2 (85)

This current density was obtained by Nergaard and
Matheson in pulsed diodes. This current density,
however, cannot be maintained indefinitely. Ten years
ago, the usual explanation of this phenomenon was that
the cathode was deactivated by ""poisoning. ' The writer
found it difficult to accept this explanation; he had ad-
tivated many oxide cathodes by drawing current for ex-
tended periods, not by shutting it off, yet under pulse
conditions the cathode was supposed to be able to reac-
tivate spontaneously in afew milliseconds inthe absence
of current.

In 1931, Becker and Sears had shown that oxide cath-
odes could be activated, as least temporarily, bg pass-
ing current through them in the back direction.l They
attributed this phenomenon to an electrolysis of what
would now be called donors. (They called it Ba.) In
1945, Sproull published the results of his work on the
pulse decay of the oxide cathode, and put forward the
hypothesis that pulse decay was due to an electrolytic
depletion of a dipole layer on the surface of the cath-
ode.19 These models, involving electrolysis, appealed
tothe writer and weredeveloped and extended in a ser-
ies of studies by the writer and his co-workers (R. M.
Matheson, R. H. Plumlee, and H. B. DeVore) to give
a coherent model of oxide-cathode behavior.

Model of the Oxide Cathode

The model conceives of the oxide cathode as consis-
ting of a semiconducting host material (Ba0 or a com-
bination of alkaline-earth oxides) containing mobile
donors produced by any of a variety of chemical reduc-
tion processes. The mobility of the donors permits
them to electrolyze and diffuse at the normal operating
temperature of the cathode. Not only are the donors
mobile, but other constituents of the cathode, such as
C0g, 09, Hy, H9O, or their dissociation products, are
mobile as well. This may seem to lead to a very com-
plex model of the cathode; however, the model is no
more complex than the cathode itself and it is the com-
plexity of the cathode that makes it the ubiquitous emit-
ter that it is.

To give a coherentaccount of the implications of the
mobile-donor model,zoits principal consequences will
be outlined first; then these consequences willbe illus-
trated by experimental data. In brief these conse-
quences are:

1. When no current is flowing, the donors are uni-
formly distributed throughout the cathode; when cur-
rent is drawn, the donors electrolyze towards the
base metal. This flow sets up a donor density grad-
ient so that back-diffusion of donors occurs. When
the current is constant, electrolysis is everywhere
balanced by back-diffusion. The donors do not plate

16

out at the base metal, because of their low solubility
in the metal.

2. Theresistance of the cathode is a function of the
average current. The average current determines
the distribution of donors which determine the re-
sistivity. Because donors are depleted from the re-
gion of the emitting surface, the voltage drop near
the surface is high; because donors accumulate to-
wards the base metal, the voltage drop near the base
metal is low. Thenet effect is that the resistance of
the coating rises with the current through it.

3. At modest current levels, a diode may show
marked departures from the Child-Langmuir law
without being emission limited. This departure is
due tothe cathode-resistance voltagedrop, which re-
duces the voltage across the vacuum diode. The in-
crease of cathode resistance with life may, in fact,
determine the useful life of a tube.

4. At very high current levels, donor depletion re-
duces the electron density at the emitting surface to
the point that emission limitation sets in. It then be-
comes apparent thatthe work function depends on the
average current.

5. If a pulseisappliedto a diode, the initial current
will be high but, as the donors redistribute and the
resistance of the cathode rises, the current will decay
correspondingly. The initial current in a second
pulse will depend on the extent of the electrolysis
during the first pulse (i.e., on the current density
and pulse length) and on the time between pulses dur-
ing which the donors can diffuse towards the zero-
current uniform distribution.

6. Ifdonorsareproduced at the cathode surface dur-
ing current flow, thedonors flow through the surface-
depletion layer into the bulk of the cathode and, in so
doing, reduce the resistance of the depletion layer
and greatly enhance the electron current. Subsequent
to donor production, the conductance of the cathode
is increased in proportion to the number of donors
added.

7. The electrolysis of oxygen ions in the cathodes
increases the oxygen-ion density at the surface and
thus enhances the evaporation of oxygen. This elec-
trolysis is a reduction processin which the external
power supply that produces the current acts as a re-
ducing agent. It is the mechanism that permits the
activation of cathodes on passive base metals, and
the mechanism by which a cathode maintains its ac-
tivity for thousands of hoursin the presence of resid-
ual oxygen in tubes.

8. Other constituents of the cathode also electrolyze.
Among those studies are C0g, Hy, and Hy0. Partic-
ularly interesting is the case of Hg0; it is found that
Ho0 is absorbed by the cathode when oxygen is elim-
inated. This effect suggests that the donor in the
cathode is actually Ba++ (OHe)-- and that it is the
spare electron (e) that is easily ionized to provide
conductivity. Then, donor electrolysis occurs by
proton (H+) transfer, and the rapid decay of current
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under pulse conditions is easily accounted for.

These items do not exhaust the numerous aspects of
the oxide cathode that might be discussed in terms of
the present model. However, they illustrate the fea-
tures pertinent to the activation and life of cathodes and
to the limitations of a cathode in practical use.

Cathode Conductivity

In considering cathode conductivity, itis well to start
with consideration of the conductance of a cathode in
the absence of current in order to have a reference
base.

The conductivity is
0=nqnu (20)

To obtain the conductance per unit area, it is merely
necessary to divide by the thickness of the cathode d,
thus

_ nqu

The thickness d is about 10-2 centimeter, and u has
been measured by Pell to be about 10. It remains to
determine n from Eq. (31), using DeVore's value for
€, i.e., €p=1.4electronvolts. Then, with Np =

1018, as before.
_ 15 -3
n -‘I Nc ND exp (€ D/2kT) 107" cm (87)

and
g ~ 10! mho cm-2 (88)

In other words, the resistance of aunit area of the cath-
ode with no current is about 10 ohms. When current is
drawn this resistance rises very markedly, and at high
currents the heating due to cathode resistance becomes
very large.

Inpractical cathodes, this groblem is ameliorated by
making cathodes porous.zl: 2 Ppart of the conduction
then occurs through the pores where the mean-free-
path of electrons is large. To illustrate the order of

magnitude of pore conductivity:
Eq. (34) gives the density of the electrons in the pores
n, =n exp (-qX/kT) (34)

With n~ 1015 cm'3, as above, and X = 0.5 ev,

n, ~ 3x 1012 (89)
The mobility is
8 qL
o 19)

With 14073 ¢cm
u~ 104 (89)
Then, g~5x 10-1 mho cm-2, i.e., the pores have a

conductivity about 5 times as large as that of a solid
coating.

In cathodes made by coating silicon-bearing nickel,
there is another resistance to be concerned about,
namely interface resistance.23,24 Interface resis-
tance arises from the diffusion of silicon out of the
nickel and the subsequent reaction with Ba0 to form
barium orthosilicate (2Ba0- Si0s), whichis an insulator.
Depending on the thickness of the layer and on its ac-
tivation (it is an impurity semiconductor), the resis-
tance of the layer may range from a fraction of an ohm
to thousands of ohms. The presence of interface re-
sistance is easily detected because, in its presence,
the current displays a decay with a time constant of
about 1 microsecond. Because the decay of current
due to donor depletion has a time constant of the order
of a millisecond, the separationof interface resistance
from bulk resistance is easy. When both are present,
a diode has an equivalent circuit shown in Fig. 20. This
circuit is valid at a given average current level; if the
current level is changed, the circuit constants mustalso
be changed. R; represents the initial sum of interface
resistance and bulk resistance. Co with Ry gives a
time constant of about a microsecond and, thus, ac-
counts for the interface decay. R is usually about 5
times Ry in the milliampere plate-current range. Rj
and Rg, together withCy, havea time constant of about
1 millisecond, which corresponds to depletion decay.
The latter decay is very embarrassing in dc oscillo-
scopes, because at an average current of 25 ma cm-2
the decay may amount to 5 per cent.
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Figure 20. The Small-Signal Equivalent Civcuit of a
Diode with a Given Divect Current

The effect of cathode resistance on the current-volt-
age characteristic of a diode is illustrated in Fig. 21,
which was drawn from data of Eisenstein.2® To obtain
these curves, Eisenstein measured the velocity distri-
bution of electrons emerging from an aperture in the
anode of a diode having an oxide cathode. The retard-
ing potential required to stop electrons is equal to the
potential drop in vacuum through which the electrons
have fallen. Hence, the applied voltage minus the stop-
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ping voltage is the potential drop through the cathode.
The lower curve is the measured diode characteristic.
The upper solid curve is the diode characteristic cor-
rected for the cathode voltage drop. The dotted curve
is the computed perveance line. It appears that the
current is, in fact, space-charge limited and that the
diode characteristic is deformed by the cathode voltage
drop, which is 275 volts at an applied voltage of about
1500 volts.
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Figurve 21. The Effect of Cathode Resistance on a

Diode Chavactevistic (aftev Eisenstein)

The effect of cathode resistance on tube life is illus-
trated in Fig. 22. The data pertain to eight tubes and
have been averaged for each point on the curves. The
curve labeled I/, is the ratioof emission to the emis-
sion at the beginning of life, both measured in a factory
emission test set. The curve labeled P/P is the ratio
of power output into a standard load to the power output
at the beginning of life. If it is supposed that the drops
in emission and power output are due to an increase of
cathode resistance, itis possibleto compute the change
in cathode resistance with life from the I/I, curve and
then compute a P/Po curve for comparison with the ex-
perimental curve. The resistance change was computed
from:
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I2/3 _ IZ/S
a 2/31

where RK isthe cathode resistance and « isthe per-

veance of the tube .
Because the cathode resistance acts as a negative feed-

back resistor, it reduces the apparent transconductance
gm according to the relation
fm 1

8mo I +8moRK

where gy, o is the true transconductance of the triode

Finally, the ratio of power output to initial power output

is P (em 2 (92)
Po \8myo,
When this computation was carried out, the computed
values of P/P, were in agreement with the measured
values. At the end of life, the cathode resistances of
the tubes were measured and found to agree with the re-
sistance computed from I/I;. Finally, an attempt to
measure emission was made. When the cathode re-
sistance was corrected for, there was no evidence of
emission limitation up to an ampere per cm2. It ap-
pears that these tubes failed solely because of an in-
crease of cathode resistance with life. It also appears
that the factory test set did not measure actual emis-

Ry - (90)

(91)

sion; it measured a current limited by cathode resis-
tance.
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Figuve 22. The Effect of Cathode Resistance on
Tube Life

Pulse Operation of Oxide Cathodes

The work function of an oxide cathode is a function
of the average current through the cathode. This re-
lationship is illustrated in Fig. 23, which shows a set
of Schottky plots obtained by operating the cathode at
the average plate currents designated by Ipc in the
figure and then delineating the Schottky curves with a
short pulse. The zero-voltage intercepts of these
curves are the field-free emissions, and are a meas-
ure of the work function. As the average current is in-
creased from 3.5 x 10-6 to 13.2 x 10-3 amperes, the
work function increases by about 0.11 electron volts.

Because the pulse operation of oxide cathodes is of
importance in radar application, it is worth examining
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the pulse behavior in a little detail.20  The complete
decay of cathode current is shown in Fig. 24. Although
this tube was capable of aninitial pulse emission of 40
amperes cm'2, a measurement at this current level
could not be made because the anode would have melted;
hence, a low initial current was used. Note that the
time constant is of the order of a millisecond and de-
cay is almost complete in one second.

That the resistance of the cathode changes during

was obtained by interrupting the anode voltage for a
few microseconds during a 145-microsecond pulse and
measuring the current voltage characteristic during re-
application of the voltage. Notice that the departures
from linearity of these curves start at very low voltages.
If decay were due to emission limitation only, the
curves should coincide in the low-current region and
then break off abruptly at saturation. The early de-
parture, whichincreases withelapsed time, shows that
the internal resistance of the cathode increases during

pulse decay is shown in Fig.25. This series of curves decay. After the long pulse, the E-I characteristics
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were sampled with short pulses during recovery. Under
these conditions, the curves of Fig. 25 are retraced in
reverse order. Fig. 26 shows how the current decays
and recovers during and after the 155-microsecond
pulse. Thevariation of peak pulse current with duty is
shown in Fig. 27. Notice that the peak pulse and dc
emissions approach one another as the cathode tem-
perature is reduced. This result is to be expected; as
the temperature is lowered, so is the donor mobility,
and at low-enough temperatures the donors will be
"frozen in, " and no pulse decay will occur.

Donors and Their Formation

The subsequent discussion relates to what the donors
inthe oxide cathode are, and how they are formed. The
high diffusion rate of donors required to account for
pulse decay suggested that they were F-centers— oxy-
genvacancies occupied by two electrons. To obtain data
on this possibility, cathodes were activated at the re-
ceiving end of R. H. Plumlee's 60-degree mass spec-
trometer using the analyzer as a pure and controllable

source of the reducing metals, Ba, Ca, Sr, and Mg. 26
Fig. 28 shows a typical result of depositing one of these
metals (Ba) on an inactive cathode. When deposition
starts, the electron current I rises markedly; when
deposition stops, the electroncurrentfalls toan asymp-
totic value higher than the initial current. The rise
during deposition is due todonors migrating through the
depletion layer. The donors move slowly compared to
the electrons, so thatthe electron current rises mark-
edly in order to maintain space-charge neutrality. The
effect is somewhat analogous to the gas amplification
that occurs in a gas-filled photocell. The shape and
magnitude of the deposition curves are independent of
the metal used. Mg has an ionic radius of 0.78 A.,
Ba has an ionic radius of 1.43 A. Therefore, if the
metals actually moved into the cathode, Mg should move
very much more rapidly thanBa. That it does not sug-
gests that neither is the donor, but that all of thesere-
ducing metals produce something else — perhaps F-cen-
ters -- that does move into the cathode. The increase
in emission subsequent to deposition is proportional to
the amount of metal deposited and is independent of
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which metal is used. This result is shown in Fig. 29
in which Al/I, is the fractional increase in emission
and N is the number of monolayers of metal deposited.
In computing N fromthe measured ion current and time
of deposition, it was assumed that the actual cathode
area was the projected area.

1.0

—
006
) PULSE LENGTH————— I55 uSEC
04 REPETITION RATE——-—-100~/SEC
0.2 PEAK CURRENT———~- 6 AMP
: CATHODE TEMPERATURE =1255K
| | 1
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TIME-u SEC
Figuve 26. The Decay and Recovery of the Pulsed

Ewmission of an Oxide Cathode (The available curvent
duving vecovery was measuved with a shovt sampling

pulse)

As was noted in an earlier section, the amount of any -
thing in a solid is related to the amount of the same
thing in the gas phase by the relation

n (10)

Ne
y = ng— exp(- AH/KT)
N
To study how the constituents of an oxide cathode are
related to the gas-phase constituents of a vacuum tube,
Plumlee installed a diode at the source end in his mass
spectrometer.27 The anode of the diode was apertured
so he could examine the evaporation products of the

cathode. The pressure in the spectrometer was less
than 10-7 mm of Hg. (If this value seems like a good
vacuum, recall that at this pressure about 3 x 10-2

monolayers of atoms are deposited on the cathode sur-

face from the gas phase every second. If these atoms
did not re-evaporate, they would increase the thickness
of the cathode about 2 mils in 1000 hours.)

The equilibrium pressure of oxygen in contact with an
oxide cathode proved of particular interest. It was
found that the rate of evaporation of neutral 0y was pro-
portional to the voltage applied to the diode. Becker
had observed this behavior in 1929. Fig. 30 shows the
results of Plumlee's measurements. The voltage-de-
pendent evolution of 09 becomes less and less as the
cathode activates (the state of activity is noted in the
figure.) As was pointed out earlier in this section, the
enhanced evaporation results from the electrolysis of
oxygen ions to the surface. When oxygen evaporates,
donors areformed. Because elimination of oxygen may
seem tantamount to producing excess ''free' barium,
this experiment might be interpreted to show that the
donors are barium atoms, a view widely held in the
past. Recent experiments of Timmer at Cornell Uni-
versity show that this view is untenable.28 Timmer
has measured the Ba vapor pressure required to main-
tain excess Ba in Ba0. His measurements show that
in order to maintain the density of excess Ba in the
cathode necessary to make the cathode active, a Ba
vapor pressure of 10°° mm of Hg is required. Hence,
in any tube pumped to 10-7 mm of Hg or better, the
donors cannot be free barium. A possible alternative
will be discussed later.

Because the CO2peak observed inthese measurements
was larger thanthe 09, Hy, and H50 peaks, the behavior
of C0y was examined in somewhat more detailthan the
other peaks. Fig. 31 shows the behavior of the COy
peak as a function of time when the anode is turned on
and off. When the anode voltage is turned on, COg elec-
trolyzes to the surface, enhances the evaporation rate,
and the vapor pressure of COg rises until the gas-phase
thermalcurrent of COy to the surface just balances the
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Figuve 27. Peak Pulse Current vs. Duty for an Oxide Cathode
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enhanced evaporation rate. Then, the peak height be-
comes constant. When the anode voltage is turned off,
the evaporation rate drops and the cathode "'soaks up"
COy until the initial situation is restored.

The Hg (neutral) peak behaves in the same way. The
water peak proved the exception — its behavior was the
reverse of that of 09, Hg, and COg. This behavior is
shown in Fig. 32. Aside from the spikes, which have
yettobe explained, the general behavior shows that the
cathode absorbs H90 when anode voltage is applied. It
was some time before an explanation of this behavior
was found and a new class of donors had to be ""invented"
before the explanation would hang together. The ''inven-

tion" and explanation is Plumlee's.29; ‘It can be
summed up by the chemical equation
2 Ba**0"" + 2 H0—2 Ba**(OH e)"~ + 09 + Ho

Thus, water (in small amounts) reacts withBa0 to form
a donor with the concurrent release of 0y and Hy, and
the behavior of 09, Hg, and Hg0 is tied together. The
hydrogen nucleus (a proton) carries a positive charge;

therefore, it should electrolyze into the cathode on ap-
plication of voltage inthe forward direction of the diode.
Furthermore, every oxygen ion in the lattice is a pos-
sible site for the proton. On this account alone the dif-
fusion rate should be about 5 to 6 orders of magnitude
faster than any vacancy diffusion mechanism. The ac-
tivation energy for the diffusion of protons in ice has
been measured and found tobe about 0.25 electron volts.
This agrees with the measurements of the ""activation
energy for pulse decay' (0.25to 0.4 electron volts.)
Thediffusion rate of protons inBa0 has been computed
roughly, assuming that every oxygen ion is a possible
site and that the activationenergy is 0.25 electron volts.
The result agrees with the diffusion rate required to
account for pulse decay. Thus, Plumlee's hypothesis
ties together a variety of phenomena qualitatively and,
from present indication, quantitatively.

The oxide cathode is not yet completely understood,
However, considerable progress has been made since
World War IIand the vast accumulation of knowledge of
the oxide cathode in the fifty odd years since its dis-
covery in 1904 is taking on a unity and coherence that
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Figure 28. The Curvent Response of a Diode when Ba is Deposited on the Oxide Cathode.
(The deposition rate is 8.5 x 10-3 monolayers pev minute, computed on the assumption
that the cathode is a smooth Ba0O crystal face.)
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promises a complete understanding in the foreseeable
future.
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Figuve 29. The Fractional Change in Activity of an
Oxide Cathode as a Function of the Numbev of Mono-
layers of Reducing Metal Deposited (The unmarked

points ave for Ba)

APPENDIX A. THE "WAVE EQUATION" FOR ELEC-
TRONS, AND THE DENSITY OF STATES

The Wave Equation

The simplest wave equation that canbe written mathe-
matically is the one-dimensional wave progressing in
the x-direction.

Y= exp (-i 2 ES) (A1)

This function satisfies the differential equation

a2 2
¥ . (277 )y -0 (A2)
dx2

If X is expressed in terms of De Broglie's relation

A= — (A3)

the propagation constant becomes

A h gl

2m _27p _ P (A4)

wherefi=h/2 ¢

Now express the momentum p in terms of the total en-
ergy € and the potential energy U:

2
Py (A3)
2m
When the appropriate substitutions are made, the wave

equation becomes

32y 2
ax2w+ng( «<-Wy-0 49

This is the one-dimensional form of Schrodinger's wave
equation. Theabove manipulation must not be regarded
asa derivation of Schrodinger's equation. Itis no more
possible to derive this equation from first principles
than it is to derive Newton's Laws from them. Schro-
dinger's equation should be regarded as an empirical
formula, summing up the experience of the time, forti-
fied by the vast number of predictions made from it
which have been experimentally confirmed. Like New-
ton's laws, it has its weaknesses and fails to predict
the relativistic effects nowaccountedfor by its genera-
lization, the Dirac wave equation.

The wave function ¥ (x) is interpreted as a quantity
such that ¥ (x) ¥*(x)dxis the probability that the elec-
tron will be found in the interval between x and x + dx
(¢ * is the complex conjugate of ¥).

A Simple Case of Quantization

Consider an electron in a one-dimensional potential

ol

4t Ip(PEAK)FOR Ep =113V, PEAK %
o IST RUN 8.4 MA/CM2
.2~ a2NO RUN 10.6 MA/CM?2
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Figure 30. Oxygen Evolution from a Ba0O Cathode as a Function of Diode Voltage and Cathode Activity
(The state of cathode activity for each run is noted in the table)
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well such that U=0 when 0 < x < a, and U = ® out-
side of the well. Inside the well the wave equation is

2

81p+2m€w:0 (A7)
a X2 ,52
And its solution is

Y = Acos ax + Bsin ax (A8)

Where
a2 _ _2_%1 € (A9)

gl

Because the electron is inside the well and the wave
function must be continuous at the boundary between in-

EB=O

l«———Eg ON

Eg=10V.rms

sideand outside, ¥ mustvanishat the edges of the well,

i.e., A=0, @=nnm,n=1, 2, 3,---.
a
Therefore,
2
_ 7% 72 _ 1 (nh 2

€5 () Tam () (A10)
and the possible energy states are discrete. The cor-
responding classical momenta are

h
p = i\fzme:i;—a (A11)

and are also discrete

The Density of States for a Free Electron

In the subsequent discussion of the distribution of
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, 4
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Figure 31. Cavbon-Dioxide Evolution of a Ba0 Cathode as a Function of Time and Anode Voltage
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"free' electrons among possible energy states, the den-
sity of states, i.e., the number of states in a given en-
ergy interval, must be known. This value may be ob-
tained from the results of Eq. (All) above.

If the size of the well—a in Eq. (A10)-is increased,
thedifference in energy between discrete states dimin-
ishes and ultimately becomes less thankT, the thermal
energy of the electrons, and the electrons become

"free.'" Then the number of states in the momentum
interval Ap is
An = éhﬁa (A12)

The factor 1/2 in Eq. (All) must be dropped in the
enumerationbecauseboth plus and minus p correspond
to the same energy. For the case of a three-dimen-
sional box of dimensions abc, therelation correspond-
ing to Eq. (Al12) is seen to be

Apy A
Ap = 24Px Apy Apg abc
h3

(Al2a)

where py, Py, and p, are the x, y, and z components
of the momentum

Thus, the number of states per unit volume of space is
the volume in momentum-phase space Apy, Apy, Ap,
divided by h3. In other words, each state occupies a
volume h3 in phase space.

To compute the number of states in an energy inter-
val, it is convenient to write Eq. (Al12a) in spherical
coordinates. The volume in a spherical shell of thick-
ness dp and radius p is

dvy = 4r p2 dp (A13)
In terms of energy, this equation becomes
dv, = 27 (2m)3/2 €l/24¢ (A14)

p
Then, the number of states in the energy interval be-
tween € and (€ +d €) is
3/2
271 @m)T 7 172 4
h3

dN = (A15)

which is the required relation.

APPENDIX B. FERMI-DIRAC STATISTICS

The Transitions Between Two ''States"

Consider agroup of N states lyingin an energy band
not exceeding kT (k is Boltzmann's constant) in width
centered at anenergy €; anda second similar band of
Ny states centered on an energy € 9. Then the number
of states occupied in the first band is the number of
states multiplied by the probability of occupancy

n; = Ny |:exp( £1° €F), 1] -1
kT
Similarly, the number of occupied states in the second

(B1)

band is

€2 - €F -1
ng = N2 exp (k—T) +1 (BZ)

Eliminating €  between the two equations, yields

ny (N2 _ n2) e— 62/kT e-l/kT

=Ny (Nl - ny) (B3)
By multiplying through by a constant, this expression
may be written
ny (N2 - n2) W9 =1y (N1 - nl) Woy (B4)

This equation admits of a simple interpretation in
terms of a bimolecular reaction: n; is the number of
particlesinthe N; states, i. e., thenumber of particles
available for transitions to the Ny states; (Ng - ny) is
the number of unoccupied states to which transitions
can be made; W9 is a rate-constant such that N{(Ng-
ng) Wyg is therateat which particles make transitions
from the N states to the Ng states. Then Eq. (B4)
merely states that under equilibrium conditions there
is no net exchange of particles between the states. The
statistics yield noinformation onthe magnitudes of Wyo
and W, but state that their ratio is

W21

—— = exp [—(61- e2)/kT] (B5)
W12
The interpretation outlined above provides a simple and
direct way of writing the equilibrium conditions for a
system obeying Fermi-Dirac statistics.

Transitions to ""Free' Energy States

Frequently it is necessary to consider transitions to
the conduction band in a solid or transitions from a
solid phase to a vapor phase. The electrons in a con-
ductionband or the atoms or molecules in a vapor phase
are essentially free, in that they may occupy states in
a distribution of energy levels whose separation is
small comparedtokT. It is convenient to consider that
all of thefreeelectrons have one energy. The question
thenis what valuetoassign Ny in Eq. (B4) when Ny rep-
resents the number of "free' states. The value may
be obtained as follows.

Eq. (A15) gives the number of levels available in the
energy interval de at energy €.
3/2
271 (2m) c 1/2 de
h3
The probability of occupancy is given by Eq. (Bl).

dN = (B6)

Hence, the number of particles in the interval de is
3/2 1/2
dn = 2 72m) / e/—df (BT)
3 -€
h exp u +1
kT

The total number of particles is obtained by integrating
€ from 0 to «. The integration is simple if e | (e-
€ F)/kT] >>1, whichis true in most problems of con-
cern. It should be noted that the energy is being meas-
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ured from the lowest level among the free states and
that € p must be negative for this inequality to hold.
When the inequality does hold, Eq. (B2) may be approx-
imated by 3/2

dn :an exp(_i:r_ei)é'l/sz

Integration yields

n = Ng exp(i) (B8)
kT
where )
27 m kT, 3/2
N, =(—— B9
= ) (BY)

Thus, for transitions from states N;, lying at an en-
ergy }el‘below the free states, to the free states, Egq.
(B4) may be written

ny (Nc - nl) W9 =ny4 (N1 - nl) Wy, (B10)

When ny <N, then n; N, Wis = ny (N; - nj) Woy

where
i
kT

Wa1
Wiz
Studies of the magnetic properties of electrons reveal
that they have a magnetic moment as though their charge
were spinning about an axis and that if two electrons
have their spins oppositely directed, both may occupy
one energy state. Hence, for electrons

h2

(B11)

N (B12)

LIST OF SYMBOLS

= Richardson constant
= a distance _
a constant = n (F1)2 /2qV
a constant
a distance
= a capacitance
= a distance
= the velocity of light
= diffusion constant
= thickness
= electric field strength
= base of Naperian logarithims
= exponential function
force
f (x) = function of x
g = conductance per unit area

[0}
ﬂj%mtﬁo.booﬁc’wmm>

gm = ''apparent' transconductance (mutual conduc-
tance)
gmo = ''true' transconductance

A H= heat of sublimation

h = Planck’'s constant
i/h = h/2 7 (also written h)
I = current
Io = initial current
i=v-1
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secondary - emission current

= primary current

non

current density

diffusion current density

electron-emission current density
field-free-emission current density
Boltzmann's constant

mean free path

a length

particle mass

effective mass

Density of states; density of sites available
to a constituent

"density of states' in the conduction band of
a solid or in the vapor phase

donor density

particle density

particle density in a reference state

particle density in a solid

= particle density in a vapor

power output
initial power output
momentum
electronic charge
cathode resistance
distance

= absolute temperature

= time

potential energy

voltage; energy in electron volts

velocity; drift velocity

mean thermal velocity

mean thermal velocity normal to a surface
work

transition probability from state m tostate n

per unit time

= distance

]

perveance; attenuation constant

a constant

density relative to density of water
secondary emission ratio

energy

activation energy for self-diffusion; energy
gap between donors and conduction band
Fermi energy

band-gap energy

depth of Fermi sea

wave length

mobility

frequency

= threshold frequency for photoemission

a displacement from equilibrium position
charge density

= approximately equal to

conductivity
mean collision time
work function

= electron affinity
= a wave function

its complex conjugate
frequency x 27

wp = plasma frequency x 27
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Oxide-Coated Emitters

C. P. Hadley

Lancaster

In 1903, Wehnelt!’ 23 reported that the alkaline-

earth oxides are efficientthermionic emitters of elec-
trons. Over the fifty-odd years since this discovery,
the oxide-coated cathode has been the subject of inten-
sive investigation, and many workers have contributed
toabetter comprehension of its operation. Particularly
rapid advances in understanding have occurred since
the advent of the theory of semiconductors. 4 Asa
result, the phenomenon of thermionic emission from
the oxide-coated cathode is now understood in principle
but, in spite of extensive work, by no means in detail.

With regard to commercial use, the oxide-coated
cathode is by far the leading thermionic emitter. In
spite of its susceptibility to poisoning, ion bombard-
ment, and damage by high voltages, its advantages of
low cost, low temperature of operation, and relatively
high current density have ledto its use in an overwhel-
ming majority of tubes requiring a copious supply of
electrons. In recent years, several new emitters have
appeared, such as the Philips L-cathode and the molded-
nickel cathode. Although these types are finding uses
in special applications, they have given no indication of
monopolizing the field of thermionic emission. Indeed,
no serious challenge has evenbeen made to the suprem-
acy of the oxide-coated cathode, nor is there any evi-
dence that any successful challenge is imminent.

GENERAL DESCRIPTION

The typical oxide-coated cathode, shown in Fig. 1,
consists of a solid solution of barium, strontium, and
calcium oxides supportedon a metallic base. The most
useful base metals are various alloys of nickel. The
cathode may be directly or indirectly heated. Typical
operating temperatures range between 1000 K and
1100 K; 1075 K (brightness) is common in commercial
cathode-ray tubes. The electron emission available
under constant voltage conditions may be as high as 0.5
ampere per square centimeter, although 0.1 ampere per
square centimeter is a more conservative value for
long-life operation. Under microsecond pulse condi-
tions, a current density of 10 to 50 amperes per square
centimeter is not unusual. Atypicaloxide-coated cath-
ode is made as follows: The coating material, composed
of alkaline earth carbonates suspended in organic li-
quids in which a binder is dissolved, is applied to a
nickel sleeve by spraying. After the cathode is mounted
and placed in the envelope, severaldistinct processing
steps are required for proper emission. These are:
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(1) evacuation of the envelope including baking; (2) burn-
out of the binder; (3) decomposition of the carbonates
to oxides (frequently called breakdown);and (4) activa-
tion (also known as aging).

OXIDE COATING —

NICKEL SLEEVE

CATHODE TAB
HEATER

Figurve 1. Cross Section of Indivectly Heated

Oxide-Coated Cathode
THE CATHODE COATING

The carbonates for the cathode coating are usually
precipitatedfrom a water solution of the nitrates. Typ-
ical reactions are:

Ba(NO3)g + NagCO3 — BaCO3 + 2NaNOg

Ba(NO3)2 + (NH4)2 CO3 — BaCOg3 + 2NH4NO3

The first reactionproduces a sodium-precipitated car-
bonate which is used in the majority of sprays. It has
been often said, although not fully substantiated, that
residual sodium which remains after washing of the car-
bonate is helpful in cathode activation. However, re-
cent practice tends toward the use of the ammonium-
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precipitated carbonates, which can be more readily
cleaned of residual impurities.

A typical carbonate (RCA C-175) contains coprecip-
itated barium, strontium, and calcium carbonates in
the molecular percentages of 49, 44, and 7 per cent,
respectively. A typical cathode spray (RCA C-185)
contains the same carbonate mixture and a binder of
nitrocellulose, alcohol, diatol, and diethyl oxalate. In
the preparation of the spray, the carbonate is thoroughly
dried and then ball-milled with the binder.

The cathode coating is applied to the nickel sleeve by
spraying. The coating may be a few thousandths of an
inch thick and have a weight of 6 to 8 milligrams for
each square centimeter of cathode area.

Various cathode sprays are used depending on the in-
tended applications. The molecular ratio of the carbon-
ates may be changed, for example, to obtain various
emission levels. This effect was first shown by Ben-
jamin and Rooksby14 Their data, repeated in Fig. 2,
show that maximum initial emission is usually obtained
with low percentages (20 to 30 per cent) of Ba0. More
recentresults by C.H. Meltzer, show a much broader
region of maximum initial emission. (See his chapter
entitled, '""The Oxide Coated Cathode.') Other workers
have further increased initial emission by adding 5per
cent of CaO0 to the coating. Factors other than initial
emission are involved, however, and the proportions
used in any cathode spray are a compromise. Operating
life, for example, is prolonged by an increase in bar-
ium content; whereas grid emission is decreased with
an increase in calcium content; the cathode spray
(C-185) described above, represents a suitable com-
promise for general use. Examples of cathode sprays
for various applications are given below.
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Figure 2. Dependence of Emission on Proportions of

Bavrium Oxide and Strontium Oxide. Curve A: carbon-

ate content beforve heat treatment; curve B, oxide con-
tent after activationl4

1. For general use, when emission must be ob-
tained readily and applied voltages are not too high,
a spray which produces a fluffy coating (fast-drying)
is desired; C-185, described above, is suitable.

2. The cathodes of tubes operating at high plate volt-
ages require a smooth, dense coating. Such a coating

is achieved by use of slow-drying solvents, such as
amyl acetate, and carbonates having a small particle
size. This last requirement can be satisfied with a
mixture of singly precipitated barium carbonate and
strontium carbonate.

3. If the structure of the tube is such that the grid
runs hot, thermionic emission from the grid may be
a problem. This grid emission may be decreased
by decreasing the barium evaporation from the cath-
ode, aresult whichisachieved by increasing the cal-
cium content of the spray. Molecular concentrations
of CaCO3 as highas 20per cent are occasionally used.

THE BASE MATERIAL

The functions of the metallic base are to support the
cathode coating, to conduct heat and current to the coat-
ing, and toprovide reducing agents for activation of the
cathode. The last function, that of activation, will be
explainedindetail later. The essential point to be made
here is that adequate emission is obtained only by vir-
tue of activating centers withinthe coating, andthat these
centers are produced by a chemical reduction of the al-
kaline-earth oxides. The needed reducing agents may
migrate to the cathode from remote parts of the tube,
but the heat source of reducing materials is the metal
sleeve which itself contains small quantities of impur-
ities as alloys. The most common of the base metals
is nickel alloyed with small amounts of silicon, mag-
nesium, or carbon. The various cathode nickels have
been arbitrarily classifiedas active, normal, or pass-
ive, depending on the quantity and character of the re-
ducing agents present. The analysis of three typical
alloys is given in Table 1.

Table I
Cathode Alloys
(all values in per cent)
Material | Active—599 ]Norma1—220 l Passive—499
Nickel and
cobalt 99.0 min. 99.2 min. 99.8 min.

Silicon 0.15-0.25 0.01—0.05 0.01 max.
Magnesium Present 0.01-0.1 0.005 max.
Carbon 0.04 max. 0.04 max. 0.05 max.
Copper 0.02 max. 0.2 max. 0.1 max.
Iron 0.02 max. 0.2 max. 0.1 max.
Manganese 0.2 max. 0.2 max. 0.002 max.
Sulfur 0.008 max. 0.008 max. 0.005 max.
Titanium - - - - 0.005 max.

The advantage of the active alloy is the ease with which
emissionis obtained, evenunder poor conditions of vac-
uum and cleanliness. There are, however, disadvan-
tages which make the use of such an alloy undesirable
except where necessary: (1) the cathode coating tends
to peel from the base metal; (2) an interface material
forms between the oxide and the base metal. When 599
alloy is used as the base, the interface material is bar-
ium orthosilicate (BagSi0y). The BagSi04 interface is
a poor electrical conductor, especially if current is
not being drawn through it continuously, and, there-

fore, acts as a degenerative resistance in series with
the cathode. The interface resistance is particularly
undesirable intubes designed for computer applications,
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because such tubes may be cut off for a large propor-
tion of the operating time.

Normal and passive alloys do not usually show inter-
face resistance, and have less tendency to peel than the
active alloys. Normal andpassive cathodes are some-
what difficult to activate and should not be used when
vacuum conditions are poor. Improved techniques of
tube manufacture, however, make the use of active
alloys unnecessary; modern tendency is toward the use
of the purer nickels as base materials.

DECOMPOSITION OF BINDER AND CARBONATES

A vacuum bake is includedearly in the processing of
a tube containing an oxide-coated cathode. If the bake
is at more than about 275 C, the nitrocellulose binder
is burned out. Following the vacuum bake, the coating
is usually somewhat yellow or brown in color because
of carbon left behind from the binder. If a Lucite binder
is used, the binder sublimes without residue.

After the bake, heating current is applied to the cath-
ode to decompose the carbonates. A typicalreaction is:

BaCO3 -, BaO + COy

Some of the carbon dioxide reacts with the residual car-
bon from the binder to form carbon monoxide, and the
cathode coating turns pure white. Both the carbon di-
oxide and carbon monoxide are pumped from the tube.
The rate at which the breakdownoccurs depends on the
cathode temperature. Fig. 3gives curvesd of the vapor
pressure of carbondioxide duringthe decomposition as
a function of the temperature for CaCO3, SrCOs, and
BaCOg3. The barium carbonate is the most stable of the
three compounds, and requires a temperature in excess
of 1200K for breakdown to occur in a reasonable time.
A typicalbreakdowntemperature would be 1250 K, and,
for a small tube, the breakdown would be complete in
30 to 120 seconds. The breakdown is usually monitored
with an ionization gauge;the completion of the reaction
is indicated by a rapid fall in pressure.

ACTIVATION

After the breakdown is complete, the cathode is acti-
vated by further heat treatment at temperatures near
1250 K. As explained previously, activation is essen-
tially a chemical reduction of the cathode coating. There
are three mechanisms by which such reduction may
occur: (1) by dissociation of the oxide by ion bombard-
ment, (2)by electrolysis of the oxide by passage of cur-
rent, and (3) by chemical reduction by reducing agents.
Chemicalreductionisa very important mechanism and
willbe explained in some detail. The essential reaction
involved is the reduction of barium oxide. One typical
reaction is given below:

4Ba0O + Si— Bagsiog + 2Ba

For a suitable reaction to occur, the reducing agent
must satisfy the following requirements:

1. The reducing agent must be present in an avail-
able form. If the siliconor magnesium is inthe cath-
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the Breakdown Reaction

ode nickel as a compoundof oxygen or sulfur (usually
as inclusions at metal grainboundaries), for example,
it will be bound too firmly to its anion to reactwith
the barium oxide.

2. The reducing agent must be protected during the
breakdown, otherwise it will react with carbon dioxide
and be made unavailable. (If the reducer is alloyed
with the nickel base, this requirement, as well as
that of 1 above, is fulfilled.)

3. The reducer must diffuse through the base metal
readily enough to be available for reaction.

4, The reduction must take place rapidly enough to
be useful. Table II, devised by Rittner, 6 gives the
equilibrium pressure of barium at 1000K duringthe
reaction between barium oxide andvarious elements.
This equilibrium pressure is a measure of the rap-
idity with which the reaction progresses; i. e., the
greater the equilibrium pressure, the more rapid the
reaction. Although, of course, reducing agents other
than those listed in Table II exist, theyare either
nearly inert, as far as the reduction of BaO is con-
cerned, orare soactive that the pressure of Ba pro-
duced is essentially that of Ba vapor in equilibrium
with solid Ba.

As arough rule of thumb, barium pressures nogreat-
er than 10-10t0 10-11 mm of mercury can be tolera-
ted for cathodes of reasonable life. Thus, accordingto
Table II, any cathode base composed entirely of a ma-
terial more active than molybdenum would lead to ex-
cessive barium evaporation and a heavy interface.

If the reducing agent is includedas an alloy of the base
metal (for example, as silicon in nickel), the rate of
reaction is reduced by two factors: (1)the presence of
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the reducing agent as a compound (in the example, sil-
icon would be present as NigSi), and (2) the absence of
a saturated solution of the reducer. Rittner® outlines
the method of accounting for these factors and gives
as anexample the equilibrium pressure of barium over
the reaction of BaO with 0.1 per cent (by weight) of sil-
icon in nickel. At 1000 K, this equilibrium pressure
is approximately 10-6 millimeters of mercury,a pres-
sure which would be maintainedonly a short time during
the initial operation of the cathode.

Table II

Reduction of Barium Oxide

Pressure of Barium
Reducing Agent (gas) mm. Hg
Thermal Disassociation 8 x10-16
Tin (Sn) 4 x10-15
Iron (Fe) 8 x 10-15
Vanadium (V) 9 x10-13
Zinc (Zn) 2 x10-12
Gallium (Ga) 4 x10-12
Molybdenum (Mo) 6 x 10-12
Chromium (Cr) 4x10-°10
Tungsten (W) 2x10°9
Columbium (Cb) 2 x10-9
Boron B) 1x10-8
Manganese (Mn) 1x10-8
Tantalum (Ta) 1x10-8
Carbon (c) 4x10-6
Titanium (Ti) 7 x10-6
Cesium (Ce) 2 x 1074
Barium (Ba(s) +Ba(g) ) 1x 10-2

MECHANISM OF OPERATION

Early workers on the oxide cathode recognized that
high emission was associated with the presence of ex-
cess barium.’ It was believed that the excess metal
formed a dipole layer on the surface of the oxide and,
thus, reduced the work function. More recent work
has emphasized the semiconductor nature of the cathode,
andhas associatedthe principal activating centers with
oxygen deficiencies.8 Still more recently, Plumlee?
has indicated that the activating centers may be more
complex, possibly involving the OH~ radical. Experi-
mental measurements of the energy of the various
levels of the band structure of BaO have yieldeda var-
iety of results. NergaardlO has summarized themas
follows (see Fig. 4):

1. Band gap: about 5 electron volts.

2. Electron affinity: about 0.5 electron volt.

3. Valence-band exciton states: about 1.2 electron
volts below the conduction band.

4. Impurity levels: 3.5, 2.4, 2.0, 1.4, and 0.8elec-
tron volts below the conduction band. (The levels at
1.4 and 2.4 electronvolts are probably most certain.)

The two important electrical characteristics of the
cathode are its thermionic emissionand its conductivity.
These characteristics may readily be calculated!l. The
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Figure 4. Energy-Level Structure of Oxide Cathode?

density of electrons inthe conduction band n, is givenby

(1)

q ¢/kT

n, =N.e Nc=l(27rka)3/2

b h3
Here N, represents the density of available states in the
conduction band, ¢ is the energy of the Fermi level
(measured from the bottom of the conduction band) q
is the electron charge, k is Boltzmann's constant, T is
the absolute temperature, h is Planck's constant, and
m isthe mass of the electron. The energy of the Fermi
level { may be calculated from the expression

D> i >

= n_.
i1, edE-T)RT

where Nj is the density of states in the forbidden band
at the energy E;, and n,; is the density of electrons in
the ith state at a temperature of absolute zero.

The conductivity of the coating ¢ is given by

o =N.qM 2)

and thermionic emission current density is

. / kT -q x/kT
]O:ncq ZTr—rne X (3)

In the above expressions, {
and x is the electron affinity.

is the electron mobility,

The problem in making any calculations is to deter-
mine the proper model to use. The experimentally de-
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termined model of energy levels described above is
complicated; and, in any event, the density of the var-
ious levels is not well known. A simplified model of
barium oxide which explains many, although not all, of
the experimental results, is as follows: As stated pre-
viously, the band-gap is about 5 electron volts and
the electron affinity about 0.5 electron volts. It is
assumed that only one activation level, a donor level,
is important and that it is located at about 1.4electron
volts below the conduction band. In the notation being
used, X = 0.5 electron volts, E; = Ey, = - 1.4 electron-
volts, and the density of the activation levels is given
by Nj = N,. With these assumptions, the emissionand
conductivity equations become:

5/4 1/4
qk®/4(® 7 m) ]
jo_[ 372 JNb]T5/4e 1 0oKT g

J2
o :[_ @2 mk)3/4 u Q‘{—N—b]T3/4e qEp/2KT (5)*
h3/2

¢ o, the work-function, is givenby ¢, = X- Ep/2

Similar equations containing slightly different band-
structure values apply to a triple-oxide cathode. Typ-
ical constants for such a cathode are:

¢, =1 electron volt
Np = 1023 levels/cubic meter
jo = 20 amperes/square centimeter

o =102 mhos/centimeter

The current density given above is well in excess of
the emission usually drawn, and applies more cor-
rectly to pulsed emission. The reason that dc emis-
sionis lower than pulsed emissionby at least two orders
of magnitude is ascribed by Nergaard8 to the mobility
of the donors. According to this picture, donor levels
which are ionized by thermal excitation of electrons to
the conduction band experience a force away from the
cathode surface when current is drawn. The result is
that Ny, of Eqs. (4) and (5) becomes quite small near
the emitting surface, and the cathode conductivity be-
comes low in this region.

Another factor of importance in the operation of the
cathode is the interface resistance. Asdescribed pre-
viously, cathode nickels which contain silicon lead to
the formation of an interface compound. A sketch of
such a situation is shown in Fig. 5. The interface ma-
terial is itself a semi-conductor and exhibits a conduc-
tivity of the sort expressed by Eq. (5). A typical in-
terface layer may be of the order of 10-° centimeters
in thickness and may, if well-activated, exhibita con-
ductivity at 1000 K of about 10-6 mhos/centimeterlz.
In some cases, the resistivity may be much higher.
For example, the resistance of the interface tends to

*Under some circumstances the current may be carried as aflow
of space charge throughthe pores of the cathode coating. In such
cases, Eq. (5) does not apply.l®
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be higher if current is notdrawn continuously from the
cathode.

THE MEASUREMENT OF THERMIONIC EMISSION

A measurement of thermionic emission must be made
on each manufactured tube which contains an oxide-
coated cathode; such measurement is by no means
straightforward. Indeed, most so-called "emission"
measurements are relative determinations, the results
of which depend on many factors other than the con-
dition of the cathode. Such factors include tube geom-
etry and cleanliness of collecting electrodes.

The most practical method of making a true measure-
ment of the thermionic emissionof an oxide-coated cath-
ode is to connect the tube involved as a diode. In the
elementary theory usually given for the current-voltage
characteristics of a diode, two regions are recognized.
For the lower voltages, the current is saidto be space-
charge limited, andthe current variesas the 3/2 power
of the voltage. For higher voltages, the emission is
said to be temperature limited and is essentially con-
stant. On the basis of this simple theory, a satisfac-
tory emission measurement can be made by the appli-
cation of a collection voltage which is sufficiently high
to reach the saturation region.

Unfortunately, a number of additional effects occur
which are of importance and which complicate the meas-
urement considerably. These additional effects, listed
below, are described in detail later.

1. The initial velocities of the emitted electrons alter
the simple space-charge theory.

2. The application of a high collection field lowers
the surface barrier over which the electrons must
pass to be emitted and thus eliminatesatrue tem-
perature saturation.

3. The electrical resistance of the cathode coating
causes avoltage drop during emission measurement.
As a result, the actual voltage difference between the
cathode surface andthe anode is less than the applied
voltage.

4. The cathode may be poisoned during testing.
Cathode poisoning raises the cathode surface barrier
and decreases emission.
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5. Because of the difference in work functions of the
cathode and anode, a contact difference in potential
acts in series with the tube.

6. Some types of cathodes (oxide-coated cathodes in
particular) give a higher emission for microsecond
pulses than they do for steady-stage voltage condi-
tions.

In the previous section (Mechanism of Operation), the
thermionic emission equationfor the oxide cathode was
derived. Anyproper measurementof emission must be
characteristic only of the cathode material andhence
must be some form of evaluation of Eq. (4). The ex-
perimental measurement, therefore, must duplicate the
assumptions under which the emission equation was de-
rived. It is not profitable to list all of the assumptions
here, because most of them are well-enough satisfied
in ordinary procedure. Two of the assumptions, how-
ever, necessitate special precautions. These precau-
tions are:

1. The cathode condition (N and ¢,) must remain
constant during a measurement.

2. The electrons being measured must not escape
over a barrier either greater or less than X . This
implies that the electric field at the surface of the
cathode must be zero.

CATHODE

Potential Distribution in a Diode
(no space charge)

Figure 6.

Fig. 6gives a potential-energy diagram for an elec-
tron in a plane-parallel diode, in which the anode is
held positive with respect to the cathode by V, volts.
It is assumed that the electron-charge density in the
cathode-anode space is negligible. The diagram shows
the surface barriers, ¢, and®_., and the Fermi levels
of the two electrodes. The electric fieldinthe cathode-
anode space is given by

[Va-(6a-00 ]
where L is the cathode-anode spacing.

The difference between the anode and cathode work-
functions, ¢ .-, = V,, is called the contact difference
in potential, and must be taken into account when the
voltages applied to the diode are small. The actual po-
tential difference across the vacuum gap for an applied
voltage of V, is V-V,

If the cathode coating has an appreciable resistance Ry,
a potential difference Ry i, is formed across it by the
cathode current ij. The vacuum gap potential differ-
ence then becomes

Va - Ve - Ryiy (6)

The electrons within the cathode-anode space of the
plane-parallel diode must obey the usual laws of me-

chanics and electrostatics. Therefore,
VD - mv2 _ mve? 4 qV¥
P 2 2
7= nav’ D -¢ E

D is the electric displacement, p the charge density,
v the velocity of an electron at the potential ¥, vg the
velocity of an electron at zero potential, j the current
density, n the density of electrons in the vacuum space,
€, the permittivity of free space, and E the electric
field. If it is assumed that the initial electron velocity
is zero, these equations may be combined to yield the
following expressionfor the cathode current density, ji:

3/2
o 2 VY )
1 9 \ m L
Eq. (7) is the familiar space-charge relationship.

The above equation is, of course, somewhat idealized;
amuch more complete analysis is given by Nottingham. 11
A sketch of the actual potential distribution between the
cathode and anode, neglecting V., is given in Fig. 7.
The equations which describe the current density jo
are as follows:

ig = jge WVs/XT (8)
279 /m T@®@-)

Vg is the height of the potential barrier due to space
charge (see Fig. 7),and 1l is the distance of the top of
the barrier from the cathode surface.

If the applied voltage is varied, the potential distri-
bution changes, as shown in Curves B and C of Fig. 7.
As V is made more positive, the potential barrier be-
comes smaller and moves toward the cathode. Ata
critical voltage, the field at the cathode is zero, Vg and
lare zero, and jg = jo, which is the current described
by Richardson's equation. One important method of
determining emission, which will be described later,
involves a technique for increasing V until jg = jo,

In the introduction to this paragraph, an idealized
theory was described as a simple explanation for the
current-voltage curve of a diode. The subsequent dis-
cussion has shown some of the fallacies in the simple
explanation. In reality, the characteristic curves look
more like those shown in Fig. 8. Curve A shows the
case when the cathode resistance is negligible, curve
B when appreciable resistance is present. The theory
of Egs. (8) and(9) is meaningful when the cathode cur-
rent is limited by space charge, that is, when the
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applied voltage is rather low. Eq. (7) applies only
when the field at the surface of the cathode is exactly
zero, which occurs only at a single current value for
any given diode. As the voltage applied to the diode is
gradually raised, a semi-saturationof current is reach-
edas shown in curve A of Fig. 8. In this region,called
the Schottky region, additional theory is required for
explanation.
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As shown in Fig. 7, diode voltages beyond the space-
charge region cause anaccelerating field at the surface
of the cathode. This acceleratingfield lowers the sur-
facebarrier (X in Fig. 4), andallows electrons of low-
er -than-usual energy tobe emitted. The calculation of
the amount by which the barrier is lowered was first
made by Schottky13, who made the assumption that the
force exerted by the emitter on an emitted electron is
the familiar image force. The theory is, therefore,
accurate only when the electronis at some distance from
the emitter. The lowering of the work-function barrier
is given by

qE
A¢p = [— , where E is the field
4 7 € fo)
at the surface of the cathode

The current density for the accelerating condition is,
therefore

. . A ¢ /KT

g =g e 429 (10).
For any diode, E is proportionalto V; therefore, a plot
of 1nj3 versus 4/V should give a straight line having an
intercept Inj,. This method is sometimes used for the
determination of the field-free current.

It is important that the condition of the cathode re-
main constant during measurement. Any poisoning will
cause ¢, to increase and Ny, to decrease. Because j,
is more sensitiveto ¢ 4 than to the other variables, the
net effect of the poisoning is a lowering of emission.
There are three factors most important to cathode
poisoning.

1. Even for well-processedtubes,excessive heating
of the anode causes a tube tobecome gassy. The effect
canbe minimized if the anode power is kept to a min-
imum. Thetworequirements of low anode power and
zero-field current tendto work in opposite directions.
If zero-field currentis drawnunder dc conditions, it
is usually necessary to reduce the cathode temper-
ature. Fortemperatures nearer the operating range,
the anode power may be kept low by the application
of voltage in microsecond pulses.

2. Any cathode (and in particular an oxide-coated
cathode) evaporates materialtothe anode during life.
These evaporated materials, frequently oxides, can
be decomposed by electrons having more than about
10 volts of energy. The decomposition products are
able to poison the cathode.

3. Poisoning effects act much more strongly as the
cathode temperature is lowered.

Inadditiontothe effects discussed above, whichapply
to all cathodes, there are some special effects which
are characteristic especially of oxide-coated cathodes.
These effects result from the semiconductor nature of
these emitters. In the section on thermionic emission
theory, it was noted that the emission from semicon-
ductors was due to the presence of donor levels. The
donors are mobile at the temperature of operation, and
are movedtoward the base material by the electric field
which is present duringthe drawing of current. Two of
the effects of donor mobility which are applicable to
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this discussion are:

1. Pulse emission for oxide cathodes is from 10 to
100 times as large as dc emission.

2. The Schottky theory of Eq. (10) may not hold. If
emissiondataare plottedas 1, j5 versus</V, the slope
of the curve for a plane-paralleldiode is as follows.

—d . q q 172
avl/2 1033=%1 \ 47 c L

Similar equations are foundfor tube geometries other
than plane-parallel. Metallic emitters and emitters
such as thoriated tungsten perform as predicted by
Eq. (10), but oxide-coated cathodes show an anom-
alously high slope (3 to 4 times that expected). This
effect casts doubt on the validity of using a Schottky
plot for the determination of field-free emission for
oxide-coated cathodes.

On the basis of the above discussion, the most satis-
factory simple way to properly measure the thermionic
emission of an oxide-coated cathode is:

1. Applyvoltages tothe diode-connected tube. Draw
currents within, and slightly above, the space-charge
region.

2. Make aplotof the current tothe 2/3 power versus
the applied voltage. (Eq. 7).

3. Correct the plot for cathode-coating resistance.
This correction may frequently be made by a deter-
mination of what coating resistance must be assumed
in order that the space-charge current satisfies geo-
metric considerations.

4. Find the field-free emission current at the point
where the plot of the measuredcurrent departs from
the space-charge line.

It is tedious to make the space-charge plot point-by-
point, and it isimpossible in production. The next best
expedient is to make a single pulsed-emission measure-
ment at a voltage sufficiently high that the current does
not change too rapidly with voltage. The emission so
measured will be several times higher than the field-
free value.

The least satisfactory method of all is to measure
current with a moderate voltage applied to the collec-
tor. Theaccuracy of sucha measurement depends pri-
marily ongeometry and onthe resistance of the cathode.
Since Egs. (4) and (5) show that both the emission and
the resistance vary with cathode activity, the current
will be some measure of the activity of the cathode if
the geometry canbe assumed constant from tube to tube.

DYNAMIC EQUILIBRIUM AND POISONING

Although the previous paragraphs have discussed sep-
arately the various mechansims occurring in oxide cath-
odes, the condition of the cathode at any time is deter-
minedby a dynamic equilibrium of all the mechanisms

inprogress. Itisconvenientto classify the mechanisms
as follows:

Activating Mechanisms

1. Migration of reducing agents through base metal.

2. Reducingactionbetweenthe oxide coating andvar-
ious reducing agents present.

3. Diffusion of the activating centers throughout the
oxide coating.

4. Reduction by electrolysis.

De-Activating Mechanisms

1. Evaporation of activating centers.

2. Oxidation of the coating by undesirable impurities
such as oxygen, water vapor, and chlorides.

3. The evolution of gases from tube parts.

4. The reductionof compounds on electrode surfaces
by electron bombardment.

Destruction of Barium, Strontium, or Calcium Oxides

1. Reaction with materials such as water vapor,
chlorides, and carbon dioxide.

2. Destruction by ion bombardment.

3. Evaporation of the coating.

The cathode will become useless for emission if any
of the activating mechanisms is interrupted unduly, or
if the undesirable reactions are present to any extent.
According to the discussion following Eq. (4), awell-
activated cathode has anactivator concentrationof about
1023 centers per cubic meter. Referred to BaO, the
activator concentrationisthus a few parts per million.
Concentrations of impurities as high as 0.001 per cent
by weight will not seriously affect the cathode perfor-
mance. As a rule of thumb, 1 microgram of poisoning
material for every milligram of cathode coating may be
considered to be enough to destroy cathode emission.
These figures emphasize the necessity for great clean-
liness, not only in the cathode materials, but in every
part that enters the finished tube.

Every tube type must be considered as an individual
within a species. Schedules for baking, evacuation,
activation, and aging cannot usually be taken over bodily
from one tube type to the next. Proper procedures for
any new type must, therefore, be developed experimen-
tally, and frequently with considerable difficulty.

CONCLUSIONS

In the field of oxide cathodes, perhaps more than in
any other field, it is difficult to make many specific
recommendations that will apply to all situations.
Accordingly, the author has attempted to generalize
and to present a broad picture of theory and practice.
It is hopedthat the presentationis broad enough to per-
mit the reader to particularize according to his own
needs.

LIST OF SYMBOLS

ne = density of electrons in the conduction band.
N, = density of available states in the conduction
band.
q = electron charge.
= energy of the Fermi-level measured from the
bottom of the conduction band.

k = Boltzmann's constant.
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absolute temperature.

Planck's constant.

mass of an electron.

density of states at the energy E;

energy of a state in the forbidden band (meas-
ured from the bottom of the conduction band).
the density of the electrons in the ith state at
a temperature of absolute zero.

electrical conductivity of the oxide coating.
mobility of the electron inthe conduction band.
thermionic emission current density with zero-
field at the cathode surface.

electron affinity of the oxide-coated cathode.

density of impurity levels inthe cathode coating.

energy of the impurity level (measuredfrom the
bottom of the conduction band).

work-function of the cathode (as expressed in
Richardson's equation).

anode voltage.

cathode coating resistance.

cathode current

anode work-function

= cathode work-function

nonon

anode -cathode spacing.

electric displacement.

charge density.

velocity of the electron at the potential ¥.
potential within the cathode-anode space.
velocity of the electron at zero potential.
electron current density (vector).

density of the electrons in the cathode-anode
space.

velocity of an electron in the cathode-anode
space

permittivity of free space.

electric field

current density under idealized space-charge
theory.

current density under practical space-charge
conditions

height of the space charge barrier.

distance of the top of the space charge barrier
from the cathode surface.

V = vacuum gap potential.
j = electron current density (scalar).
E = the electric field at the surface of the cathode.
j3 = current density under accelerating conditions.
REFERENCES
1. Wehnelt, A., S. -B. physik. -med. Soz., Erlangen,
95, 115, 1903
2. Wehnelt, A., Verh. Dtsch. physik., Ges., 5, 346,
1903
3. Wehnelt, A., Ann. Physik14, 425, "On the Emer-
gence of Negative Ions from Hot Metallic Com-
pounds", 1904
4, Wilson, H. A., Proc. Roy. Soc., Lond., Al134,
277-287, 1931
5. Wagener, S. and G. Hermann, The Oxide Cathode,
Vols. I and II ""The Oxide-Coated Cathode, ' Chap-
man and Hall, 1951
6. Rittner, E. S., "A Theoretical Study of the Chem-
istry of the Oxide Cathode, " Philips Research Re-
ports, 8, 184, 1953
7. Becker, J. A., "Phenomena in Oxide-Coated Fila-
ments, " Phys. Rev., 34, 1323, 1929
8. Nergaard, L. S., '"Studies of the Oxide Cathode, "
RCA Review, 13, 464, 1952
9. Plumlee, R. H., "The Electron Donor Centers in
the Oxide Cathode," RCA Review, 17, 231, 1956
10. Private Communication
11. Nottingham, W. B., "Thermionic Emission,"
Handbuch der physik, Vol. XXI, Springer, Berlin,
1959, Academic Press, New York, 1948
12. Eisenstein, A. S., ""Oxide-Coated Cathodes, " Ad-
vances in Electronics, Vol. 1, p. 1, 1948
13. Schottky, W., Physik Z., 15, 872, 1914
14. Benjamin, M., and H. P. Rooksby, "Emissionfrom
Oxide-Coated Cathodes, ""Phil. Mag. , 15, 810,1933
15. R. Loosjes and H. J. Vink, "The Conduction Mech-

anism in Oxide-Coated Cathodes,' Philips Res.
Rep., 4, 449, 1949



Electron-Emission Coating for the Oxide Cathode

C. H. Meltzer and E. G. Widell

Harrison

BASIC CONSIDERATIONS FOR THE EMISSION COAT -
ING

The oxide-coated cathode is a system for producing
efficient emission of electrons by the application of ther -
mal energy to a material having a low work function.
The system uses a nickel alloy for the cathode sub-
strate metal upon which the oxide coatingderived from
alkaline-earth carbonates is formed. The presence of
an activated oxide coating lowers the work function of
the substrate nickel coremetal. The low work function
of the system permits operation at the relatively low
temperature of 1025 K, and copious electron emission
at low heater-wattage input. Electron emission is in-
fluenced by the effectsof the low work function as well
as by the electron transfer efficiency involved in the
porous nature of the emission-oxide matrix coating.

Work Function

The work function ¢, or the total amount of work nec-
essary to free an electron from a solid, is measured
in electron-volts (ev) and is temperature dependent.
The temperature dependence may be produced either
by the work function of the base metal, or by absorbed
layers of atomic films. In general, the work function
increases with the decrease in atomic volume or lat-
tice spacing, i.e., the workfunction increases with the
increasing electron affinity by reason of increasing
electrical forces of attraction to the nucleus with de-
creasingdistance, as shown in Fig. 1., Whenatomsofa
lower work functionare adsorbed onto the surface of a
higher work function metal, the work function of the
substrate metal is reduced by the potential barrier at
the surface of the metal. For example, when a mono-
layer of barium ( ¢ = 2.52 ev) is vaporized onto the sur-
face of nickel (¢ = 4.96 ev), the resultant adsorption
layer, barium-oxygen-nickel, has a work function of
0.9 ev.1

Although large lattice spacings in a solid contribute
to a low work function, they are also associated with
low melting points and low boiling points. Therefore,
the usefulness of materials having large lattice spac-
ings is limited by their high rate of evaporation, which
tends to shorten the life of a system under vacuum tube
conditions as well as to contaminate adjoining elect-
rode surfaces. A balance of the two factors— work
function and rate of evaporation — is desired in an ox-
ide-cathode system. The barium /barium oxide system

has the lowest usable work function consistent with min-
imum rate of evaporationand long life at the operating
temperature of the tube. Fig. 2 illustrates the rel-
ative emission capability of the oxide, tungsten, and
thoriated -tungsten cathode systems.

The work function of a metal not only involves the
particular substrate metal but also involves the type of
crystal surface that is being measured. In some cases,
preferred orientation occurs and it is found that the
work functions of different faces of the metal lattice
will vary with the plane of the lattice that is exposed. 2,3
However, for practical purposes, the values of the work
function assigned to those materials used for cathode
systems apply to polycrystalline surfaces with random
orientation such that average effects are created.

Semiconductor Plus '"Electron-Pore Gas'' Conductivity

The activated alkaline-earth oxide coating on a cath-
ode nickel base metal lowers the work function of the
system by modifying the surface-energy potential bar -
rier of the substrate metal so thatelectrons are trans-
ferred copiously at a relatively low operating temper -
ature. In addition to creating a low work function sys-
tem, which can be obtained by a thin film of oxide coat-
ing, a relatively thick oxide coating (0.75 to 3.5 mils)
introduces a factor of coating porosity that allows an
"electron pore gas'4,5, 6 effect to operate in conjunc-
tion with the basic semiconductor mechanism of elec-
tron transfer. 7, 8,9 Normally, pure oxide coating has
a resistance of 1012 ohms. The activating process
causes the oxide to actas a semiconductor by a process
of physical-chemical reactions which are believed to
lead to the formation of barium and associated donor
sites in the oxide lattice. In addition to this semicon-
ductor property of electron transfer, there exists a
phenomenon of electron transfer through an "electron
pore gas' in the interstices between the macroscopic
crystal particles of the oxide matrix at temperatures
above 575 K. Although the electron gas, i.e., a cloud
of electrons which is considered in terms of kinetic
theory of gases, does not reduce the work function of
the system, it does increase the efficiency of emission
by increasing the conductivity of the system, as shown
in Fig. 3. 1075 higher level of emission performance
is possible at the operating temperature of 1025 K be-
cause there is a greater net voltage applied between
cathode and plate as a result of the lower voltage drop
across the oxide coating, i.e., the depth of the poten-
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tial minimum, as wellas itsdistance from the surface
of the cathode, isdecreasedto permitmore of the elec-
trons to reach the plate. A relatively thick porous ox-
ide coating, in addition to contributing a higher con-
ductivity by reason of the electronpore gas effect, con-
tributes to longlife performance because the matrix of
barium oxide in the coating is a reservoir for active
barium sites in the system by reason of the chemical
reduction processes induced by the active reducing
agents of the nickel base metal.

Activation of the Oxide-Cathode System

Barium and associated donor centers are produced
by chemical reduction of the barium oxide by reducing
agents in the cathode nickel-alloy base metal. Barium
oxide plus metal yields the metal oxide plus barium,
Barium oxide can not be decomposed tobarium and ox-
ygen within the temperature limitations of the vacuum
tube. The temperature required to decompose barium
oxide would be close to 3000 K ata vacuum of 10-9 mill-
imeters of mercury. Electrolytic dissociation of bar-
ium oxide yields only about two per cent of the avail-
able barium centers. Electrolysis of barium oxide oc-
cursupon passage of current through the coating where-
upon the barium ion is transported toward the base me -
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tal to be reducedto free barium by acquiring two elec-
trons. The oxygen ion forms atomic oxygen yielding
two electrons in the process. 11 Oxygen ultimately
leaves the oxide coating to enter the vacuum space
where, in time, it is removed from the vapor phase by
combining with the getter flash material. As soon as
barium has beencreated and donor sites have been es-
tablished in the oxide matrix, the oxide coating is cap-
able of transferring high emission current. Electro-
lysis does not activate an oxide system as readily as
chemical reduction by certain alloying metals in com-
mercial cathode nickel. The time for activation by
electrolysis is measured in tens of hours for a pure
platinum cathode in contrast to a time of minutes for
activation by chemical reduction, as shown in Fig. 4.

Electrical Importance of the Substrate Metal and Emis-
sion Coating

The reducing-element content of the cathode nickel
base metal creates and replenishes the supply of bar-
ium centers which maintain the low work function of
the system and the basic semiconductor method of elec-
tron transfer. The operating characteristics of the
cathode with respect to other tube electrodes are de-
termined by composition, purity, and particle size of
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Figure 2. Average Value of DC Emission Curvent from Diffevent Cathode Systems

the emission carbonates; the technique of coating the
cathode metal; the conversion of the carbonates to the
oxide-matrix crystal structure; the rate of thermal
diffusion of barium through the coating; the rate of elec-
trolytic transport of the barium ion; the rate of evap-
oration of barium /barium oxide;12; 13,14 and the con-
current formation of surface films on adjoining ele-
ments. The location of the active barium donor sites—
whether in, on, or around the crystal lattice of the
alkaline-earth oxide —is not known with certainty. The
electrical importance of the crystal structure of the
oxide lattice is related to the degree of porosity, which
determines the effectiveness of the electron pore gas
in decreasing the resistance of the coating at the oper-
ating temperature of 1025 K as shown in Fig. 5.

Equilibrium Systems and Interactions

In addition to the variable factors noted above, fur-
ther variations on the physical-chemical equilibria
which influence the micro-chemical actions occurring in
the oxide coatingare induced by the effects of temper-
ature, time for decomposition of the carbonate to the
oxide, coating weight, particle size, and density. Evap-
oration of certain condensable metals from the cath-
ode base metal, as well as from the oxide coating, tends
to contaminate insulating mica spacers as well as the
heater insulation coatings. The effect of temperature,
time, and partial pressure of carbon dioxide and car-
bon monoxide gases influences the porosity of the coat-
ing interms of sintering and fusion of the coating. Elec-
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tronbombardment of electrode surfacesand glass walls
of the tube releasesgaseous products that interact with
the active barium centers of the coating causing a re-
duction of emission; positive-ion bombardment can dis-
rupt surface layers of the oxide cathode to cause an
increase in the work function of the system. In view
of the varied factors and phenomena involved, 15, 16 it
may be concluded that all equilibria in the oxide cath-
ode are in delicate balance with each other in the se-
quence of activationand regeneration during the life of
the tube. These equilibria are dependent upon the non-
injurious nature of the environmental vapor phase for
the best electron-transfer performance and long life.

PREPARATION OF THE EMISSION COATING

The Carbonate Form

The preparation of the alkaline-earth emission car-
bonates is a critical operation in terms of maintaining
purity, uniformity, particle size, and chemical comp-
osition. The carbonates are formed by precipitation in
which a solution of sodium and/or ammonium carbonate
is added to a solution of alkaline-earth nitrates. The
solutions are made under controlled conditions using
distilled water and are filtered before being mixed to-
gether in the reaction. The reaction is of the double de-
composition type in which the equilibrium is shifted in
the forward direction because of the insolubility of the
alkaline-earth carbonate which precipitates out of sol-
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second.

ution. For example,

Ba(NO3)y + NagCO3
barium sodium
nitrate carbonate

== BaCO3 ¢§ +2NaNOg
barium sodium
carbonate nitrate

Ba(NOg3)2 + (NH4)2CO3 == BaCO3 } +2NH,4NOg
barium ammonium barium ammonium
nitrate carbonate carbonate nitrate

Various precipitation methods can be used, but to ob-
tain reproducible uniform particle size distribution all
methods must adhere to standardized control proce-
dures with respect to concentration of reacting solu-
tions, temperatures, rate of addition, rate of mixing,
and pH of the reacting media. The carbonates that are
used for emission purposes are usually the coprecipi-
tated double carbonate of bariumand strontium in 50/50
mole per cent composition (57/43 weight per cent) or the
coprecipitated triple carbonate of barium, strontium,
and calcium in 57/39/4 weight per cent composition.
The carbonates may be made as the needle form (ortho-
rhombic crystal lattice) or the spherulite form (rhombo-
hedral crystal lattice) depending upon the temperature,
composition, and concentration of the reactant sol-
utions. The carbonate particles as precipitatedin nee-
dle or spherulite form are composed of crystallites rep-
resenting a lattice arrangement. The carbonate crys-
tal particles are from 1 to 25 microns long, and from
1 to 4 microns indiameter. Crystallite sizes are from
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100 to 1000 angstroms. Figs. 6 and 7 show represent-
ative needle shaped crystal of triple carbonates pre-
cipated by sodium and ammonium reagents.

The methods of precipitation are essentially straight-
forward. However, because purity of the product is
essential to emission performance, the effects of ad-
sorption and entrapment of foreign ions are minimized
by the use of proper sequences of precipitation and
washing operations. There are two precipitation meth-
ods: (1) a batch method wherein one reagent solution is
added to the other reagent solution and (2) a continuous
flow method wherein both reagent solutions are brought
confluently intoa reaction zone. 17 In the batch method,
the addition of alkali carbonate solution to the alka-
line-earth nitrate solution is preferred to the addition
of the nitrate solution to the carbonate solutionbecause
the former procedure insures the production of a chem-
ically pure product with a smaller amount of contamina-
tion from the alkali ions and salts. Inthe second method,
the simultaneous addition of equimolar proportions of
alkaline-earth nitrates and alkali carbonates minimizes
the impurity content of the adsorbed alkali nitrate ions
because the concentration of the alkali nitrate ions is at
a minimum at the time of the formation of the alkaline-
earth carbonate crystal. Another important feature of
continuous flow methods of precipitationis the greater
uniformity of the precipitated particle size than that ob-
tained by the batch process. The continuous-flow reac-
tion approaches one of constant-volume constant-con-

Figure 6. Sodium -Precipitated Triple Carbonate Photo-
graphed by Carbon-Replica Technique (electvon-micro-
scope magnification x 50,000; courtesy Dv. E.P. Bertin)
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Figsuve 7. Ammonium-Precipitated Triple Carbonate

Photographed by Carbon-Replica Technique (electvon-

micvoscope magnification x 50,000; courtesy Dv. E. P.
Bertin)

centration during precipitation instead of undergoing
dilution as does the batch type of reaction.

Emission carbonates precipitated by the addition of
sodium carbonate differ from those prepared by ammo-
nium carbonate reaction in particle size and residual
impurity content of the alkali salt. *® Under equivalent
conditions, the "ammonium' type of emission carbonate
will tend to be about 10 per cent larger than the corres-
ponding ''sodium''type of emission carbonate when pre-
cipitated in the temperature range above 80 C. The dif-
ference of impurity content between 'ammonium' and
"sodium'" types of emission carbonates is that the
former is ammonium nitrate and the latter is sodium
nitrate. Both ammonium nitrate and sodium nitrate are
adsorbed to an equal extent onto the surfaces of the car-
bonate crystals or entrapped within the crystals. Both
nitrates are washed from these carbonates to the same
extent. The difference between ammonium nitrate and
sodium nitrate is inthe difference in melting points and
decomposition products. Ammonium nitrate melts at
169 C and decomposes into gaseous nitrogen, oxygen,
and water vapor at210 C; whereas, sodium nitrate melts
at 308 C and decomposes into sodium oxide, nitrous
oxide, and oxygen at 380 C. Thus, when the residual
impurity is trace amounts of ammonium nitrate, it is
lost during bakeout or sealing-in operations. During
decomposition from the carbonate, the emission oxide
coating is not contaminated with any low-melting-point
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substances that might cause excessive sintering and
fusing of the coating. Where the impurity is sodium
nitrate, the higher melting point and decomposition
temperature contribute to side effects in the early de-
composition stages of the carbonates leaving a residue
of sodium oxides which sublimes at temperatures above
800 C. The low melting point of the sodium salts con-
tributes to the inherent melt condition of the eutectic of
barium carbonate (2BaC0O3:1BaO) whichmeltsat 1030 C.
The over-all effect is to increase the tendency toward
fused oxide coatings under high speed sealex operation
where both the heater wattage and induction heating by
RF coilsare high, and vacuum pumping efficiency is low.

The particle size of the precipitated emission car-
bonate and the particle-size distribution of the carbonate
are of importance indetermining the ultimate porosity
of the oxide coating. It is this porosity that contrib-
utes to the electron pore gas effect in decreasing the
electrical resistance of the coating.19,20,21 Within
the limits of the controlling factors of concentration,
temperature, pH, and rate of input mixing of the con-
fluent reagent solutions, the method of continuous flow
precipitation can give a narrower distribution of part-
icle size range about a given desired particle size than
the batch method.

The factors of temperature and concentration, pH of
the reacting media, and rate of mixing of the reagent
solutions are major determinants of the shape and size
of the precipitated carbonate crystals. The crystals
are producedas relatively large needles in the temper-
ature range about 80 C. A mixture of crystal forms,
varying from spatulate clusters of needles to spherulite
forms, are obtained in the mid-temperature range from
50 to 75 C. Spherulite formation is predominant at
temperatures below 50 C. All crystal forms within the
composition ranges that are used for emission purposes
are of the orthorhombic type of lattice formation. Part-
icle size variesdirectly with temperature and inversely
with concentration of the reacting solutions, i.e., nee-
dle size increases with increasing temperature; needle
size decreases with increase of concentration, provided
the temperature is constant. Whenthe pH of the react-
ing media is below 7, the precipitated carbonate crys-
tals are larger than those precipitated from a reaction
medium above pH 7. The rate of addition of the reagent
solutions to each other influences the particle size;
rapid addition causes small particle-size formation,
whereas slow addition causes large particle-size for-
mation. The rate of mixing, the shape of the impeller
blade, and the turbulent currents produced in the reactor
vessel alsoinfluence the crystal habit of nucleation and
growth. Manufacturing practice has resulted in the
standardization of processes designed to control all
these factors to the high degree necessary for the pro-
duction of uniform, chemically pure, ultrafine quality
emission carbonates.

The relationship between the size and shape of the
emission carbonate particle as precipitated and the
emission :f)erformance of an oxide coating is com-
plex.zz,2 In general, carbonate particle sizes within
the limits of 2 to 18 microns in length and 2 microns
in diameter yield an oxide coating capable of a higher
level of emissionthan can be obtained from carbonates



which areoriginally precipitated larger than 25 microns
long or smaller than 2 microns long. Emission car-
bonate crystals that are precipitated either toolarge or
too small yield oxide coatings that are not capable of
good emission performance. Ideally, the larger the
carbonate-particle size, the higher would be the level of
emission obtainable from the oxide coating from these
carbonates by reason of the greater degree of porosity.
The deviation from this effect in the instance of very
large precipitated particles results from three factors.

First, the growth of large carbonate crystals is
brought about by long contact with the mother liquor
wherein small crystals are solubilized and redeposited
onto larger crystals. Suchlarge crystals contain many
crevices and cavities enclosing mother liquor solution.
These occluded impurities are entrapped by a bridging
of the fissure at the surface of the crystal. As a result,
it is difficult to remove the impurities by washing.
Coarse crystalline material can be much more heav-
ily contaminated than the same materialin afiner state
of subdivision. However, when the particle size is too
small, the effects of adsorptiononto the increased sur-
face area also creates a high degree of impurity which
is very difficult to remove. Thus, a balance point in
terms of optimum particle size must be made between
too large or too small a particle size.

Second, large crystals require a longer or harder
ball-milling to grind the particle down to dimensions
usable for coating techniques calling for smoothness
and density needed for close-spaced tube designor high
voltage gradient characteristics. The prolonged mill-
ing necessary to reacha fine state of subdivisionbuilds
up the abrasive content from the ball-mill pebbles (a
potassium aluminum silicate clay complex) and, thus,
tends to increase the electrical resistance of the coat-
ing.

Third, the more porous type of emission coating de-
rived from carbonates of large particle size is capable
of being decomposed to the oxide more readily and at
somewhat lower temperatures. However, the very por-
osity of the crystalline matrix subjects it to more ex-
tensive sinteringfrom unfavorable gas equilibrium con-
ditions that lead to eutectic-melt formation.

In contrastto these effectsof large particle size car-
bonates, when the carbonate powders are precipitated
as very small particles, they are difficult to process
and handle in centrifugal washing and filtering oper-
ations; the adsorption effects resulting from the in-
creased surface areaof matter in a finer state of sub-
division increases the impurity content of absorbed
alkali salts;and the denser type of emission coating de-
rived from small particle size carbonates are more
difficult to decompose on sealex processes and yield a
lower level of emission performance due to the in-
creased resistance of the coating that results from the
much reduced porosity. Fig. 3 shows that the level of
emission performance for the less porous type of coating
is definitely lower because of the decreased conductivity
of the coating. The denser type of coating, however,
is more resistant to ''poisoning actions' that tend to
decrease the amount of active barium centers of the
oxide matrix. The denser type of oxide coating offers

Electron-Emission Coating for the Oxide Cathode

more dimensional stability with respect to grid-to-
cathode spacing and, because of the decrease of sur-
face area within the bulkof the less porous oxide mat-
rix, less barium /barium oxide evaporates to contam-
inate adjoiningtube electrodes. In production practice,
a balance of factors including particle size and porosity,
decomposition characteristics, resistance to poison-
ing, and level of emission performance determines the
final selectionof the optimum type of carbonate mater-
ial to be used.

After precipitation, the carbonates are collected in
a centrifuge, washed, reslurried in fresh distilled wa-
ter, centrifuged, and rewashed to free the crystals of
residual mother liquor salts and impurities. Next, the
carbonate powder is dried to a very low moisture con-
tent, blended, and analyzed for purity and composition.
Acceptable bulk powder is thenstored as approved lots.
Carbonate powder is withdrawn from stock upon de-
mand, redried to insure a moisture content of less than
0.10 per cent, and then ball-milled. The technique of
application and the end use of the carbonate coating
dictate the ball-milling time, selection of binder, and
solvents. The number, weight, and size of the ball-
milling pebbles, the quantity of carbonate powder and
binder solution, the speed of milling in terms of revo-
lutions per minute and peripheral speed, and the vis-
cosity of the charge are maintained at standard condi-
tions to insure reproducibility and uniformity of the
emission carbonate coating.

The emission performance of the oxide coating is in-
fluenced by the texture and porosity of the emission car-
bonate coating. The physical properties of texture and
porosity of the carbonate coatingare transferredto the
oxide form despite the conversion from the ortho-
rhombic lattice of the carbonate to the cubic lattice of
the oxide crystals. When the emission coating is de-
posited onto the base metal, the solvents evaporate and
leave the carbonates mechanically bonded to the metal
with the nitrocellulose or methyl methacrylate binder.
The proportionof the weight of the coating to its thick-
ness depends upon the type of cathode and the tube type.
The weightand thickness of the coating (i.e., the pack-
ing density) must be uniform and reproducible. This
uniformity is especially important for maintaining uni-
form transconductance values.

The type of solvents used inthe carbonate-spray for-
mulations influences the bulk density (porosity) of the
emission coating as it is applied to the base metal.
Solvents having a high vapor pressure (low boiling point)
evaporate rapidly and produce a porous, fluffy coating.
Solvents havinga low vapor pressure (high boiling point)
evaporate slowly to leave a smooth, dense coating.

The spray-gun aperture settings control the amount
of material deposited per application, whereas, spray-
gun air pressureand distance from the cathode control
the degree of porosity of the applied coating. High air
pressures tend to deposit dry, fluffy coatings; low air
pressures tend to deposit wetter, more dense coatings.
A dry, porous coating is deposited onto the cathode when
the cathode is further away from the gunnozzle; a denser
deposit of coating material is obtained when the cathode
base metal is closer to the gun nozzle.
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Low humidity and high temperature increase the rate
of evaporation of the solvents and produce amore porous
coating. On the other hand, high humidity causes the
nitrocellulose binder to set in a brittle fashion and thus
contributes to imperfectadherence of the coating to the
base metal. The emission coating is applied in an air
conditioned environment at 50 per cent relative humid-
ity and at atemperature of 72 F to insure uniform spray
application. The dew point of the water vapor in the
compressed air is maintained at minus 40 F to mini-
mize the effects of moisture on the setting of the nitro-
cellulose binder. The rate of air flow through the spray
booth is kept constant to maintain a constant rate of sol-
vent evaporation in order to obtain uniform deposition
of the coating. The ratio of solids to solvents and the
viscosity of the coating formulationare maintained with -
in close limits. Low specific gravity formulations tend
to deposit a wet, dense coating; high specific gravity
formulations tend to deposit a dry, porous coating.

Whereas the true density of the triple-carbonate
emission powder used in productionis about 4.0 grams
per cubic centimeter, the range of apparent density of
the coatings of emission carbonates as normally de-
posited onto the cathodes in0.50to 2.0. Thus, the poro-
sity of the carbonate coatings ranges from 87.5 to 50
per cent. The range of weight distribution of the car-
bonate coatings is 3.5 to 8.0 milligrams per square
centimeter. A coating that is packed too densely has a
lower level of emission performance than a fluffy, por-
ous coating; however, when the coating is too fluffy, its
mechanical adherence to the base metal is poor and the
coating tends to powder. The standardizing notices
show representative curves for weight, outside di-
ameter, and apparent densities that can be used as a
guide for design purposes. Ref. 24describes coatings
for oxide cathodes. The characterof the sprayis clas-
sified into three grades — wet, medium, and dry. In
general, the adherence of the sprayed coating increases
with the wetness of the spray during application. A wet
spray produces a smooth, hard coating that is strongly
adherent to the base metal and is difficult todamage in
handling. A medium spray produces a coating that is
visibly rough and which adheres firmly enough to with-
stand normal handling. A dry spray produces a coating
that is decidedly rough and which must be handled care-
fully because of its fragility.

The use of the tube should determine the density of
the coating. Close-spaced rectifiers, where arcing is
a factor, require a high-density, smooth coating, as do
cathode ray tubes and tubes with very close spacing.
High emission performance can be better obtained with
low-density porous coatings but only at the cost of lower
resistance to poisoning and greater instability in per-
formance. High-density coatings are more stable but
have a lower level of emission performance; the quan-
tity -rate of evaporation of barium /barium oxide is re-
duced to a minimum and grid contaminationis less cri-
tical. In practice, compromises in coating weights and
densities are required to obtainthe desired tube char-
acteristics under sealex conditions consistent with the
base metal reducingactivity and the temperature-time-
pressure equilibrium during the decomposition of the
carbonate coating.
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The Oxide Form

Oxide-coated cathodes are used under a wide variety
of conditions, and some of the requirements which come
first to mind include such objectives as: low cost of
preparation, high heater efficiency, long life at a con-
tinuous emission level of 80 to 130 milliamperes per
square centimeter (Fig. 8), and reliable performance
under pulse conditions of 40 to 80 amperes25,26,27 per
square centimeter (Fig. 9).28 Tubes can be designed
and built with oxide-coated cathodes to last more than
100,000 hours (about 10 years) by operating the cath-
odes at reduced temperatures. However, the lower
the cathode temperature, the more likely is the oxide
coating to yield lower emission due to the effects of
effects of gaseous residues in the tube. This tendency
of the oxide-coated cathode to '"'slump' under low tem-
perature conditions results from the decrease in the
rate of chemical reaction between the reducing element
content of the base metal and the oxide. Sufficient active
barium centers are not produced to offset the inacti-
vation effects of those physical-chemical reactions
from the environmental gas and vapor phase that tend
to decrease the amount of active barium donors in the
oxide matrix. When the oxide cathode is examined in
terms of economy, ease of preparationand fabrication,
relative mechanical stability, ease of activation, and
relative low rate of evaporation consistent with long
life, it is apparent that the alkaline-earth oxides have
the lowest usable work function consistent with the ob-
jectives stated at the beginning of this paragraph.

Numerous methods areused for the application of the
alkaline-earth compounds to the cathode base-metal.
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The emission coating can not be applied directly in the
form of the oxide during the manufacturing operation
because it reacts with water vapor and carbon dioxide
in the air to form the hydroxide and carbonate com-
pounds.

BaO + Hp0 -> Ba(OH)g
BaO + COg —> BaCOg3

Therefore, some barium compound that is stable under
atmospheric conditions, pure, and easily convertible to
the oxide under vacuum conditions is required for coat-
ing the cathode base metal. The alkaline-earth carbon-
ates have this required stability, purity, and converti-
bility. Although the system barium /barium oxide has
the lowest usable work function of the family group
(barium, strontium, calcium) at the operating temper -
ature (the work function, in electron volts, for Ba/BaO
on nickel is 1.1 at 1025 K; for Sr/SrO on nickel, it is
1.4 at 1175 K; for Ca/CaO, it is 1.9 at 1300 K), the
barium /barium oxide system is not useful as an emis-
sion coating when used alone, because, as shown in
Fig. 10, it inherently passes through a comparatively
low-melting eutectic phase while being decomgosed
from the barium carbonate to the barium oxide,29, 30
However, the strontium and calcium systems do not
pass through such a eutectic phase during the con-
version from the carbonate to the oxide form at these
temperatures:

8

3BaCO3T—=2BaC03:1Ba0 + CO2{ ==3Ba0 + 2CO3}
(eutectic)

3SrCO3 =~ 3SrO + 3COy}

3CaCO3 = 3Ca0 + 3COy}

The melt conditionof the eutectic phase of barium car-
bonate/barium oxide, 2BaCO3 : 1BaO, (melting point
1300 K) compared to that of barium oxide, BaO, (melting
point 2170 K) causes the emission coating that is formed
from barium carbonate alone to sinter to a great degree
under certain conditions of temperature and carbon
dioxide gas equilibrium pressure encountered during
sealex operation. In practice, decreased porosity
(i.e., fusion) and varying degrees of poor coating ad-
herence to the base metal, in terms of brittleness, re-
sult from a greater cohesion for itself as a melt than
adhesion to the base metal where the coating is of some
thickness other than that of a thin film. The level of
emission is reduced in a sintered oxide coatingbecause
of the decrease of porosity and increase in the size of
the crystallite lattice. The conductivity of such a fused
coating is decreased as the effect of the electron pore
gas type of electron transfer is diminished. Conse-
quently, the coprecipitated double carbonate of bar-
ium -strontium (50/50 mole per cent) composition was
used because it minimized the eutectic melt formation
of the barium carbonate component as a result of the
diluent effect exerted by the strontium carbonate at
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the temperatures of processing and operation. In addi-
tion, the coprecipitated double carbonate, (BaSr)CO3,
yields larger crystals thanthe single barium or stront-
ium carbonate under the same conditions of precipi-
tation, i. e., standard temperature, concentration, and
rate of reaction. The increased size of the precipi-
tated particles, as carbonates, decreases the ulti-
mate packing density of the emission oxide coating.
Similarly, the use of the coprecipitated triple carbon-
ates of barium, strontium; and calcium, (BaSrCa)COg
of 57/39/4 weight per cent composition, yields a still
larger particle-size formation under the same con-
ditions of precipitation. Figs. 6 and 7 show the large-
size needle form of the crystal structure obtained for
the triple carbonate. The conductivity of the oxide coat-
ings derived from such carbonates is maintained at a
higher level by virtue of the increased mean free path
of the electron pore gas associated with increased
porosity. The level of emission performance is conse-
quently higher becauseof the lower voltage drop across
the coating.

The complex changes that occur when the carbonate
is converted to the oxide have been under investigation
by many laboratories. The use of X-ray powder pat-
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Phase Diagvam for Bavium Carbonate—Barvium Oxide

terns as well as Geiger-counter display on graph re-
corders has shown that the crystallographic trans-
formations that occur during the decomposition and
subsequent heat treatment of the oxide are critical in
determining the emission activity of the oxide coating.
X -ray data have shown that for the coprecipitated crystal
of barium-strontium carbonate (BaSr)CO3,3! there
exists a range of lattice constants which vary continu-
ously and linearly with composition indicating that true
single-phase solid solution exists through the entire
composition range. Similar studies on the triple car-
bonates (BaSrCa)C0332, 33, 34 indicate that true solid
solution can exist for the three component system; it
is only when the calcium component is less than 10 mole
per cent or 6 weight per cent of the composition ratio,
as shown in Fig. 11, that true single-phase solid-
solution exists. *

X-ray investigation of the internal crystallite for-
mation of carbonate particles, by Eisenstein3® has

* Bertin, E. P., C. H. Meltzer, and E. G. Widell, X-ray

Study of the Triple Carbonates (unpublished)
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contributed an important observation of the decompo-
sition of the emission carbonates. It was noted that in
the decomposition of the single-phase solid-solution
double carbonate (BaSr)COj3 crystals, the strontium
carbonate component is converted to the oxide first,;
the barium carbonate component remaining in the lattice
is converted some time later. When the decomposition
is completed, the two oxides, SrO plus BaO, exist as
separate phases; crystals of single -phase solid -solution
(BaSr)O are obtained only after further heat treat-
ment;36 the critical temperature for this final trans-
formation is about 1050 C. Similar decomposition
phenomena occur for the triple carbonates of copre-
cipitated barium-strontium -calcium (BaSrCa)COg3 with -
in a limited range of composition when the calcium
component is less than 6 weight per cent.

BaCOg3 — BaO

(BaSrCa)CO3=—SrCOg + SrO 7 (BaSrCa)O
\CaCO3——-> CaO
(orthorhombic) (hexagonal) (cubic) (cubic)

The important insight into this complex transformation
is the fact that single-phase solid-solution carbonates
ultimately yield oxides having small crystallite units of
150 angstroms, whereas, mixtures of the single car-
bonates, BaCOg, SrCO3, and CaCOg3, yield oxides
having crystallite units of 250 to 300 angstroms, be-
cause of the higher temperature needed on heat treat-
ment to create the single-phase solid-solution oxide
from the separate, mechanically mixed, single car-
bonates. 35, 37, 38,39 The single-phase solid-solution
double carbonate (Ba.Sr)CO3 is of larger particle size
than either of the separate single carbonates;the single -
phase triple component solid-solution (BaSrCa)COj
(where calcium is lessthan 6 weight per cent)is larger
than the comparable double carbonate when made under
the same conditions. The coincidence of the resultant
smaller crystallite formation in the oxide form with
the porosity of the oxide coatingderived from the larger-
particle-size double or triple carbonate is related by a
minimum fusion effect in explaining the higher emission.
In a later paper, Eisenstein40 concluded that the barium
oxide molecules move to the surface of the coating by
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diffusion to form crystallites and that the crystallites
were the source of the low-work-function points from
which emission can occur.

The electron-emission performance of the oxide coat-
ing derived from the carbonates of barium, strontium,
and calcium is primarily correlated with the low work
function of the system and its increased electrical con-
ductivity as contributed in part by the porosity of the
oxide matrix and the electron pore gas. The system
barium/barium oxide has the lowest usable work func-
tion for emission purposes in vacuum tubes consistent
with ease of activation and relative low rate of evapo-
ration for longlife. The presence of the strontium and
calcium components in the triple carbonate composition
contributes:

1. a diluent effect to offset the low-melting eutectic
phase of the barium carbonate-to-barium oxide con-
version,

2. a crystal habit of large particle growth of the
carbonate form thatdetermines the extent of the poro-
sity of the oxide-matrix emission coating that is
obtained.

The single-phase two-component solid-solution-oxide
lattice exists for the double oxides (BaSr)O and (SrCa)O
but not for barium and calcium because of the disparity
of the size of their ions, i.e., barium possessesan ion
radius of 1.35 angstroms, strontium has an ion radius
of 1,13 angstroms, and calcium has an ion radius of
0.99 angstrom. The difference between the ion radii
of barium and strontium is 16.3 per cent; whereas, the
differencebetween the ion radii of barium and calcium
is 26.7 per cent. Solid solution formation in the oxide
form can exist only when differences between ion radii
are within 17 per cent. X-ray dataindicate that all the
alkaline-earth-carbonate crystals that are made by
coprecipitation to form (BaSr)CO3, (SrCa)COg and
(BaCa)CO3 consist of solid solutions throughout the
range of composition (although not always single-phase
solid solutions). However, only the oxides (BaSr)O and
(SrCa)O become solid solutions upon conversion from
the carbonates. The decomposition of (BaCa)CO3 re-
sults in amatrix of amicrocrystalline mechanical mix-
ture of BaO plus CaO forms. In terms of significance
of the effect of solid solution upon a favorable level of
emission, the absence of the solid-solution formation
for the BaO plus CaO matrix is important in the con-
siderations to be given to too high a calcium content in
the triple-component-oxide system that is derived from
a triple carbonate orthorhombic (needle form) lattice
structure.

Under standard conditions of preparation in which
concentration, temperature, pH, rate of addition and
rate of mixing are held constant, a series of double
carbonates of barium and strontium compositions show
an increase inthe particle size of the precipitated car-
bonate crystal from 100 per centbarium to 75/25 mole
per cent (BaSr)COg; the particle-size range and dis-
tribution remain essentially constant through the com-
position range from 75/25 to 25/75 mole per cent
(BaSr)COg3; as the composition ratio becomes richer
in the strontium component the particle size decreases
from the composition ratios 25/75 mole per cent
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(BaSr)CO3to 100 per cent strontium carbonate. Com-
mercial practice undertook the preparation and use of
the 50/50 mole per cent barium-strontium composition
and controlled the particle-size range and distribution
in order to influence the porosity of the final oxide-
coating form that was used on the cathode base metal.
The use of the 50 mole per cent barium component was
undertaken for reasons of useful long life performance
in terms of sufficientactive barium in the emission coat-
ing for self-gettering, minimum contamination of ad-
joining electrodes due to evaporationof barium /barium
oxide, and the above-mentioned porosity factor that
controlled the conductivity of the oxide coating and,
thus, influenced the level of emission performance of
the tube.

The use of the coprecipitated triple carbonate of
barium, strontium, and calcium was in commercial
production in the early 1930 period. At RCA, the com-
position change was made by the additionof the calcium
component at the expense of the strontium component
while keeping the barium component constant in the sys-
tem. Thus, the use of the former double carbonate of
50/50 mole per cent, or 57.2/42.8 weight per cent,
(BaSr)CO3 was discontinued in favor of the triple car-
bonate of 57.2/38.8/4.0 weight per cent (BaSrCa)CO3
because of the increased level of emission performance
that was obtainable from the use of such triple carbon-
nates as they were of larger particle size than the dou-
ble carbonates when made under the same standard
conditions of manufacture.

In discussing particle-size range and distribution of
the emission carbonates, comparisons are made within
a given series of compositions that are produced under
standard conditions. Thus, in terms of tube perform-
ance as influenced by the porosity of the oxide coating,
i.e., its conductivity, it is recognized that the greater
porosity made possible by a change in the precipitation
process (use of more dilute reactant solutions, or use
of a slower rate of addition) is equally effective as the
same degree of porosity achieved at a different con-
centration of reactants and with a change of component
composition provided that the amount of the barium
component remains at a value that is useful for tube
performance. Precipitated carbonates can be made
with the same particle-size range and distribution at
two entirely different compositions provided suitable
adjustments are made in the precipitating technique.
For example, initial levels of performance are the same
for double carbonates of 70/30, 50/50, and 30/70 mole
per cent barium and strontium when their particle size
is the same. Similarly, triple carbonate compositions
of 57/39/4, 44/50/6, 49/45/6,20 and 56,/38/6 weight
per cent4! yield initial levels of emission that are equal
when they are precipitated with the same particle size
and are given equal treatment of ball millingand spray
formulation to yield the same weight, diameter, and
density of emission coating. The final choice of a com-
position ratio, or particle-size range and distribution
or both for an emission carbonate is based on standard-
ized practices of manufacturing the carbonate, the seal-
exing procedures, and life performance of the tubes
under the environmental conditions, i.e., materials
of construction, processing methods for preparing these
materials for use in the tube, and duty cycle require-
ments in the application of the tube in the circuit.



Under standard conditions of manufacture, compo-
sition ratios of double carbonates ranging from 70/30
to 30/70 mole per cent (BaSr)COg yield the same par-
ticle size. The particle size of the triple carbonate
(BaSrCa)COj3 i.e., the calcium component is 4 weight
per cent, within the same compositionrange when pre-
cipitated under the same standard conditions is larger
thanthe particle size of the corresponding double car-
bonate with the same barium content. The crystal struc-
ture of the barium-strontium-calcium triple carbonates
and the emissionperformance of the corresponding tri-
ple-oxide systems have been investigated by the labora -
tories at RCA, Harrison. It has been observed that a
large sub-central area in the three-component phase-
diagram system is capable of yielding higher emission
performance thancanbe obtained from the two-compo-
nent barium -strontium phase system, i.e., larger par-
ticle size for the triple carbonate as a single-phase
three-component solid-solution carbonate providing
that the calcium component is less than 6 weight per cent.
For purposes of such comparison, it is necessary topre -
pare the carbonates under standard conditions. It is
knownthat the oxide coatingderived from a solid solution
double-carbonate (BaSr)CO3 system yields higher
emission than one from an oxide coating derived from
amechanical mixture of BaCO3 plus SrCO3. Foragiven
heat treatment (temperature and time), a solid solution
of the oxide (BaSr)O forms more readily at a lower
temperature from the solid solution (BaSr)COj than
from the mixed single phases of the mechanical mix-
ture. Part of the explanation for the higher emission
from the solid-solution (BaSr)COg to (BaSr)O can be
explained by the larger particle size of the carbonate
crystal and the resultant greater porosity (increased
conductivity) of the oxide coating. Nonetheless, it is
important to take into account the lower temperature of
1325 Kversus 1400 K at which solid solution phase for-
mation occurs together with the smaller internal crys-
tallite growth as a contributory factor to the higher
conductivity of the oxide coating. These considerations
apply equally as well to the three-component single-
phase oxide of barium, strontium, and calcium derived
from the single-phase three-component solid-solution
triple carbonate (BaSrCa)COg. It is interpreted that
the presence of the calcium oxide component serves to
complex the oxide phase by reason of the smaller ion
radius of the calcium compared to the radii of barium
and strontium which would tend to yield adistorted crys-
tallite lattice. The three-component triple oxide tends to
possess the smallest parameter crystallite lattice of the
three systems (BaO, (BaSr)O, and (BaSrCa)0)38, 39 and
tends toform the single-phase solid-solution oxide with
the minimum effects of fusionat the relatively low tem -
perature of 1275 K,

The crystallite formation in the oxide form is deter-
mined to some extent by the composition of the carbon-
ate form in that the eutectic melt formation of the bar-
ium carbonate componentis minimized by the presence
of strontium and/or calcium components. Once this
eutectic form has beenminimized, the interdependence
of temperature, time, and carbon dioxide gas equilib-
rium pressure on the decomposition of the carbonates
affects the crystallite growth of the oxide coating. Be-
cause the surface energy forces are greater for a fused
condition, i.e., the packingdensity in the lattice struc-

Electron-Emission Coating for the Oxide Cathode

ture is greater, the work function of such crystallite
systems ishigher than thatof a system where the melt
formation is at a minimum. Measurement of crystal-
lite growth is ameasure of the degree of fusion; crystal-
lite growth is more rapid in the melt condition. Investi-
gations 37, 38, 39 indicate that the growthof crystallites
in the oxide form is more rapid from the single barium
carbonate (eutectic melt condition is pronounced), less
rapid from the double carbonate, and least rapid from
the triple carbonate. This effectis observed for emis-
sion coatings made from single barium carbonate in
which the work function is about 1.25 ev as contrasted
with the work function of 1.0 ev for the emission coat-
ings derived from the double and triple carbonates. It
is noted that at temperatures below 1070 K the reducing
agent activity of the cathode base metal is the dominant
factor for obtaininghigh emission from the oxide coat-
ing, but at temperatures above 1200 K, heating effects
of high temperatures cause rapid growth of crystallites,
i.e., fusion, to become the dominant factor for causing
low emission performance. Thus, the higher emission
that is obtained from coatings derived from the double
and triple carbonates over that of the single barium
carbonate occurs by reason of the greater conductivity
of the oxide coatings derived from the double and triple
carbonates. The increased porosity of the oxide coat-
ing derived from double and triple carbonates as well
as the smaller crystallite growth in the oxide form con-
tributes to this higher conductivity. The higher con-
ductivity of the triple oxide derived from triple carbon-
ates of the same particle size as equivalent compositions
of the double carbonate is due to the still smaller growth
of crystallites and slightly better conductivity of the
oxide coating.

Thus, the use of the coprecipitated triple carbonate of
barium, strontium, and calcium contributed severalad-
vantages in terms of tube manufacture and tube per-
formance.

1. Theparticle size of the triple carbonate within the
compositionrange in use as precipitated under stand -
ard conditions is larger than the particle size of the
corresponding double carbonate of the same barium
content.

2. Thethermaldecompositioncharacteristics of the
triple carbonate are slightly faster and more uniform
than those of the corresponding double carbonate by
reason of the larger particle size and the earlier de-
composition of the calcium carbonate component, pro-
vided that the calcium carbonate content does not ex-
ceed six weight per cent.

3. The oxide phase resulting from the conversion of
the triple carbonate tends to possess the smallest
parameter crystallite lattice structure which contri-
butes to the higher conductivity of the coating; the
formation of small crystallites in the oxide crystal
phase is indicative of minimum fusion or crystal
growth, i.e., agreaterdegree of porosity is retained
in the oxide coating.

It is evident in the case of the double carbonate sys-
tem thata series of solid solutions of (BaSr)COg could
be made throughout the composition range and that the
series of solid solutions could be maintainedin the oxide
phase (BaSr)O upon conversion of the carbonates to the
oxide. However, in the case of the trinle carbonate
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(BaSrCa)COg3 it is not possible to attain the solid-solu-
tion single-phase triple oxide when the calcium carbon-
ate content is in excess of six weight per cent. In the
final analysis, since it is desirable to maintain single-
phase solid-solution formation of small crystallite size
in the oxide form, it is not essential to increase the
calcium content beyond the present composition ratio:
(BaSrCa)CO3 57/39/4 weight per cent. The qualities
of long life, resistance to poisoning effects (optimum
porosity, not maximum porosity) under manufacturing
conditions, stability, and minimum quantity-rate of
evaporation of barium /barium oxide onto adjoining elec-
trodes are important criteria rather than maximum
emission under ideal vacuum tube conditions. Thus, the
manufacturing, sealex, and stabilizing schedules would
determine the optimum composition and particle size
(for a given manufacturing schedule)as the time schedule
and heat treatment cycle would determine the single-
phase solid-solution oxide form that contributes to high
emission performance.

THERMODYNAMIC CONSIDERATIONS OF OXIDE-
CATHODE SYSTEMS

In any considerations of the chemical and physical
processes that go onduring the conversionof the emis-
sion carbonates to activated oxide coatings, much
thought must be givento a time-temperature-pressure
sequence of equilibria reactions. The processes that
occur during the decomposition of the carbonates and
the subsequent activation of the oxide form influence
the properties of the oxide cathode system to a great
degree.

Thermodynamic considerations indicate that barium
can not be derived from thermal decomposition of the
barium oxide nor from the reduction of the barium oxide
by the nickel of the cathode base metal. The change in
the Gibbs free energy AF accompanyinga change in the
state of matter is expressed as AF = AH + T (AS),
where the symbols H and S represent the heat content
(enthalpy) and the entropy respectively, and T is the
temperature in degrees Kelvin. For a given chemical
reaction, if AF is negative, the reaction is thermo-
dynamically possible; whereas, if AF is positive, the
reactiondoes not take place. Where AF iszero, chem-
ical equilibria exists. For purposes of calculation, the
relationship of a substance in its standard state (at a
temperature of 298 K and at a pressure of 760 milli-
meters of mercury) between the standard free energy
change AFO for the given reaction at the temperature
T is AFZ = -2.3 RT log Kp, where AF© is the free en-
ergy for the reactionin calories at a temperature T in
degrees Kelvin, and R is the molar gas constant equal
to 1.987 calories/mole/degree Kelvin. K isthe equilib-
rium constant for the reaction

BaCOj (solid) = BaO (solid) + COgy (gas)

and Conc. BaO X
K =

Conc. COy

Conc. BaCOg
or, in terms of partial pressures (assuming that solids
do not possess vapor pressures), the equilibrium con-
stant K' = PCOg (partial pressure of COg). The free
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energy change for the transfer of reactants at arbitrary
partial pressures to products at arbitrary pressures is
given by the equation

AF =2.3RT log K' - 2.3RT Zn log p
or, AF = AFp + 2.3RT Znlog p

where Zn log p representsthe algebraic sum of all the
n log p terms, those for products being taken as posi-
tive and for reactants as negative. The equilibrium
constant K' is related to the equilibrium of all partial
pressures of all gaseous reactants and products by the
rule of mass action and can be applied to the chemical
reduction of barium oxide,

BaO (solid) + Metal (solid) = Metal oxide (solid)+ Ba (Gas)

and, therefore, K'is equal to the partial pressure of
barium. Heat and entropy data are usually referred to
the reference standard temperature of 298 K; therefore,
in order to compute AF at anewtemperature of 1050 K,
it is necessary to obtain data referringto the variation
of H and S with temperature in terms of heat capacity
data, such that

AF% = AHTO + TASTO + f (ACp , T)

The factor f depends upon the difference in heat capacity
AC, between products and reactants and upon temper-
ature T. White42 andRittner43have indicated the value
of such thermodynamic calculations in discussing the
rate processes and reactions that occur in the oxide
cathode.

Where gaseous products of reactionsare formed, the
equilibrium pressures impose anupper limit onthe rate
of reaction, and also on the rate at which these gas
products can be removed. It hasbeen indicated that the
diffusion process of the reducing agents in the cathode
base metal limits the rate of reaction because the re-
actants can not be brought together fast enough. The
following metals can react with barium oxide to yield
an equilibrium pressure of barium above barium oxide:
Mg, Si, Zr, Al, and W; the following metals are inert
in the presence of barium oxide: Ni, Co, Cu, Pb, Au,
Pd, and Pt.

The reduction of barium carbonate by metals to yield
carbon monoxide is thermodynamically more favorable
than the corresponding reduction of barium oxide., For
example, the oxidationof silicon or tungsten by barium
carbonate will occur preferentially at the lower tem-
perature of 870 K before the reduction of barium oxide
by the silicon or tungsten can occur at 1270 K, 44, 45

at 870 K, 2BaCO3 + Si = BagSi04 + 2CO
barium silicon barium carbon

carbonate ortho- mon-

silicate oxide

at 1270 K, 4BaO + Si = BagSi04 + 2Ba
barium silicon barium barium

oxide ortho-
silicate



Thus, there can be no effective yield of barium re-
leased by introducing reducing agents into the carbon-
ate coating. Barium hydroxide and barium nitrate are
prone to oxidize nickel and the reducing metalsand are
notused inemission coatings. Nickel oxide as an inter-
face compound is highly undesirable because it can act
as a "sink" for barium as well as being conducive to
poor coating adherence. In some instances, a solid
solutionof NiO:NiOg can form in the presence of BaCOg
to yield a blue-black barium nickelite, BaNisOs.

The decomposition of the carbonate coating is a cri-
tical step in the processing schedule. It is during this
time that the carbonate may oxidize the surface layers
of reducing elements in the base metal and form oxide
or interface compounds prematurely along with the re-
lease of carbonmonoxide. The time for decomposition
must be short and is determined in practice by the
pumping characteristics of the sealex system and by
the temperature of processing. If, however, the time
of decomposition is too fast in terms of pumping effi-
ciency, the partial pressure of carbon dioxide will ac-
celerate a melt situationdue to the presence of the 2Ba
C03:1BaO eutectic phase, leading to large crystallite
growth and fusion effects. Thus, at the time of decom-
position, there are several reaction-rate processes
occurring, two of which are competitive for the reduc-
ing action of the base metal alloy. For example.

at 870 K, BaCO3 + M = BaO + MO + COt

at 1120 K, BaCOj3 = BaO + CO9¢

at 1270 K, BaO +M=Ba + MO

below 1300 K, 3BaCO3 = 2BaCO3+BaO + CO2¢

eutectic

1]

3BaO + 2COy ¢

Thus, under conditions of thermal decomposition of
the carbonates, wherein the removal of the carbon di-
oxide gas is too slow, the undesirable side-reactions
leading to the reactionof the carbonate with the reduc-
ing element of the cathode base metal at the lower temp-
erature of 870 K, and the concurrent reaction of eu-
tectic melt formation, cause low emission and slump-
ing performance on two counts. The side-reaction with
the carbonate uses the surface concentrationof reducing
elements of the nickel alloy so that the rate of replen-
ishment of barium by the main reaction with barium
oxide is slowed down to produce a slumping emission
with respect to the normal rate of recovery from gas
poisoning actions in the tube after processing and aging.
Where the interface compound is formed prematurely,
an impedance exists that further lowers the emission
performance. The eutectic melt formation tends to-
ward a fusion of the oxide coating, decreasing its por-
osity, and thus increasing its bulk electrical resis-
tance which lowers the level of emission by reason of
the decrease of the cathode to anode voltage.

The activation reactionyielding the barium and asso-
ciated donor sites in the oxide coating is a ''reaction-
rate' process defined by the temperature and the fol-
lowing physical-chemical kinetics:

Electron-Emission Coating for the Oxide Cathode

1. Concentration of the effective reducing element
in the cathode base metal

2. Lattice structure of the base metal and distribu-
tion of grain boundary lines

3. Rate of diffusion of the reducing elements along
grain boundary lines in the base metal to the inter-
face surface region46, 47,48

4. Rate of chemical reaction of the reducing ele-
ment with the barium oxide to form barium and the
interface compounds

5. Rate of diffusion of barium through the oxide ma-
trix and rate of diffusion of gaseous barium into the
oxide lattice involving equilibrium pressures of bar-
ium (solid) to barium (gas) to barium (ion)

6. Rate of electrolytic transportof barium ions to the
cathode-metal interface region where it is reduced to
the barium

7. Rate of diffusion of barium to the surface of the
oxide coating

8. Rate of evaporationof barium /barium oxide from
the surface of the coating leaving a layer deficient in
barium oxide about 10-4 centimeters thickl

In order toobtain anappreciable solubility of barium
in barium oxide, the vapor pressure of barium must
be maintained at a rather high level. It is considered
that the barium generated at the interface region is
transported through the barium oxide matrix of crys-
tals by a volume-diffusion process termed Knudsen
flow, or free molecule diffusion. 43 The Knudsen flow
effect postulates that the flow of gas through a long tube
(pore space) takes place at a pressure such that the
mean free path is much greater than the radius of the
tube. Rittner calculates thatsince the barium can pene-
trate into the barium oxide particle a maximum dis-
tance of 4 x 10-4 centimeters, the oxide coating must
be a porous mass containing relatively fine particles
in order to account for the rate of evaporation of bar-
ium, e.g., the rate of evaporation of barium is four
micrograms per square centimeter per hour at a temp-
erature of 1225 K for anoxide coating on a nickel base
metal alloy containing 0.12 weight per cent Mg. 43

As previously stated, a reaction is thermodynam -
ically possible in terms of Gibbs free energy change
during any change of a state of matter such that the
AF is negative. And since the standard free energy
AFO is related to the equilibrium pressure through the
relation AFO = 2.3 RT log K', where K' varies direct-
ly with the partial pressure of the barium gas, the rel-
ative activity of the reducing element content of the base
metal can be estimated in terms of the partial pres-
sure of barium generated by the molecular reaction of
BaO with the element, e.g.,

at 1000 K, BaO+Mn=Ba+MnO, the Pp,, is 1x10~8 mm Hg43

at 1000 K, BaO+C =Ba+CO, the Pp, is 4x10-6 mm Hg43

at 1073 K, BaO+Mg=Ba+MgO, the Pp,is 7 42

mm Hg
The thermodynamic lower limit for the equilibrium Ba
pressure isthat partial pressure of Ba producedby the
thermal dissociation of BaO, i.e., 8 x 10-16 mm Hg;
the thermodynamic upper limit for the equilibrium Ba
pressure is the partial pressure of Ba above a BaO
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phase saturated with excess barium which is estimated
to be about 1 x 10~2 mm Hg (this limit is somewhat low-
er than the vapor pressure of pure Ba). Thus, where
high pressures are found for active reducing agents,
e.g., Mg, it is only because the postulated reaction in-
volving the gaseous Ba phase does not represent the
lowest energy state of the system. The calculation does
indicate the relative activity of the several reducing
elements.

In practice, where the reduction of barium oxide is
to be accomplished by a reducing element that is pre-
sent in very minute concentrations in the nickel base
metal alloy, instead of molecular amounts in intimate
contact with eachother, this type of calculation can not
be applied as readily. In order to be able to solve this
problem and predict the behavior of the cathode system,
it is necessary to have a knowledge of the phase diagram
of such dilute-solid-solution alloys, the effective con-
centration of the reducing element and its rate of dif-
fusion in the alloy; in addition, the free energy of for-
mation of the intermetallic compounds such as MgCg,
MgaC3, SiC, AlgCg, WC, NigMg, NigSi, and NigW
must be known before predictions can be calculated.

The reactions between the barium carbonate and the
barium oxide forms with the reducing elements in the
nickel base metal and with the residual gases in the tube
are shown in Table I.

The reactions and equilibria involving carbon mon-
oxide and carbon dioxide are of considerable import-
ance in vacuum tube technology. Around 770 K, car-
bon (in excess)in an atmosphere of oxygen yields car-
bon dioxide, but at 1270 K, the reaction of oxygen with
excess carbon yields almost pure carbon monoxide:

at 770 K, C+ 0y =CO
at 1270 K, 2C + O

2

2=2CO

It follows that the equilibrium between COg and CO at
the higher temperature will be toward the formation of
carbon monoxide, i.e., C + COy = 2CO, in the pres-
ence of excess carbon, It isonly attemperatures above
2400 K that carbon dioxide is appreciably dissociated
to carbon monoxide: 2COg = 2CO + Og. Where excess
oxygen is present, both carbon and carbon monoxide
are oxidized to carbon dioxide: 2CO + Og = 2CO,y. At

870 K, carbon plus water vapor yield carbon monoxide
and hydrogen: C + HyO = CO + Hy;and CO + HgO = COg
+ H2 occurs at lower temperatures.

Trace reactions can account for methane, alcohol,
and even benzene, as follows: CO + 3Hy = CHy + HoO;
CO + 2Hg = CH3OH; 12CO + 3H2 = CgHg + 6COq.

The reactions of methane with barium oxide at high
temperatures are really the reactions of carbon and
hydrogen, as the methane decomposes quite readily.
Thus, CH4 = C + 2Hy, then BaO + C = CO + Ba and
2BaO + 2Hy = 2H50 + 2Ba. The reaction of methane
with barium oxide gives rise to a high concentration of
barium but results in low emission, nonetheless, be-
cause the carbon deposits onto the coating to yield a
dark surface witha resultant low operating temperature,
i.e., with black body radiation.

DECOMPOSITION OF THE EMISSION COATING

The decomposition of the carbonate coating is a cri-
tical stepin the processingof an oxide cathode system.
In the decomposition process, the carbon dioxide gas is
in equilibrium with the barium carbonate and barium
oxide phases at definite dissociation pressures with
temperature. Because the dissociation pressure for
barium carbonate is the lowest of the three component
carbonates, it is thedetermining factor in the selec-
tion of the temperature for decomposition. It is during
the time that the carbonate is being converted to the ox-
ide that the competitive reactions of the reducing ele-
ments withbarium carbonate andbarium oxide make it
mandatory to convert to the oxide phase as quickly as
possible in order not to deplete the surface concentra-
tion of reducing elements in the base metal before they
can react with the barium oxide to yield the active bar-
ium. The time for decomposition should be short and
isdetermined in practice by the pumping characteristics
of the system and by the temperature. However, when
the time for decomposition is too short relative to the
pumping efficiency of the system at the surface of the
coating, the partial pressure build-up of carbon di-
oxide gas will repress the decomposition of the carbo-
nates long enough to allow for the directoxidation reac-
tion of the carbonates with the reducing elements, and
also, will create the eutectic melt phase that produces
large crystallite growth and fusion effects. If silicon

Table I
Chemical Reactions of BaCO3 — BaO with Some Reducing Elements

Reducing Temperature

Element 870 K 1270 K
carbon BaCO3 + C = BaO +2CO BaO +C =Ba + CO
magnesium BaCOg + Mg = BaO + MgO + CO BaO + Mg = Ba + MgO
manganese BaCO3 + Mn = BaO + MnO + CO BaO + Mn = Ba + MnO
silicon 2BaCO3 +8i = BagSiO4 + 2CO 4BaO + Si = BagSiOy4 + 2Ba
tungsten 3BaCO3 + W = BagWOg + 3CO 6Ba0 + W = BagWOg + 3Ba
carbon monoxide | @ - - - - - - - - = - - - - - - - BaO + CO =COy + Ba
hydrogen BaCO3 + Hp = BaO + CO + HgO BaO + Hp =HyO + Ba
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or tungsten areinvolved as reducing agents, premature
formation of the interface impedance may occur due to
the formation of the barium orthosilicate or barium
tungstate to yield the consequent lower emission per-
formance. Thus, the sealex operationbecomes a com-
plex sequence of events related by the factors of time,
temperature, and pressure during the decomposition
of the carbonate coating, as shown in Fig. 12,49 and
the diffusion-rate -reaction process of the reducing-ele -
ment content of the cathode base metal together with
the interrelated gas and vapor reactions from adjoin-
ing tube elements.

The partial pressure of carbondioxide gas in the tube
during decompositionof the coatingon the sealex is de-
termined not only by the size of the cathode and the
weight, density, and particle size of the carbonate coat-
ing, but also by the rate of exhaust, and the pumping
efficiency. The factor of pumping efficiency is influ-
enced by the time, temperature of decomposition, vol -
ume of the tube, gas content of the tube, diameter of
the tubulation, and the bore size of the plumbing. The
vacuum during the decomposition of the carbonates is
about 10-3 millimeters of mercury on sealex so that a
breakdown temperature of 1273 K would be sufficient,
provided that the time for decomposition were of the
order of tens of seconds. However, production seal-
ex speeds of 1000 units per hour allow only about 2.4
seconds per positionand 1.2 seconds for indexing to the
next position., Thus, temperatures for initial decom-
position of the carbonate coating actually range about
1473 K in order to bring about rapid breakdown of the
carbonate coating in the first few positions. X-ray
analysis shows that the single-phase solid-solution ox-
ide form occurs about 1350 K; correlatingdata indicate
that the high emission is obtainable from such a small-
crystallite solid-solution oxide matrix. Therefore, it
is desirable to attain a high temperature for some short
period of time in order to obtain good emission per-
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formance. This result can be achieved by heating the
cathode to a high temperature provided certain side-
effects do not overshadow the desired goal of a good ac-
tivated oxide cathode in a tube possessing good oper -
ating characteristics. At high temperatures, the fol-
lowing side-effects must be taken into consideration:

1. The more volatile barium /barium oxide can evap-
orate preferentially from the triple -oxide matrix to an
excessive degree, as shownin Fig. 1390 and Fig, 1491
and contaminate adjoining grid electrodes and thus
tend to introduce effects of primary grid emission,
contact potential shifts, and even secondary emission
from other electrodes.

2. The crystallite structure of the oxide coating can
grow too large and fuse to reduce the conductivity of
the coating, and thus, lower the level of emission per-
formance.

3. The evaporation of the more volatile chemical re-
ducing agents alloyed with the cathode nickel, as
shown in Fig. 15,52 e.g., Mg, Mn, can cause leak-
age paths across adjoining surfaces which would tend
to produce feedback, rf noise, and lower transcon-
ductance.

4. The nickel cathode base metal (melting point
1450 C) can be softened, i.e. . lose hot bend strength,
to create bowing of the cathode and misalignment.
5. The tungsten heaters may become embrittled by
excessive crystallization and burn out; the insulation
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coating can become impaired and create heater-cath-
ode leakage effects.

Hence, in practice, there will be an optimum temp-
erature for decomposition; this temperature determines
the minimum time for the decomposition of the carbo-
nate coating, provided that the partial pressure of car-
bon dioxide gas is not excessive.

It can be observed from the curves of the dissocia-
tion pressures of the alkaline-earth carbonates, as
shown in Fig. 16, that barium carbonate is very diff-
icultto decompose because of the low equilibrium pres-
sure of carbon dioxide that exists at the lower temp-
eratures., The reaction can be driven to completion
only by rapid removal of the gas under vacuum pump-
ing conditions. The decomposition of the carbonate
coating is primarily a problem of gas evolution-gas
removal at the surface of the coating at a given temp-
erature regardless of the vacuum pressure in the tube
as a unit that is measured at some distance from the
cathode surface. If the condition of temperature and
pressure of carbon dioxide gas at the surface of the
coating places the system to the right of the equilibri-
um pressure curves, the carbonates will decompose
without giving evidence of pitting or fusion, i.e., the
eutectic low melting point phase of the barium carbo-
nate will not have beenformed to anappreciable extent.
Should the temperature-pressure equilibrium that ex-
ists at the surface of the coating place the system to
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the left of the equilibrium curve, the barium carbonate
component will not decompose quickly enough to avoid
formationof the eutectic phase. The entire sequence of
events is transient in time (fractions of seconds) such
that the pumping efficiency, tubulation bore size, gas
content and surface areas of the anodes, and the a-
mount and density of carbonate coating are in critical
balance with sealex speed, heater current, and rf in-
duction heating.

After decomposition of the carbonate coating has been
accomplished duringthe early stages of sealexing, the
envelope and electrode parts of the tube are further de-
gassed in successive stages of induction heating while
the cathode is kept hot by means of the lighted heater.
When the cathode coating is intheoxide form, it is vul-
nerable to the poisoning actions of gases and water va-
por that would tend to change it back to the hydroxide or
carbonate. After degassing, the tube is ''gettered"
(the getter is flashed) to absorb residual gases, and
then is sealed off, Usually, there has been sufficient
chemical reducing activity to create the necessary bar-
ium phases in the oxide coating by the reaction of the
barium oxide with the reducing agent. A high emission
current can be obtained immediately after decomposi-
tion of the coating; however, it is often necessary to
activate the oxide coating still further after the tube has
been sealed off because the amount of barium and asso-
ciated active donor sites are depleted by reaction with
the gases coming from the adjoining electrode surfaces
upon electron bombardment during the passage of cur-
rent in the tube.

Thus, after gettering and sealing off, the tube is us-
ually heated to a high temperature by the use of one and
one-half times the rated heater voltage inorder to cre-
ate additional active barium centers by chemical re-
ducing action of the cathode base metal alloy on the ox-
ide coating. Then the residual gases must be removed
from the adjoining tube electrodes. This is accom-
plished by applying positive voltages to grid and anode
anddrawing current. The electrodes are bombarded by
electrons and heated so that their gases are driven off
to be absorbed by the getter and by the activated cath-
ode coating. During such treatment, the emission cur-
rent passes through a minimum and then increases to
a higher value as the gases are absorbed by the getter
and cathode coating. During this 'aging' schedule, the
rates of diffusionof reducing elements in the base met-
alsare stabilized and active barium centersin the coat-
ing are well distributed by electrolysis and chemical
reducing activity. Details of an activation schedule
will vary with the tube type and kind of material used
in construction. The size and configuration of the elec-
trodes, the properties of the materials, degree of prep-
aration by washing and hydrogen firing, type and posi-
tion of the getter, cathode base metal alloy (active or
passive), coating weight and density, and the efficiency
of theoriginal sealexdegassing and pumping willdeter-
mine the activation schedule,

AMMONIUM-PRECIPITATED CARBONATES
The porosity of the oxide coating, i.e., the degree

of fusion and crystallite growth, is adversely affected
by low-melting impurity salts that may be present in
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the emission-carbonate form. As far as can be deter-
mined, the presence of low-melting solium-salt com -
pounds as an absorbed layer at the crystal surfaces of
the carbonate causes excessive sinteringactionbetween
adjoining crystals during the low temperature range
(500 to 750 K) of decomposition. Later in the time se-
quence (measured in milliseconds), the internal con-
tent of sodium salts that is released upon complete de-
composition of the carbonates contributes to the low-
melting condition of the barium carbonate eutectic phase
at the higher temperature range of 1000 to 1270 K.
Furthermore, it is at this temperature range in the de-
composition process that the more volatile sodium/so-
dium oxide molecules are deposited upon adjoining elec-
trode surfaces. Thus, this volatile sodium contaminant
contributes to excessive leakage and RF noise effects
beyond the normal level that is ordinarily contributed
by deposits of barium /barium oxide.

The ammonium-precipitated type of emission car-
bonate is purer than the emission carbonate prepared

by use of sodium carbonate reagents because any ammo-
nium salts left in the emission carbonate, after pre-
cipitation and washing, vaporize completely as gases.
Thus, the oxide coatingis purer than the parent ammo-
nium precipitated emission carbonate. Becausethe ox-
ide coating derived from ammonium-precipitated car-
bonates contains no contaminant with a low melting
point (the eutectic phase is the sole inherent melt con-
dition), it does not sinter and contract in dimensions
tothe same extent as oxide coatings containing sodium
saltimpurities. The spacing between cathode and grid
does not change as drastically because the sintering
action is at a minimum so that transconductance de-
creases less on life.

In general, the contamination of grid wire surfaces
is the result of barium/barium oxide evaporating from
the oxide coating. This normal form of contaminant
ismore stable than where the more volatile sodium /so-
dium oxide forms are present so that the tube perfor-
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mance slumps less over the life period as the contact
potential difference between cathode and grid is more
constant. The more stable type of contaminant of bar-
ium /barium oxide, ordinarily arrived at by the use of
slightly higher controlled hot shot schedules during
aging, can not be usefully obtained when using carbon-
ates having sodium-salt impurity content because of
the excessive leakage effects induced by the presence
of the more volatile sodium /sodium oxide contaminant
on grid and mica surfaces.

Compared to the oxide coatingderived from sodium -
precipitated emission carbonates, the oxide coating
derived from ammonium -precipitated emission carbon-
ates is more porous. As such, the latter form reacts
more quickly to the poisoning actions of gases in the
tube. However, when the tube has been properly de-
gassed, the very porosity of the oxide coating derived
from ammonium-precipitated carbonates offers higher
conductivity across the coating by reason of the elec-
tron-pore gas effect. An improved level of emission
performance can be obtained, with more stable con-
tact potentials, minimum screen-grid emission, and
minimum decrease of transconductance on life, The
important corollary to gas poisoning actions on the oxide
coating is the need for proper parts, properly pre-
processed. Inorder to manufacture tubes of good qual-
ity, and with minimum shrinkage due to poisoning ef-
fects, the proper selection of materials of construct-
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ion for anodes, i.e., lowgas content together with good
heat dissipation capability, or, better parts processing
in terms of hydrogen firing and sealex degassing would
be required.

LIFE ASPECTS OF THE OXIDE-COATED CATHODE

The oxide cathode is usually spokenof as an electrode
in the vacuum tube. Actually, it isa complex system of
interacting phase changes between the nickel base metal
and the oxide coatingderived from alkaline -earth carbo-
nates. Specific alloys of nickel containing controlled
trace amounts of several metallic agents of magnesium,
silicon, manganese, tungsten, and even carbonare used
to obtain the desired degree of activity from the cathode
system. These reducing elements react with the barium
oxide to yield barium and associated active donor sites
in the oxide lattice at a replenishing rate during the life
of the system. The rate of diffusion of these reducing
elements is the controlling factor in determining the
activity and recuperative power of the cathode during
the life of the tube.

The emission carbonates from which the oxide coat-
ing isderived has beendeveloped along a range of com-
position ratios with respect to barium, strontium, and
calcium, These carbonates are carefully controlled
with respect to size, shape and purity. Moderate bulk
density, needleform carbonates are used for most of
the applications where high level emission performance
is necessary; high density, spherulite forms of carbo-
nates are used for emission coatings where the require-
ments demand smooth, dense coatings for close-space,
high-voltage gradient rectifier service.

After being applied to the cathode by suitable means
of spray coating or electrophoretic techniques, the
emission coatings are held in place by the binder of
nitrocellulose or methyl methacrylate (Lucite) that was
present in the carbonate coating suspension. After the
coated cathodes have been assembled and mounted in
the tubes, the carbonates are converted to the oxide by
a combination of heating and vacuum pumping to form an
adherent coating of oxide crystals on the cathode base
metal; carbon dioxide and carbon monoxide gases, along
with other tube gases, are removed by vacuum pump-
ing. Nitrocellulose is oxidized to several forms of ni-
trous oxides, water vapor, carbon dioxide, and light
organic fractions of ethylene at 200 C; where methyl
methacrylate is used as the binder, it sublimes as the
monomer gas phase at 300 C. A carefully controlled
schedule of high-temperature filament heating of the
cathode and rf-induction heating of the metallic parts
is performed on the sealex. Further high temperature
treatment is performedon the cathode, and actual cur-
rent passage is accomplished during the aging-stabili-
zation step tobring the cathode system to a reasonably
high level of emission activity.

The mechanism of electron transfer through the ox-
ide-coated cathode has not been completely detailed in
all its phases. There exists a basic semiconductor me-
chanism for electrontransfer coupled with an electron
pore gas path of transfer which improves the conduc-
tivity of the system. The equilibria phases of barium
(solid) to barium (gas) to barium (ion) are involved such



thatalarge excess of barium vapor phase isrequired to
maintain a threshold content of active donor sites in
the oxide lattice. Changes occur in the surface layers
of the oxide matrixdue to the preferential rate of evap-
oration of barium /barium oxide from the external sur-
faces. Strontium and calcium oxides which have lower
vapor pressures than barium oxide at the operating tem -
peratures of the cathode system remain after the outer
surface is free of barium oxide. Electron-diffraction
techniques confirm the fact that for equimolar barium-
strontium oxide, the surface layer is almost pure
strontium oxide. Eisenstein was able to calculate from
X-ray scattering patterns that the surface composition
differed from the bulk composition of the oxide.l In
115 hours, the surface layers containing less than 10
mole per cent of barium oxide were about 10-5 centi-
meters thick; at 1205 hours, the layer that wasdeficient
in barium oxide was about 3 x 10-4 centimeters thick.
In this instance, the cathode coating that was being ob-
served was heated but no current was drawn. Because
the physical nature of the external surface of the oxide
matrix is independent of the bulk oxide composition,
electron affinity for such surfaces would appear to be
the same regardless of the bulk composition. In prac-
tice, a range of bulk compositions exists that yield the
same emission performance when due regard is given
to the carbonate particle size and the resultant porosity -
conductivity of the oxide coating.

When the emission obtained from an oxide coating is
decreased by gases or other foreign material, the term
"poisoning'' is used to denote a series of physical -chem-
ical reactions that tend to deplete the amount of active
donor centers in the oxide lattice as well as to bring
about physical changes in the coating that causes its bulk
resistance to increase. The poisoningof the oxide coat-
ing is most likely to occur at low operating temperatures
of the cathode wherein the forward equilibrium reactions
creating the active barium centers are slowed down to
the extent that the reverse physical-chemical phe-
nomena of depleting the active barium donor content
override it.

These ''poison!' gases or vapors may be given off by
the nickel base metal, by the micas, by the heaters, by
the anodes, and by the glass envelopes.53,54 Water
vapor combines with barium oxide or barium to form
barium hydroxide which, as a low-melting compound,
induces excessive sintering and fusion of the cathode
coating.55 Chlorides and fluorides form low-melting
compounds with barium, too. Fused coatings have a
minimum porosity such that the conductivity of the coat-
ing is decreased, i.e., bulk electrical resistance is
increased. Gas poisoning due to carbon dioxide, car-
bon monoxide, and oxygen are, in effect, the result of
harmful equilibrium pressures of these gases that tend
to extend the low-melting actions of the eutectic phase
of barium carbonate. Where the barium phases are de-
pleted due tothe interaction with these gases, the cath-
ode system can bring about a recovery from the effect
by the replenishment of the barium by means of the re-
ducing activity of the agents in the nickel alloy. Where
the malfunction has been brought about by sintering of
the coating, no recovery can be obtained; further pro-
cessing by activation-aging schedules only worsens the
melt situation and increases the bulk resistance of the
coating.
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The pulse operation of the oxide-cathode system can
give initial high currents of 50 to 100 amperes per
square centimeter duringone or two microsecond inter-
vals provided that the duty cycle (repetition rate) is not
excessive. The initial high level of current may decay
swiftly due to impedance effects of four basic phenomena:

1. Surface layer 'skin resistance' at the oxide-
coating-to-vacuum interface. This impedance is
thought to be caused by a depletionof active emission
centers by reason of a depletion of barium ions which
are rapidly transported away from the surface by the
large electrolysis effects of high current densities.
The removal of positively charged barium ions from
the surface layers would leave a relatively high nega-
tive field at this surface for the transient one- or
two-microsecond interval, Correspondingly, the
excessive loss of electrons from the surface during
the high-current passage exerts a cooling effect great-
er than the Joule heating effect in the bulk of the ox-
ide matrix such that the surface layer is at a lower
temperature and therefore maintains a high imped-
ance,27

2. Interface resistance due to the formation of bar-
ium orthosilicate by the chemical reaction of silicon
with barium oxide. This type of interface compound,
where it exists, offers impedances of 50 to 200 ohms
which introduces a large voltage dro5p — cathode to
anode—during large current passage,26,57

3. Insufficient plate-dissipation capability causes
gases to be evolved upon electron bombardment of
the anode. These gases can react with and deplete
the active donor centers of the oxide coating to re-
duce the conductivity of the coating so that the emis-
sion level of performance will be decreased.

4. Blocking action due to the tormation of the equi-
valence of an electronspace charge effect in the pore
spaces. The large micro-second surge of pore-gas
electrons, including high ratio secondary electrons,
actually builds up rapidly to exert a space-charge
limiting effect within the pore volume to throttle it-
self back and thus create the decay effect. Thus,
rapid cascading avalanche type of secondary elec-
tron build-up may be applicable in the instance of the
oxide cathode under pulsed conditions.

Normal tube life expectancy is temperature limited.
The lower limit of temperature is determined by the
level of emission desired and the reserve capacity re-
quired to resist poisoning actions; the effects of poi-
soning increase with decreasing temperature of cathode
operation. The upper limit of temperature is limited
by several factors, i.e., evaporation of barium /barium
oxide, sublimation of base metal reducing elements,
sintering of the coating, and interface formation and
growth. It has been calculated that 50 per cent of the
barium oxide content of the coating would evaporate
within 1500 hours at 1200 K, whereas, only 83 per cent
of the barium oxide would evaporate within 1,000,000
hours at 1000 K, 51

The requirements of reliability, stability, and long
life from vacuum tubes involve two major areas of tube
technology, i.e., the tube-manufacturing operation and
the application of the product in electronic circuitry,
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The Manufacturing Operation

From the manufacturing point of view, the problems
involved include mechanical failure and electrical fail -
ure induced by physical-chemical phenomena. Gross
mechanical errors of misalignment, short circuits,
vibration hazards and glass breakage, and mechanical
failures dueto burn-out of heaters, bowing of cathodes
and thermal shock can all be minimized by correct de-
sign and by the use of selected materials of construction.
Electrical failure, on the other hand, that is induced by
gaseous products of evaporation and chemical inter-
action across electrode surfaces is mainly involved in
the manufacturing operation of preparation of parts, of
maintenance of efficiency and cleanliness of sealex
equipment, of the mounting operation, and of observance
of the limitations of the materials of construction, e. g.,
in the use of copper-clad side rods for cooling effect on
the grid laterals; one must be aware of the relatively
high vapor pressure of copper and its evaporation under
too high a setting of the rf induction-heating equipment
used for degassing the metal parts.

The physical chemistry of the oxide cathode has been
discussed in some detail. The recognition and under -
standingof the reactions and interactions are important
in order to establish a suitable manufacturing process.
Controlled purity of the cathode nickel alloy and of the
emission carbonates is necessary in order to obtain
reproducible results and maintain a manufacturing
schedule. The cathode nickel alloy, in terms of its
reducing element content and diffusion rate processes,
controls initial-life as well as long-life characteristics
of the cathode system by its ability to contribute a re-
plenishment rate of supply of active barium emission
centers. The oxide coating, in terms of matrix re-
sistance, space geometry, and porosity of structure,
effectively controls the level of emission and trans-
conductance values.

These factors are interdependentand are acted upon
by the environmental gas and vapor phases in the tube
at the time of decomposition of the coating. The ge-
ometry of the tube and the sealex speed required for
optimum production define the temperature limits for
the decomposition of the coating consistent with pumping
efficiency and gas removal; these limits, in turn, deter-
mine the requirements of weight, outside diameter, and
density of the emission carbonate coating. The equi-
librium-gas pressures at the transient port and index
times on the sealex influence the direction and relative
speed of chemical reactions necessary for good acti-
vation and for proper porosity structure within the oxide
coating. The gas content of the other electrodes in the
tube will influence the partial pressures of carbon di-
oxide and carbon monoxide gases, which, in turn, will
affect the decomposition characteristics of the carbon-
ate coating. The optimum conditions for the proper se-
quential processing of tubes in the manufacturing oper-
ation (provided all component parts are properly cleaned
and prepared) should consider the following:

1. Glass envelopes should be baked out just prior to
use (preferably during the process) to remove much
of the air and water vapor that are absorbed in the
glass. The release of such gases and water vapor
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during tube processing and life poisons the acti-
vated oxide coating by reacting with and depleting the
active barium centers as well as accelerating sin-
tering of the coating.

2. Sealing-in flames should be adjusted, and the
mechanical alignment of the cathode within the tube
should be arranged so that the coatingis not subjected
to temperatures greater than 200 C. The nitro-
cellulose binder volatilizes while being oxidized at
200 C leaving the residual carbonate coating poorly
adherent to the base prior to decomposition. The re-
sult is an incomplete bonding of the coating to the
base metal such that peeling of coating can occur
initially as well as later on in life. Moreover, when
such a poor interface bond exists, proper activation
of the coating can not be achieved since good paths
for the diffusion of the reducing elements from the
base metal do not exist.

3. The '"breakdown positions'" — i.e., normally,
No. 5 and No. 6 in a 16-head sealex operation —
should be adjusted for heater lightingand rf-induction
heating such that there is a relatively rapid decompo-
sition of the carbonate coatingto the oxide form. This
cycle isadmittedly the result of abalance of many fac-
tors among which are the size, weight, and density
of the carbonate coating, the total gas content of the
adjoining metal electrodes, the warm-up time of the
heaters and the orientation of the rf coil for optimum
induction heating. The controlling mechanical feature
(all other things being equal) is the bore size of the
tubulation which determines the efficient removal of
the gases by the pumping system. The complex state
of affairs that must be balanced is the effect of the
relative carbon dioxide gas pressure at the time of
breakdown. Where the time-temperature-pressure
ratio results in a high relative pressure of the gas,
the eutectic melt phase of the carbonate is prolonged
to the extent that the resultant oxide coating has a
lesser porosity and in extreme cases may be fused.
The relatively high partial pressure of carbondioxide
gas at the time of decomposition of the carbonate coat-
ing accelerates the oxidation of the reducing element
content at the surface of the base metal without crea-
ting active barium centers in the coating. The net
effect is premature heavy interface formation, low
emission, and early life slumping which will require
a longer and harder aging schedule tobring the cath-
ode system and tube to a good level of emission per-
formance.

4. The position of the getter in the tube and the posi-
tion setting of the getter flash coil are of critical im-
portance in creating a good tube. The position of the
getter should be such as to eliminate a line of sight
path to the cathode in order to prevent poisoning of
the coating by the deposition of metallic elements
from the getter channel or the getter compound itself.
Deposits of getter material onto the insulating sur-
facesof micas and electrode supports create leakage
effects. The use of metal or mica shields can mini-
mize such effects. The getter flashing coil on the
sealex should be positioned such that no extensive
heating of the anode metal surfaces occur to release
gases onto the oxide coating. In this position in the
sealex sequence, the oxide coating is not being kept
hot while heater lighting is not being applied so that
the coating is vulnerable to the poisoning effects of



the oxygen and water vapor that are being released
from the glass walls and the metal parts.

The production of auniform highly reliable tube pro-
duct is dependent upon parts preparation and processing.
Uniformity of cathode-base-metal structure and effec-
tive reducing element content (vacuum-melt alloys);
uniformity in carbonate-coating weight, density, and
outside diameter; well degassed or essentially gas-free
parts; and stable line voltages to maintain uniform
heater-lighting and rf-induction heating schedules would
contribute to this uniformity and reliability. It was
indicated earlier that activation can be achieved by
chemical reducing activity to create barium centers
without the passage of current. Many tube types come
off the sealex in an active condition solely by means
of thermal action on chemical activity. The use of the
aging schedule, after sealex processing, is mainly for
the purpose of stabilization and gas clean-up of metal
parts by electron bombardment during the passage of
current., Correct settings will yield uniform and re-
liable results: meters should be calibrated; panel wir-
ing, resistors, and ballast lamps should be operative
and at rated dissipation wattage. Correct wattages and
time sequences will insure reproducible results. In
general, hot shot treatments (high heater wattage appli-
cation without current passage to activate the coating by
thermal chemical means) should be at relatively lower
filament voltages and longer time sequences rather than
at higher filament voltages and shorter time sequences
inorder to avoid fusion of the coating, excessive rates of
evaporation and sublimation from the cathode system
that causes leakage, and bowed cathodes.

Application End Use

From the operational pointof view, the problems in-
volved in insuring tube reliability and long life require
consideration of the limitations of materials of con-
struction based on the recognition of the dynamic equi-
librium of the physical-chemical processes involved in
creating electron emission. Tube designand tube appli-
cation should take into consideration the following basic
ideas.

1. Cathode systems should be designed to operate at
the relatively low temperature of 1000 Kfor long life.
The cathode system should be operated within + 5 per
cent of this rated value in order to obtain optimum
life performance.

At operating temperatures above 1050 K, the
evaporation of barium/barium oxide is accelerated
so that cathode life expectancy is decreased. Depo-
sition of such barium/barium oxide onto adjoining
insulating support surfaces creates leakage paths and
results in variable frequency response. Deposits of
such material onto grid Laterial wires give rise to
primary grid emission, reverse grid current which
changes the bias, rf noise, shiftsin contact potential,
and even blocking-action effects,

At operating temperatures below 950 K, the emis-
sion level will decrease due to the slower rate of
diffusion of the reducing element content of the base
metal required to maintain the replenishment rate of
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active barium centers needed to compensate for the
poisoning action of the normal tube vapor phase.
Sparkingand arc-over may resultdue to the high vol-
tage gradient with respeci to local hot spots. Cold
starting, i.e., application of anode voltage before
the cathode has reached operating temperature,

should be avoided where possible because positive-
ion bombardment will damage the cathode system to
the extent of rupturing the oxide-coated surface.

Normally, the effects of positive-ion bombardment
are minimized because the space cloud of electrons
(surrounding the heated cathode system) cushions
and neutralizes the velocity of these positive ions.
2. Envelope temperatures should be maintained
at reasonably low levels. Glass and metal surfaces
adsorb and absorb quite an amount of water vapor and
gases; such surfaces, upon being warmed, release
these materials as vapors which poison the cathode
in the extreme case, and cause slumping perform-
ance, grid current flow, and back-bombardment ef-
fects in general. For similar reasons, the plate
dissipation capability should be adequate to minimize
excessive gas release with the wattage required to be
handled. The designed factor of safety may be nul-
lified if the ambient temperature of the tube is ele-
vated above that expected in normal tube application.
It should be noted that a deposit of getter -flash ma-
terial on the sidewalls of the tube, where it opposes
the radiation characteristics of the anode, can actu-
ally reflect 80 per cent of the heat that would have
passed through the glass. Therefore, tube and appli-
cation design should make provision for proper ven-
tilation in order to maintain a low ambient temper -
ature. Where the application requirements demand
a higher rating, either a redesign of the tube struc-
ture is indicated, or a change in the materials of
construction within the same tube design, e.g., sub-
stitution of a copper-core, iron-clad, aluminum-clad
anode metal for a nickel-clad-iron metal.

3. The maximum tube ratings are limits below which
the tube must be operated in order to obtain good
performance. Inapplying ratings of a tube, the equip-
ment designer must take into account the effects of
longer duty cycles or higher operating frequencies.
Longer duty cycles can impose heavy current demands
on the cathode coatings which can cause it to become
heated excessively and cause it to sinter, High fre-
quencies can increase tube losses whichdecrease the
output of the tube and reduce its efficiency.

4. Tube characteristics do change on life due to the
chemical-physical nature of electron emission that
is afunction of coating porosity, i.e., characteristics
can be changed by sinteringof the coating which low-
ers the conductivity or increases the bulk electrical
resistance and also increases the spacing between
cathode and grid, 58 by decrease in the effective re-
ducing-element content of the base metal, by decrease
in the effectiveness of the getter, and by electrolysis
effects on glass which release gas. Thus, circuits
should be designed to operate over a rather wide
range of tube characteristics. A range of + 20 per
cent of published values is a commonly used criterion.
Acceptable life performance can be extended in many
instances if a wider range of plate currentand trans-
conductance values can be tolerated. This statement
is not intended to imply a looseness in rating which
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permits nonuniformity of characteristics; what is in-
tended is that the circuitapplication of a specific tube
be evaluated on the merits of the tube design rather
than on the requirements of the circuit. If the cir-
cuit requirements are mandatory, a tube of the pro-
per design should be used that can meet the require-
ments. Some application problems originate from
lack of consideration of the limitations of the tube
rather than from the defects of its design or manu-
facture,

5. Formation of interface impedance formerly inter-
fered with standby and cutoff type of operation. The
use of high silicon (0.08 per cent) nickel alloy as a
cathode base metal would normally create the inter-
face compound, barium orthosilicate, toan excessive
extent. The problem is not as extensive today as
formerly because most present-day cathodes are of
the low (0.02 per cent) silicon type. However, where
this problem can still cause malfunctioning because
the circuit is operated most of the time well-biased
below cutoff, reduction of the heater voltage during
periods of cutoff or standby operation will minimize
the growth of the interface compound.

6. The problem of grid contamination by evaporation
of barium /barium oxide from the cathode system is
essentially due to the intensity of the processingtech-
nique (high temperature) rather than the cumulative
effect during life. 59 The problems of contact poten-
tial, grid emission, and developed bias readings are
discussed more thoroughly under their specific chap-
ters. %Y However, where negative grid currents may
be due to primary grid emission, ionization of re-
sidual gases, or leakage currents across micas, high
values of grid resistors increase the susceptibility
of the circuit to develop a runaway condition. In
some instances, the proper choice of a grid resistor
of slightly lower value (if it did not change the cir-
cuit condition) made the difference between a good
tube and a bad one assuming no excessively contami-
nated grid surface or gas content in the tube.

7. The problem of noise and hum has become more
severe in today's high-frequency tubes having closely
spaced elements. Noise may be attributedto each of
the following: emission coating and gas ionization, as
well as electromagnetic, contaminating, and me-
chanical sources.

a. Shot effect is the noise derived from random
bursts of electrons propagated under conditions of
temperature-limited emission., The shot effect
arises from the discreteness of the electron; the
effect has the same intensity at all frequencies.

A reduced shot effect is experiencedunder space-
charge limited conditions; the noise is due pri-
marily to velocity variations of the electrons in the
potential minimum region.

b. Flicker effect62, 63 is propagated by variations
in the activity of the emitting surface of the oxide
coating. This effect is essentiallya low-frequency
variation rather small for space-charge limited
conditions but large for temperature-limited con-
ditions. The flicker noise effect is induced by the
passage of varying velocity electrons across the
charged layer set up on the surface of the oxide
coating. Pore gas electrons have different escape
velocities induced by them by the effects of elec-

trostatic gradients through the bulk of the oxide
matrix, The surface dipole layer comes into ex-
istence due to the electrolytic transport of active
donor centers back to the cathode and the escape of
electrons into the vacuum space during the passage
of current. The consequence of the passage of
varying electron current across a charged layer
is to induce an amplitude -modulated signal of rather
low frequency variation, This effect can be mini-
mized to some extent by the use of high-density
coatings which result in a reduced porosity of the
coating, thus lowering the velocity of these elec-
trons. The use of anoxide coating with decreased
porosity reduces the level of emission as rated by
the d. c. diode emission test, but there is still suf-
ficient current for normal space-charge limited
conditions.

c. Gas ionization effects are induced by variable
positive-ion gas currents in the grid circuit. The
effects of thisnoise are not appreciable unless the
positive-ion current is greater than 0.02 micro-
ampere and its frequencyis below 10 megacycles.
d. Electromagnetic induced noise at frequencies
above 30 megacycles result from induced voltage
variation in the grid circuit due to stray electro-
magnetic fields; these grid-voltage changes cause
the plate current to vary.

e. Reverse grid current noiseis induced by nega-
tive grid currents, created by positive-ion bom -
bardment or primary grid emission, across com-
position resistors in the grid-leak circuit.

f. Leakage noisearisesfrom the variable leakage
currents along mica insulators and glass due to the
contaminants evaporated from the cathode base
metal and the oxide coating, e.g., Mg or Mn from
the nickel cathode, Ba/BaO from the oxide coating.
The phenomenonis closely related to the manufac-
turing operation, the materials of construction, and
the circuit application. Excessive heater wattage
during sealex and aging schedules will accelerate
the volatile elements (Mg, Mn) out of the base metal
along with amounts of Ba/BaO from the coating.
The choice of base metal with respect to alow con-
tent of Mg or Mn will determine whether a given
heat treatment for activationis or is notexcessive
with respectto themetal, The density of the oxide
coating will influence the quantity-rate of evapo-
ration of Ba/BaO. The choice of mica coating or
glass surface can determine whether leakage can
become a factor as a consequence of processing
temperatures. The end application wherein a 12-
volt tube is requiredto pass a 16-volt filament life
test, will determine the original choice of material
to an evenlower content of volatile-reducing-agent
content in the nickel base metal, or to a more dense
oxide coating.

g. Mechanically induced noise results from heater
hum from the use of non-inductive heater windings;
this noise may be cancelled out by proper designand
choice of winding, i.e., the use of double-helical-
wound heater types will cancel out 60-cycle vari-
ations in magnetic fields. Noise currents due to
heater-cathode leakage effects resulting from
alkali impurities in the heater coating can be mini-
mized by the use of pure heater coating material
or improved heat transfer characteristics at lower



operating temperatures for the same wattage input.
h. Poor micainsulation can allowmore than nor-
mal leakage currents to flow because its surface is
more conductive, or the condition of the mica coat-
ing did not provide sufficient roughness to interrupt
the continuity of the leakage paths. This effect can
be minimized to some extent by the proper choice
of mica coatingor texture of coatingapplied to the
mica surface.

i. Vibration can cause noise currents to flow.
When the vibration is due to loose fitof the cathode
within the mica (ballistic microphonics), it is de-
tected when, with no signal input to the stage, a
rise in output current results from tapping the tube.
This type of vibration effect is rarely caused by
original hole-insertdiameters but canbe due to the
enlargement of the opening by excessive heat treat-
ment of the cathode or a life-cycle requirement of
the cathode such that the opening in the mica is
enlarged by ""puffing'' of the mica. Vibration itself
can also release small amounts of gas from the
puffed mica. This gas can contribute a variable-
positive-iongas currentin the grid circuit and, so,
create a noise effect.

CONCLUSION

It is apparent that the emission obtainable from an
alkaline-earth-oxide film on a nickel-alloy base metal
is of the same order of magnitude as that obtained from
a cathode system made from a relatively thick coating
of oxide. The work functions are essentially the same
but the efficiency in terms of milliamperes output per
watt inputis higher for the thick oxide coating by reason
of the porosity factor. The thick oxide matrix coating
acts as a reservoir for a replenishment rate of supply
of active barium centers by reason of the chemical re-
ducing activity of the base metal to offset the evaporation
of barium/barium oxide. The several instances of
pulse-emission decay and diminishing performance
capability with life are only manifestations of the dyna-
mic equilibria existent in the several physical-chemical
processes that exist in the cathode system. The effects
of vapor phase interaction and deposition of material
onto electrodes in the tube system create unwanted
side-reactions. Nonetheless, the oxide-coated cathode
is an efficient, consistent performer withinthose limi-
tations and can be made more stable in operation when
due considerations are givento chemical purity in parts
processing and sealex operation, temperature limi-
tations, and duty cycle in the end-use application,

Theories of the mechanism of electron emissionfrom
a hot metal surface offer an explanation in terms of a
kinetic velocity distribution of electrons from the "'free
mobile'" electrons from the valence band into the con-
duction band. However, a mechanism for transferring
electrons through the coating of an oxide cathode is not
as yet fully described. The complex nature of the
composite surface that is deficient in barium/barium
oxide offers a reduced surface-energy-potential barrier
and, as such, lowers the work function of the system.
Inaddition to the distribution of barium donor equivalents
through the bulk oxide causing the coating to have a
high conductivity as a semiconductor material, the
porosity of the oxide matrix introduces a factor of elec-
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tron pore gas that increases the conductivity to a still
greater degree, thereby, yielding the high emission
performance. The complete mechanism will, ulti-
mately, include the several rate processes, both chemi-
cal and physical,64,65, ’ that are involved: rate
of diffusion of reducing elements in the nickel base
metal; rate of reaction with the oxide coating; rate of
thermal diffusion of barium; rate of electrolytic trans-
port; and the equilibrium phases of barium (solid) to
barium (gas) to barium (ion) forms,
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Nickel Base Metal for the Oxide Cathode

C. H. Meltzer and E. G. Widell

Harrison

The oxide-coated cathode is more than an electrode
for conducting current in an electron tube. It has the
additional and most important function of providing the
efficienttransfer of electrons for emission that makes
conduction possible in the tube. The emissionisthe re-
sult of adynamic equilibrium systembased on the inter-
action of reducing agents in the base nickel with the
coating of alkaline-earth oxides. In sucha system, the
activated coating, consisting of barium oxide and other
oxides, is consideredto be a semiconductor containing
active donor sites associated with the presence of free
barium. The existence of such an activated coating on
the substrate nickelalloy metalforms a low work func-
tion system that permits efficient transfer of electrons
from the cathode at a relatively low temperature of
1025 K. Barium is most readily formed in the coating
by the reduction of the barium oxide component of the
coatingby reducing agents such as carbon, magnesium,
and silicon supplied by the supporting nickel alloy metal.
The kind and amount of the specific reducing elements
addedtothe cathode base metal depend upon the end re-
sult required of the specific tube design as determined
by the tube design engineer.

NICKEL

Nickel is the metal accepted by the tube industry as
most suitable for the cathode base material. Although
nickel has much in common with iron and cobalt, and
withthem, forms a family (group VIII) in the periodic
table of elements,! nickel has the best combination of
characteristics for base-metal purposes (see Table I).
Nickel has good elastic and mechanical properties; it
does not oxidize easily and forms relatively unstable
oxides, and therefore, is readily deoxidized by heating
inhydrogen (hydrogenfiring); it is ductile and, as a re-
sult, is capable of being formed intothe shapes required
for cathode applications. In addition, nickel can take a
high polish with a resultant low surface emissivity, i.e.,
it has low radiant heat losses; its heat conductivity is a
good compromise between enough to insure uniform
cathode sleeve temperature and not so much as to cause
excessively high end losses; its electrical conductivity
is adequate, about one-fourth that of copper; and most
important, its high melting point, low vapor pressure,
and relative freedom from oxidation make it possible to
process and operate tubes at the cathode temperatures
needed to obtain suitable emission capability.

REQUIREMENTSOF NICKELALLOYS FOR CATHODE
BASE MATERIAL

Early in the manufacture of oxide-coated cathodes it
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was discovered that just any nickel was not suitable for
use as a cathode base material. Early oxide-coated
cathodes consisted of a nickel filament which was coated
with alkaline-earth compounds or which had the com-
pounds incorporated in the filament material. Investi-
gations disclosed that the presence of barium in the
oxide coating affected the emission and that barium
could be made available by the reaction between the
barium oxide in the coatingand certainreducing agents
in the base metal. The problem, therefore, was to
decide what agents gave the best emission performance,
and also, todetermine what additives would achieve the
desirable result of increasing the hot resistivity and the
hot strength of the filaments. Many alloys were tried
but the achievement of an alloy having all the desired
improvements was limited by unwanted side reactions
introduced by some of the additives. These side re-
actions will be described later.

The filament type of cathode was largely displaced in
receiving types of tubes by the indirectly heated uni-
potential type of cathode which offered many advantages
for ac heater-power supply. In the unipotential type of
cathode, the fact that the heater function and the coat-
ing-support function are separate has changed the re-
quirements for the physical properties of the nickel al-
loy. Its hot strength and hot resistivity are no longer
the major considerations and, therefore, full considera-
tion can be given to those properties best suited to a
coating support material and to the reducing element
content needed for suitable activation of the oxide coat-
ing.

As apractical matter, the selection of suitable com-
positions for the cathode base metal has been influenced
by the availability of the alloys in commercial use.
The varying properties of these alloys produced by the
air-melting processes employed by the nickel industry
made it mandatory to select individual ingots which gave
compositions most favorable to achieving the desired
tube performance and uniformity. The success of this
method over the past twenty years has depended on the
availability of these better alloys as well as economic
factors of cost and demand. The need of the tube in-
dustry for nickel represents but avery small portion of
the tonnage made for the steel and allied construction
industries. In recent years, the situation has improved
inthat nickel alloys produced by a vacuum-melt process
have been available. As early as 1949, RCA demon-
strated that nickel wire for filament-type cathodes pro-
duced by vacuum-melting techniques had superior qual-
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ities for filaments to wire produced by air-melting
processes. In 1958, RCA beganlarge-scale production
of vacuum-melt nickel alloys for indirectly heated cath-
ode sleeves. Large scale production (melts of 500
pounds) was called for in order to insure the correct-
ness of the desired compositions by reducing the var-
iations between melts and within melts which often oc-
curred withalloys purchased from commercial vendors.

Table I
Physical Properties of Nickell

Atomic number 28
Atomic weight gm 58.69
Atomic volume cc 6.59
Density gm/cc 8.9
Melting point C. 1452
Boiling point C. 2730
Electrical resistance ohms x 10-6 6.9
Curie point (loss of magnetism) C. 360
Tensile strength 1b/in2  cast 53000
drawn 150000
Metal to ion plus 2 electrons,
oxidation potential 0.25
Ionization potential of gas atom 1st electron 7.61
2nd electron 18.22
Specific heat cal/gm at 500 C. 0.127
Thermal conductivity cal/cm sec deg C.
at 500 C. 0.148
Thermal emissivity 0.355
Work function in electron-volts 4.98

METALLURGY OF NICKEL AND ITS ALLOYS

Nickel inores almost always occurs when associated
with cobalt, iron, and copper as complex minerals of
sulfur and arsenic, as well as in the form of silicates.
The most important nickel-iron-copper-bearing sulfide
ore is found in Ontario, Canada; considerable lower-
grade nickel-magnesium silicate oresare found in New
Caledonia and the West Indies. The International Nickel
Company of Canada, Ltd. is the chief producer of nick-
el. The metallurgy of nickel is complex; the method
that is used depends upon the nature of the ore.2 The
final product of the processing is nickel oxide contain-
ing impurities of sodium, copper, zinc, lead, sulfur,
and arsenic. Thenickel oxide is reduced to nickel with
soft coal, melted in a reverbatory furnace, and poured
into molds. Thenickelingots produced by this process
are 96 per cent pure. These ingots are then used as
anodes in an electrolytic cell having nickel sulfate as
the electrolyte. The pure nickel deposited at the cath-
ode is the electrolytic nickel used for the manufacture
of nickel alloys for cathodes. This electrolytic nickel
contains 99.95 per cent of pure nickel and cobalt. The
range of the cobalt content is from 0.3 to 0.5 per cent.
Faint spectrographic trace amounts of copper, iron,
silicon, carbon, and sulfur are present. Another form
of pure nickel is made for use in the powder metallurgy
technique. In this instance, the nickel oxide is reduced
with a mixture of hydrogen and carbon monoxide (water
gas) at 300C. The nickel is purified as follows: first,
the carbonyl gas compound is made by passing a stream
of carbon monoxide over the nickel powder at 80 C to
form nickel carbonyl gas, Ni(CO)4; then, the gas is

decomposed at 200 C in tall stainless steel towers to
yield the pure nickel powder. The particle size of the
nickel powders is dependent upon the rate of flow of the
nickel carbonyl gas through the heated towers and is
smallest when the rate of gas flow is slowest. This
carbonyl nickel contains 99.95 per cent of pure nickel
and cobalt; the cobalt content is about 0.3 per cent. The
remainder of the powder is about 0.06 per cent carbon.

The next step is to melt the nickelin either its elec-
trolytic form or carbonyl nickel powder form into ingots
suitable for further treatment of the metal to form the
final cathode nickel alloy. Two melting procedures are
in commercial use; the air-melt process and the vac-
uum-melt process. These methods will be discussed
in turn.

Air-Melt Process

Inthe air-melt process, electrolytic nickel is melted
in acid-type, natural-gas fired reverbatory furnaces
with capacities of 6 to 20 tons, or in basic-type induc-
tion furnaces with capacities of 1 to 3 tons. For the
acid process, calcium silicate lines the side walls and
sintered quartz sand forms the bottom lining; for the
basic process, the linings are made from calcium car-
bonate (limestone) and magnesium carbonate (magne-
site). The charge is clean mill scrap from previous
runs and essentially sulfur-free, electrolytic nickel.
Charcoal, witha maximum of 1 per cent sulfur content,
is used to deoxidize the metal. The furnace gases are
essentially sulfur-free and are made slightly reducing
by the addition of about 2 per centcarbon monoxide.
Excess carbon in the molten metal is removed by re-
acting it with nickel oxide added to the charge. Finish-
ing amounts of magnesium and manganese are added
to ensure complete deoxidation. The molten metal is
then poured into copper-base molds for cooling. These
ingots of cathode nickel alloys are forged into flats or
bars which can be subsequently processed into strip,
rod, or wire by hot-rolling and cold-working opera-
tions.

The pure nickelis made malleable by adding selected
additives so that the ingot can be hot-rolled and cold-
worked to the desired strip gauge. The process involves
four essential requirements: deoxidation to remove
harmful oxides; degassification to remove carbon di-
oxide, carbon monoxide, nitrogen, and hydrogen; fixing
of harmful elements by compound formation; and the
avoidance of any injurious effect from the selected ad-
ditives. No singleaddition element is capable of satis-
fying all four requirements. Aluminum will deoxidize,
but will not fix harmful elements. Boronacts as a flux-
ing agent, improves the fluidity of the molten metal,
and combines withthe lasttraces of gas that is not fixed
by other deoxidizers; an excess of it will cause brittle-
ness. Calcium will deoxidize, as well as fix sulfur,
but an excess of it will cause brittleness. Magnesium
is sufficient for purposes of deoxidation and can fix
sulfur but it can not provide adequate degassification.
It will not fix selenium or tellurium completely. Mag-
nesium alone is inadequate for the more severe hot-
working operations such as rolling sharp-cornered
sections or hot-piercing of seamless tubing. It pro-
duces material that canbe hot-worked well at high tem-
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peratures but which ""edge-cracks' at lowtemperatures.
Manganese is used to deoxidize the molten nickel as
well as to fix sulfur. It improves the rolling and forg-
ing qualities of the nickel and contributes some har-
dening properties; an excess of it results in a loss of
ductility and machinability. Silicon is used to deoxi-
dize the nickel but it will not fix harmful elements.
Titanium will convert some harmful solid and gaseous
nitrogen elements but will not provide adequate deoxi-
dation. Phosphorous will convert an excess of calcium
to a harmless constituent but will not remove gases;
an excess of phosphorus renders the nickel brittle at
low temperatures.

Fundamental studies of the processing involved in
the fabrication of nickel and nickel alloys have fur-
nished adequate proof that melting of nickel must be
accomplished under conditions that remove or prevent
the introduction of oxides or sulfides into the cast
metal. Deoxidation as such is only part of the treat-
ment which would give the metal adequate hot and cold
malleability for all processing and fabricating opera-
tions. It is concluded that a small amount (0.01 per
cent) of sulfur renders nickel nonmalleable because of
the formation of nickel sulfide (Ni382) which surrounds
each metallic grain of nickel.® This sulfide lowers the
intercrystalline cohesion of the mass of nickel grains
evenat lowtemperatures. Nickel sulfide melts at 630C;
consequently, attemperatures abovethis critical point,
there is practically no cohesion between the grains of
nickel.

Aspreviously stated, the treatment for producing op-
timum malleability of nickel alloys requires the use of
two or more addition elements. Ingots of nickel alloys
for cathode purposes have been deoxidized mainly by
the addition of controlled amounts of carbon, magne -
sium, and manganese because the other deoxidizing
elements in excess of critical amounts would impair the
performance of the alloy as a cathode base metal in
electron tubes. Theamount of each element that is used
toproduce such optimum malleability must be varied to
suit the chemical composition of the nickel material
thatisbeing treated and its condition in the air-melting
furnace at the time of treatment. If excess sulfur is
present in the nickel, the material can not be worked
at temperatures below 925 C without fracture along the
edges. Calcium, whichmay appear in the molten metal
because of the contact betweenthe molten metal and the
refractory lining of the furnace, affectsthe upper range
of hot ductility. The excess calcium must be counter-
acted by a material that forms a compound with it, e.g.,
boron or phosphorus. Elementsthat cancause difficul-
ties in the hot-working of these nickel alloys are: cal-
cium in excess of 0.001 per cent; lead in excess of 0.02
per cent; <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>