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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list the publications; those to unpublished information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
throughtoprompt 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 Divisionwith 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 the book, 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 vastliterature 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 witcheraft 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 on apool 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, isthe lowest 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=hvy (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=o ()

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

L+exp[(e€- 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-emissionprocesses.
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.,
Introductionto Solid State Physics, Wiley and Sons, New York,
1956,

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 NaCl, 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
ionic 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 withan 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) anadjacent lattice site is vacant. This jump
process is the vacancy mechanism for self-diffusion
and the energy e€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
f
5
Y/
o /

Figure 1. Ball-Beaving Model of a Two-Dimensional
Crystal with Seveval 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 negative ion 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. Thefactisthat 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 NoWyg = ny (N - ng) Wy (7)

where W9 is the probability that the constituent of
concernmoves from state 1 to state 2 in unit time (see
Appendix B)
Wa

1
—— = exp ( AH/KT) (8)
W
12
and AH = the latent heat of sublimation.

It frequently happens that
n << N 9)

then Ne
ny, = nsEexp (- AH/KT) (10)

Eq. (10)says that the number of particles in the vapor
phase isdirectly proportionaltothe 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.

I

4

()

Figure 2. Ball-Beaving 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 5. Solid-Vapov Relationships in the Equilibvium
Between a Solid and a "Vacuum''

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

~ 1_
vn:—4v (11)
where Vv = 8 kT
7 m

m = the mass of the particle
(\—/n~ 107 e¢m sec~! at room temperature)

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

jp =ny vy (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 thatthe resultant bands of occupied
and unoccupied levels donot 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. Suchmaterials 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 the gap into free
electron levels.

—j— €, EXCITATION LEVEL
je_t VALENCE LEVEL

ELECTRON ENERGY

DISTANCE

Figure 6. Enevgy-Level Diagram of a Simple Atom
Containing Two Electrons
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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 sohigh, 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, - n? Wyg =n2 Wy, (13)
Because n <N, for all reasonable temperatures
Wio &
n=N, (=32)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

<]

T = (15)

where ¥ 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 = (g/2m)Et in a time t. When t = T the electron
makes a collision and must start from rest again.

Hence

L-19g ;2 (16)

2 m

And the average drift velocity due to the field is
L 1g¢q

T 2 m

1 qL
"2 m¥v

1m

This equationis not exact because 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

E (18)

vV =

SHES)
<]

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 u, where
8 L
3 (19)

n= =
v

Ble

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
masges, 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 T 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 [n — (dn/dx)(L/2)|;
the density on the right is [ n + (dn/dx)(L/2)] .

Diffusion.

Hence, the net rate of flow to the right is
. dnL L dnL L  L2dn
p=0-%3)7 - g7 T &x @
or
j.=-VL dn (22)
Ip= - Vh&x

Now jp is the diffusion current density and, by defini-
tion, the diffusion constant is
D=V L (23)

The relationbetweenthe mobility and the diffusion con-
stant is

3} oo
=g}
<t

1 _4a
vL kT (24)

Ole

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
field is applied inthe x-directionthe net current density
is

j = ne ULE —Deg—dz (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 expressionis 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 Current

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, Wy, =n2 Wy, @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 == 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/KkT) (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 (Ng/2)exp (- €p/kT) = 1010 and shows the
change from full ionization to partial ionization as the
density of donors is increased.

CONDUCTION BAND

VALENCE BAND

SURFACE

Figure 10. Conventional Enevgy-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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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
so0, 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 encountered inthe 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

ip = Ny (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 ¥y @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
Dy = Ng - €Xp (- 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 (-qX/kT) (34)

To obtain the emission formula, it remains to express
n in terms of donor density in the semiconductor. Egq.
(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\/ Ne Npexp [—kT-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 +kT€D/2)] (35)

c
where

2

_ 471k - mq (36)
h

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= Ng.
Using this value for the electron density in the conduc-

tion band is tantamount to settingNp=N,, and ep =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 2 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. The oxygenunderlayer 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 whicha 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
earthoxides and a reducing 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. Iy
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

F - (;—X)z qE (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 required toremove an electron from the sur-
face is 9

L q
W=fo[<z—x>2

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

_ 9 -
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

o0

q
W:_/O~ af (x)dx- a1 -qE1 (40)

—qE] dx

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 10-4,/ 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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je = AT2 exp[-gh (¢ - [qE )] (42)

This equation may be written

je = jo expE(—quT" 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 logarithmof j, T-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 To 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*, ¢ *)toindicatethatthey 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® 6

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
workfunctionand 7 isthe width of the occupied levels.
The potential outside of the surface is

V= ¢ - 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

¢
" E (45)
The equation of an electron wave (as in Appendix A) is
Y= exp (+1 %) (46)
Y I
e _ox
— av = r
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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
) A

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

ke
h=

U= (47)

)

Therefore, the momentum is

p=y-mas (48)
= iyfmq¢

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

Hence, the wave function is

mqo
il
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

Y= exp (- V4P (51)

1l

¥ = exp (¥ X) (50)

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

3/2
YY* = exp (- 2V i) exp (-C " (52)
E

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

¢ 32
J=6. 2x106(ﬂ 1/2———¢exp( 6.84x 1072 —(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

JUOE ) L, CE D

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 riseto surface diffusion of the atoms of the metal.
The surfacediffusiontends 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.
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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 eqto a second
particle of mass mg, at rest initially (keeping in mind
conservation of energy and momentum) is

4m;| mg

€, =€ (54)

1 (m1 + m2)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 is the momentum and m”*is the apparent mass

The apparent mass is

m* = by (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

o - € 4m1—€ 4m* 57
2= €1 my 1 my (57)
or
14
€y = €2 B (58)

m2C2

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

€ = 10-5 hve

, ) (59)

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

1/2 mv2 =hv - g (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 2 = B+ In [TO] (62)

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

*Similar considerations apply to "electron sputtering.' The
ratio of 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.
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h = Planck's constant

k = Boltzmann's constant

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

and
2x 3x
P S , X40
92 32
f(x) =
2 2 -2X -3x
T X (ex - & + & + ), x=0
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 Tq and T9, respectively. These
are matched to the universal curveby translating them
horizontally and vertically. The required horizontal
translation gives q ¢ /KT from which ¢ may be compu-
ted; the required vertical translation gives the con-
stant B.
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Figure 14. The ""Fowler Curve'' 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 levels and 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 hv~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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Figure 16. The Photoconduction Cuvvent vs. Photon
Energy for Activated and Unactivated Ba0

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. Toillustrate
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 (83)

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 = 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

pe-tap? @D (66)
2m 2m(§lLV)

(65)

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

=12
3 e .n (LT (67)
2m (Zq_V_)
m
If the energy ¢ is expressed in terms of V
o nELL g )
2mq(2_(1n¥_)

Integrating yields

v2 . ch) = -ax (69)
or

13
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v=yVv: -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 current dig of an element dx at a distance
x below the surface as

L _ g o @Xd(qV)
dig = Bi.e 2\9Y)  gx (72)
where

a constant

the primary constant

i

r

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 X:V2 a -
ig = ﬁi?/' o/ N2 %’ldx (73)
(o}
This equation may be simplified by the substitution
= - -2
y = a v (74)
It then becomes r
. a 'I:y 2
ig = Bip qd— e ey dy (75)
a o
where
;oz
T = . Vo (76)
This equation has a maximum for
V, = 0.92¢ >
o e (77)

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.

NO. OF SECONDARY ELECTRONS
PER UNIT ENERGY INTERVAL

L

o) Vo
SECONDARY ENERGY—-VOLTS

Figure 17. Typical Energy Distvibution Curve
of Secondary Electvons

The secondary emissionratio 0, the number of sec-
ondary electrons divided by the number of primary
electrons, of anumber 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. Secondarvy-Ewmission Yield vs. Primary-

Electron Energy (The cuvves arve approximate and are

intended to show only the general 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 5=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 thickwere charged to a potential
of 1 volt. Then, the field would be approximately 108
volts per centimeter. This valueis 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. 12, 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
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
torightby an amount £ andthoseat the right displaced
by anamount & +é13<£ dx. Then, the net charge moved
into the slab is

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

where p isthe charge density. Hence, p=-qn 34/9x.

By the Gauss theorem, the divergence of the field E is
dE/dx= p/ € =-(gn/€ ) &/35x), 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:_Q_n_g (79)
dt2 m m

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

ng® (80)

Thisfrequency 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)

For the case of aluminum, the discrete 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-fiw =qV (82)

with V = 15 qv gives

Wy ~ 2% 1016 (83)
From Eq. (80)
2
w m €
n=—2 " 1023 (84)
2

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 is that the theory is the subject of much contro-
versy. Many feel that collisions of the electrons with
lattice atoms will provide such strong damping 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 yet at hand.
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Figuve 19. Chavge 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

jo = AT?',/—gIL ;D)] (35)
C

*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 I:- 'kg'f(x +
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At 1000K, 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 Ba0, then, with
X = 0.5 electron volts, the current density at 1000K
should be

je ~ 40 amperes em2 (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. 1 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 were developed 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
C05, 09, Hy, Hs0, 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 coherent account 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
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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 that the 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, the donors 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 process in 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 hours in the presence of resid-
ual oxygen in tubes.

8. Other constituents of the cathode also electrolyze.
Among those studies are C0g, Hg, and H90. 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=nqu (20)

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

_ nqp

The thickness d is about 102 centimeter, and i has
been measured by Pell to be about 10. It remains to
determine n from Eq. (31), using DeVore's value for
€pn, i.e., €p=1.4electronvolts. Then, with Np =

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

and
g ~ 1071 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 }Z)roblem 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
e 19)

With 1073 ¢m
n~ 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 chm
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. Rj represents the initial sum of interface
resistance and bulk resistance. Cqo 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. Ry
and Rg, together withC{, have a 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.

14 .
| /
THEORETICAL / /
i2 PERVEANCE /
LINE \7/ /
/
10 v
T =1316K /
K / /SPARKING
8 /
/. 275
/
% //
56 4
g / 270
U /)
<Et 4 —
I /
2 /
/,
/415
/
2 / ——
/
/)
4
// /65: CATHODE VOLTAGE DROP
/
/
% 05 1.0 1.5 20
Eg—KILOVOLTS
Figure 21. The Effect of Cathode Resistance on a

Diode Chavacteristic (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 labeledI/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/Po 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, it is possible to compute the change
in cathode resistance with life from the I/I0 curve and
then compute a P/Po curvefor comparison with the ex-
perimental curve. The resistance change was computed
from:
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I2/3 _ I2/3
a 2/31

where RK is the cathode resistance and « istheper-

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

back resistor, it reduces the apparent transconductance
gy according to the relation
m 1

€mo I +8moFRK

where gy, o is the true transconductance of the triode

Finally, the ratio of power output to initial power output

is P (emV (92)
o \%m
When this computation was carried out, the computed
values of P/PO 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/IO. 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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Figure 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'z, 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 thatneither is the donor, but that all of thesere-
ducing metals produce something else — perhaps ¥ -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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Figure 25. Curvent-Voltage Chavactevistics of a Diode as a Function of Elapsed Time During a
145- Micvosecond Pulse
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which metal is used. This result is shown in Fig. 29
in which AI/I, is the fractional increase in emission
and N is the number of monolayers of metal deposited.
In computing N from the measured ioncurrent and time
of deposition, it was assumed that the actual cathode
area was the projected area.

1.0 o
—
e ’\ J—
c06
) PULSE LENGTH————~— 155 pSEC
04 REPETITION RATE———-100~/SEC
02 PEAK CURRENT———-—-— 6 AMP
’ CATHODE TEMPERATURE 21255K
| | !
oO 100 200 300 400 500
TIME-pu 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)

Aswasnoted 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¢
n, = ns? exp (- AH/KT) (10)

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. (I this value seems like a good
vacuum, recall that at this pressure about 3 x 10~

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 0y 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. Becauseelimination 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 largerthanthe 09, Hy, and H50 peaks, thebehavior
of C0g 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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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 Hy (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 Hg0 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"
beforethe 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 Ho0—2 Ba**(OH e)"~ + 09 + Hy

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 HgO 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.)
The diffusion rate of protons inBa0O 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 ITand 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 Current Response of a Diode when Ba is Deposited on the Oxide Cathode.
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promises a complete understanding in the foreseeable
future.
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Figure 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 are 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.

27X

¥=exp (-1 555 (A1)
This function satisfies the differential equation
a2y 942
dx?2

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

h
- 2 A3
x= 3 (A3)
the propagation constant becomes
2m _ 27p _ P (A4)
A h il

where i = h/2 ¢

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

p2

2m
When the appropriate substitutions are made, the wave
equation becomes
3%y

3x2

(A5)

e -U

2y

This is the one-dimensional form of Schrodinger's wave
equation. Theabove manipulation must not be regarded
as a 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

4~ Ip(PEAK)FOR Ep =113V, PEAK %
o IST RUN 8.4 MA/CM2
12— a2NO RUN 10.6 MA/CM?2 5
o 3RD RUN 15.0 MA/CM?2
m |0 «4TH RUN 14.6 MA/CM?2 A
s Ey=8.0 VOLTS RMS,
o 08 T=Ii085K
g Io~2x107" AMP
< 061~
+
o~
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<]
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o | | |
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Figure 30. Oxygen Evolution from a Ba0 Cathode as a Function of Diode Voltage and Cathode Activity
(The state of cathode activity for each run is noted in the table)

23



ELECTRON TUBE DESIGN

well such that U=0 when 0 £ x < a, and U = * out-
side of the well. Inside the well the wave equation is

2
8¢+2m€w:0 (A7)
a X2 ,52
And its solution is
Y = Acos ax + Bsin ax (A8)
Where
2 _ 2m
o - 92 € (Ag)

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

EB=O

«———Eg ON

Eg=10V.rms

sideand outside, ¥ mustvanishat the edges of the well,

i.e., A=0, a=nmw,n=1, 2, 3, ---.
a
Therefore,
2
_ 7 nmp2 _ 1 (nh2

“om (T _8m(a) (A10)
and the possible energy states are discrete. The cor-
responding classical momenta are

nh
p_iJ2m€—ig (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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Figure 31. Cavbon-Dioxide Evolution of a Ba0 Cathode as a Function of Time and Anode Voltage

)
o
o
o
I

200 g

H,0* ION CURRENT—AMPS x 3 x 10'2

Ep=8Vrms

199
EH=8VRMS T =~ 1085K
19.8 S =[x 10”7 MM
pH20
»‘ |ﬂ SEC
0 | | I | |
0 10 20 30 40 50 60 70

TIME—SECONDS

Figuve 32. Water Evolution of a Ba0 Cathode as a Function of Time and Anode Voltage

24



Fundamentals of Electron Emission

"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,
the difference 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, the relation correspond-
ing to Eq. (A12) is seen to be

Apx Apy Apgz abc
h3

An = (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. (A12a) in spherical
coordinates. The volume in a spherical shell of thick-
ness dp and radius p is

dvy =47 p2 dp (A13)
In terms of energy, this equation becomes
dv, = 27 (2m)3/2 €1/24¢ (A14)

p
Then, the number of states in the energy interval be-
tween € and (€ +d €) is
3/2
27 @Cm)™ " 1/2 4
h3

dN = (A15)

which is the required relation.

APPENDIX B. FERMI-DIRAC STATISTICS

The Transitions Between Two '"'States'

Consideragroup of Ny states lyingin an energy band
not exceeding kT (k is Boltzmann's constant) in width
centered at anenergy €y 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( £f1° €F), 1] -1
kT
Similarly, the number of occupied states in the second

(B1)

band is

€2-€F -1
ng = Nz exp (k—T) +1 (BZ)

Eliminating € between the two equations, yields

ny (Ng - ng)e =n9 (Ny - ny)
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: nj is the number of
particlesinthe Ny 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 No 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 Wy but state that their ratio is
Wat
—— = exp [— ( €~ 62)/kT]
W12

(B5)

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 thefree electrons 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.

Eg. (A15) gives the number of levels available in the
energy interval de at energy €.
3/2
27 @m)°/ % 1/2 4,
h3
The probability of occupancy is given by Eq. (B1).

dN = (B6)

Hence, the number of particles in the interval de is
3/2 1/2
dn = 2 72m) / 6/*d€ (BT)
3 -€
h exp (G—F) +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. Itshould be notedthat 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 b

imated by )3/2

dn :27r(2h—r; exp(__;'r_eEzel/Zde

Integration yields

n = Ng exp(i) (B8)
kT
where /
27 m kT, 3/2
N, = () (B9)
h2

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

ny (Nc - nl) W =14 (N1 - n1) Wo (B10)
When ny <N, thenn;N. Wis = nj (Ny - ny) Woy
where

(B11)

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

Nc = 2 (2 mTm kT)3/2
h2

(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
= pase of Naperian logarithims
exponential function
force
f (x) = function of x
g = conductance per unit area
gm = ''apparent’ transconductance (mutual conduc-
tance)
gme = ''true’ transconductance
A H= heat of sublimation
h = Planck's constant
i/h = h/2 7 (also written 1)
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donor density

particle density
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particle density in a solid
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momentum

electronic charge

cathode resistance
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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
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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
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charge density
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= conductivity
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mean collision time
work function

= electron affinity

a wave function
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Oxide-Coated Emitters

C. P. Hadley

Lancaster

In 1903, Wehneltl’ 2,3 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 nowunderstood 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 notunusual. 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
nickelsleeve 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 —y.::

NICKEL SLEEVE

CATHODE TAB
HEATER

Figure 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(NOg)s + NagCO3 — BaCOg + 2NaNO,

Ba(NO3)2 + (NH4)2 CO3 — BaCOg3 + 2NH4NOg

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 Ca0 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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Figurve 2. Dependence of Emission on Proportions of

Bavium Oxide and Stvontium Oxide. Curve A: carbon-

ate content beforve heat treatment; curve B, oxide con-
tent aftev 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 whichis achieved 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 essentialpoint to be made
here is that adequate emission is obtained only by vir-
tue of activating centers withinthe coating, and that these
centers are produced by a chemical reductionof 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 lNorma1—22O 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 BagSi0 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.

Normalandpassive 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 currentis applied to the cath-
ode to decompose the carbonates. A typicalreaction is:

BaCO3 — BaO + COyg

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 breakdown occurs depends on the
cathode temperature. Fig. 3gives curvesd of the vapor
pressure of carbondioxide duringthe decomposition as
a function of the temperature for CaCO3, SrCO3, and
BaCO3. The barium carbonate is the most stable of the
three compounds, andrequires atemperaturein 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 breakdownis 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.
Chemical reductionis a very important mechanism and
will be explained in some detail. The essentialreaction
involved is the reduction of barium oxide. One typical
reaction is given below:

4Ba0O + Si— BagsiQg + 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-
ableform. If the siliconormagnesium 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 during the
reactionbetween barium oxide and various 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 10-10to 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 included as analloy 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 equilibriumpressure 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 10-8 millimeters of mercury, a pres-
sure which would be maintained only 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 x 10-13
Zinc (Zn) 2 x10-12
Gallium (Ga) 4 x10-12
Molybdenum {Mo) 6 x 10712
Chromium (Cr) 4 x10-10
Tungsten W) 2 x 109
Columbium (Cb) 2 x10-9
Boron ®) 1x10-8
Manganese (Mn) 1x10-8
Tantalum (Ta) 1x10-8
Carbon (c) 4x10-6
Titanium  (Ti) 7x10-6
Cesium (Ce) 2 x 10-4
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.® 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 emission and its conductivity.
These characteristics may readily be calculated!l. The
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Figure 4. Enevgy-Level Structure of Oxide Cathodelo

density of electrons inthe conduction band n. is givenby

(1)

q ¢/kT /2

ne, = N,e s

Ne= 2 (27 mkT)®
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> N >

¢ T, e a®-)/AT g

n .
01

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

The conductivity of the coating ¢ is given by

o =NqU (2)

and thermionic emission current density is

. kT -q x/kT
]o:ncq’ 27Tmeqx 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; = E, = - 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

ak”/ *(8 7 m)

. 5/4. -q $o/kT

Jo [ 1372 JNb]T € © (4)

J2
o :[_ @ 7 me)>4 qﬁ] 13/4¢ GEp/2KT (5)*
13/2

¢ 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:

¢y =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 lowerthanpulsed 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 Egs. (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 10-3 centimeters
in thickness and may, if well-activated, exhibita con-
ductivity at 1000 K of about 10-6 mhos/centimeterl2,
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 applyld
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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 emission of an oxide -coated cath-
ode is to connect the tube involved as a diode. In the
elementarytheory usually given for the current-voltage
characteristics of a diode, two regions are recognized.
For the lower voltages, the currentis 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

4—————

-

Figure 6. Potential Distribution in a Diode

(no space charge)

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 YV, 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. Tge elec%ric fieldinthe cathode-
anode space is given by

[Va' (d)a— ¢C)]/L
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 - Ry (6)

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

chanics and electrostatics. Therefore,
Vv D-p %2 _ mve? i q¥
2
T =nav D -¢ E

(o}

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
i = Ao 2a v 2/ ("
9 y 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 actualpotential distribution between the
cathode and anode, neglecting V., is given in Fig. T.
The equations which describe the current density jg
are as follows:

ig = jpe Vs /KT (8)
. 4e€p |29 (V + Vs)3/2 ©)
29 m @Y

Vg is the height of the potential barrier due to space
charge (see Fig. 7),and lis 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 atthe cathode is zero, Vg and
l are zero, and jg = j,, 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 j9 = 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 currentis 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 accelerating field 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 thefield
4 7 € fo)
at the surface of the cathode

The current density for the accelerating condition is,
therefore y
. . A ¢ /KT
g =g e 49 (10).

For any diode, E is proportionaltoV; therefore, a plot
of lnj3 versus +/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 atube 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 current is 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. DPoisoning effects act much more strongly as the
cathode temperature is lowered.

Inadditiontothe effects discussed above, which apply
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
whichis 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. I
emissiondataare plottedas 1 j3 versus~/V, the slope
of the curve for a plane-parallel diode is as follows.

—d . a q 172
avl/2 103=%r \ 47 c L

Similar equations are found for 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 wayto 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 aplot of 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 measured current departs from
the space-charge line.

It is tedious to make the space-charge plot point-by-
point, and it is impossible inproduction. 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. Itis convenientto classify the mechanisms
as follows:

Activating Mechanisms

1. Migration of reducing agents through base metal.

2. Reducing actionbetween the oxide coating and var-
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 onelectrode 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 concentration of 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
materialfor 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

H

Hoarn

cathode work-function

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.
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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 core metal. 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 effects of 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-
creasing distance, 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.!

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.?, 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. 10" A 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 reasonof 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-
curs upon 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. 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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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;lz’ 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 in terms of sintering and fusion of the coating. Elec-
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tron bombardment of electrode surfacesand glasswalls
of the tube releases gaseousproducts 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)s + NagCO3
barium sodium
nitrate carbonate

== BaCO3 ¢{ +2NaNOy
barium sodium
carbonate nitrate

Ba(NO3)2 + (NH4)2C03 === BaCO3 } + 2NH4NOg
barium ammonium barium ammonium
nitrate carbonate carbonate nitrate

Various precipitation methods canbe 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 reactingmedia. 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 precipitated in 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 precipitationare 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 into a reaction zone. 17 In the batch method,
the addition of alkali carbonate solution to the alka-
line-earth nitrate solution is preferred {o the addition
of the nitrate solution to the carbonate solutionbecause
the former procedure insures the productionof 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 formationof the alkaline-
earth carbonate crystal. Another important feature of
continuous flow methods of precipitation is 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-
grapnred by Carbon-Replica Technique (electron-micro-
scope magnification x 50,000; courtesy Dv. E.P. Beriin)
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Figuve 7. Ammonium-Precipitated Triple Carbonale

Photographed by Carbon-Replica Technique (electvon-

microscope magnification x 50,000; courtesy Dr. 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 washedirom 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 (2BaC03:1Ba0O) whichmelisat 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 coilsarehigh, 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 {0 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
areof the orthorhombic type of lattice formation. Part-
icle size variesdirectly with temperature and inversely
with concentration of the reacting solutions, i.e., nee-
die 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 erys-
tals are larger than those precipitated from a reaction
medium above pH 7. The rate of additionof 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 also influence 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 necessaryfor 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 3perf0rmance of an oxide coating is com-
plex.22,2 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 are originally 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 material in 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 sintering from unfavorable gas equilibrium con-
ditions that lead to eutectic-melt formation.

In contrastto these effects of 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 coatingthat 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
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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 emissionperformance 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 contentof 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 weight and 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 having a 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 pressure and 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 a more 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 environmentat 50 per cent relative humid-
ity and at a temperature 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 formulation are 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 in0.50t02.0. 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 character of 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 basemetal and is difficult to damage 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 reducing activity 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 amperes25,26,27per
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 workfunction 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 + H20 —> Ba(OH)g
BaO + COg — BaCOg

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

3BaCO3—>2BaC03:1Ba0 + CO2} ==3Ba0O + 2COz}
(eutectic)

3SrCO3 =~ 3510 + 3CO}

3CaCOs3 ~ 3Ca0 + 3COy}

The melt condition of the eutectic phase ofbarium car-
bonate/barium oxide, 2BaCOg3 : 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 processingand operation. In addi-
tion, the coprecipitated double carbonate, (BaSr)COg,
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)COg3
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 performanceis conse-
quently higher because of 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 fov Bavium Cavbonate—Bavium 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)COs,31 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 componentis 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 Eisenstein®? 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)COg 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)COg with-
in a limited range of composition when the calcium
component is less than 6 weight per cent.

BaCO 3— BaO

(BaSrCa)CO3—SrCO3 -+ SrO BaSrCa)O

>

(cubic)

aCOg——— CaO

(orthorhombic) (hexagonal) (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, BaCOj3, SrCO3, and CaCOg, 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 (BaSr)CO3 is of larger particle size
than either of the separate single carbonates;the single-
phase triple component solid-solution (BaSrCa)COg
(where calcium is less than 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 coating derived 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 that determines 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 possesses an 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)COg, (SrCa)CO3 and
(BaCa)COg3 consist of solid solutions throughout the
range of composition (although not always single-phase
solid solutions). However, only the oxides (BaSr)O and
(SrCa)0 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)COjg; 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)COg; as the composition ratio becomes richer
in the strontium component the particle size decreases
from the composition ratios 25/75 mole per cent

48

(BaSr)COgto 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
interms 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)COg3 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 whentheir 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 milling and spray
formulation to yield the same weight, diameter, and
density of emission coating. Thefinal choiceof a com-
position ratio, or particle-size range and distribution
or both for anemission 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 than can be 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 coating derived from a solid solution
double-carbonate (BaSr)CO3 system yields higher
emission than one from an oxide coating derived from
amechanical mixture of BaCOg 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)COg 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 to form 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-
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ture is greater, the work function of such crystallite
systems is higher 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-
gations37, 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 observedfor 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 obtaining high 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 several ad -
vantages in terms of tube manufacture and tube per-
formance.

1. The particle size of the triple carbonate within the
composition range 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., agreater degree 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)COsg it is notpossible to attainthe solid-solu-
tion single-phase triple oxide whenthe 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 nottake 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 AFp = -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

BaCOg (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 = AFf + 2.3RT Zn log p

where Zn log p represents the 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 + TAST0 +f (ACp , T)

The factor f depends upon the difference in heat capacity
ACp between products and reactants and upon temper-
ature T. White42 and Rittner43 have indicated the value
of such thermodynamic calculations in discussing the
rate processes and reactions that occur in the oxide
cathode,

Where gaseous products of reactions are 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 ofbarium oxide: Ni, Co, Cu, Pb, Au,
Pd, and Pt.

The reductionof 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 = BagSi0y + 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. Barijum hydroxide and barium nitrate are
prone to oxidize nickel and the reducing metals and are
notused inemission coatings. Nickel oxideas 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 BaCOg3
to yield a blue-black barium nickelite, BaNigOs.

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
CO03:1BaO 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, BaCOg3 = BaO + CO9¢

at 1270 K, BaO +M=Ba + MO

below 1300 K, 3BaCO3 = 2BaCO3+Ba0 + COg¢

eutectic

3BaO + 2COq ¢

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 inthe 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 activationreaction yielding 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 ofdiffusion 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 evaporation of 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 that since 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 P, 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 is that 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 MgCy,
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 + COg = 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,. 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 + HpO;
CO + 2Hg = CH3OH; 12CO + 3H2 = CgHg + 6COg.

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 + 2Hg, then BaO + C = CO + Ba and
2Ba0 + 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 with a 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
is determined 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 allowfor 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 = BayS8iO4 + 2CO 4BaO + Si = BagSiOy + 2Ba
tungsten 3BaCO3 + W = BagWOg + 3CO 6Ba0 + W = BagWOg + 3Ba
carbon monoxide | @ - - - - - - = = = - - - - - - - BaO + CO =COy + Ba
hydrogen BaCOg + Hp = BaO + CO + HO BaO + Hp =HO + Ba
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or tungsten are involved 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 decomposition of 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 ahigh 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, 1451
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 emissionper-
formance,

3. The evaporationof 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

54

the left of the equilibrium curve, the barium carbonate
component will not decompose quickly enough to avoid
formation of 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 during the 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 inthe oxide 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 comingfrom 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-
als are stabilized and active barium centers in 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 the original sealexdegassing and pumping will deter-
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 sintering action between
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. Because the 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 resultof 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 isusually spokenof asan electrode
in the vacuum tube. Actually, it is a 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 been developed 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 areused 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 is required 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 during one or twomicrosecond 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.

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 chms
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 sothat the emis-
sion level of performance will be decreased.

4, Blocking action due to the tormation of the equi-
valence of an electronspace charge effectin 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 maybe 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 mechanicalfailure and electrical fail-
ure induced by physical-chemical phenomena. Gross
mechanical errors of misalignment, short circuits,
vibration hazards and glass breakage, and mechanical
failures due to 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 settingof 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-
standing of 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 thatthere is a relatively rapid decompo-
sition of the carbonate coating to the oxide form. This
cycle is admittedly 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
inductionheating. The controlling mechanical feature
(all other things being equal) is the bore size of the
tubulation which determines the efficient removal of
the gasesby the pumping system. The compiex 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 thebase 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-
ductis dependent upon parts preparationand 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 degassedor 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 shottreatments (high heater wattage appli-
cation without current passage toactivate 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 basedon 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 followingbasic
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 contactpotential,
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.
Sparking and 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 gasrelease 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 currentdemands
on the cathode coatings which can cause it to become
heated excessively and cause it to sinter. High fre-
quencies can increase tube losses which decrease 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 changedby sinteringof the coating which low-
ers the conductivity or increases the bulk electrical
resistance and also increases the spacing between
cathode and grid, 98 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 circuit applicationof 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, to an 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. 60 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 essentially a 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 emissiontest, 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 required to 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 improvedheat transfer characteristics at lower



operating temperatures for the same wattage input.
h. Poor micainsulation can allowmore than nor-
mal leakage currents to flowbecause its surface is
more conductive, or the conditionof 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 heattreat-
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 thatobtained 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 inthe several physical-chemical
processes thatexist 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,64’6 »66,67 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 electrolytictrans-
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 nickel alloy 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
coating by 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.,
ithas 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.

REQUIREMENTS OF 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 situationhas 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 nickelalloys 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

Nickelinores 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 ores are 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
witha 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 gasis

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 carbonylnickel 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 nickel is 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 single addition 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 meits at 630C;
consequently, attemperaturesabovethis critical point,
there is practically no cohesion between the grains of
nickel.

Aspreviously stated, the treatmentfor 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. The amount of each element that is used
toproduce such optimum malleability must be varied to
suit the chemical composition of the nickel material
thatis being treated andits condition in the air-melting
furnace at the time of treatment. I« excess sulfur is
present in the nickel, the material can not be worked
at temperatures below 925 C without fracture along the
edges. Calcium, which may appear in the molten metal
because of the contactbetweenthe molten metal and the
refractory lining of the furnace, affects the upper range
of hot ductility. The excess calcium must be counter-
acted by a material thatforms 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; sulfur in excess of 0.01 per cent; selenium or
tellurium in excess of 0.001 per cent; boron in excess
of 0.001 per cent; and phosphorus in excess of 0.002
per cent.

In practice, the sulfur content of nickelalloys should
be substantially below 0.008 per cent, because sulfur
in excess of only 0.01 per cent will render the nickel
nonmalleable. The addition of manganese to react with
the sulfur slightly improves the malleability of the
metal. The resulting manganous sulfide MnS forms a
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eutectic with nickel that melts at 1325 C. It is distri-
buted in the form of a network of small globules along
the grain boundaries of the nickel lattice. Manganese
is used, however, despite its slight ability to fix sul-
fur, because it does perform a necessary amount of
deoxidation and contributes to improved forging quali-
ties of the nickel at high temperatures, i.e., it helps
to produce ingots with clean surfaces free of '"pulls"
and ""cracks'' during the rolling and drawing operations.
Merica and Waltenberg3 have indicated that the addition
of magnesiumto the molten nickel reacts with the sul-
fur to form magnesium sulfide MgS, whichis insoluble
in the nickeland has a melting point higher than that of
nickel. The magnesium sulfide forms small crystal-
line particles which are entrapped during the solidifi-
cation of the nickel and become dispersed throughout
the grains but not in the grain boundaries (see Fig. 1).
At this stage, the metalis malleable. However, nickel
containing sulfur and made malleable by the addition of
magnesium becomes nonmalleable when the alloy is
melted in an oxidizing atmosphere. The magnesium
sulfide decomposes toform objectionable films of nickel
sulfide around the nickel grains. Nickel oxide does not
enter into the grain boundaries as nickel sulfide does
(see Fig. 2). Itis consideredthatthe solubility of nickel
oxide in solid solution in nickel is slight. The eutectic
form, Ni-NiO, exists up to 1.1 per cent nickel oxide; in
excess of this percentage composition, the nickel oxide
separates out uncombined. It is concluded that nickel
oxide has little or no effectupon the malleability of the
nickel.

The composition specifications for some commer-
cially available air-melted nickel alloys suitable for
cathode base metal are shown in Table II by RCA alloy
numbers N18, N34, N81, N109and N130. These figures
are maxima or limiting ranges of composition in weight
per cent as applied to final strip or tubing; the cathode
sleeveformed fromthese alloys will have a much lower
carbon content after it has been hydrogen fired during
the cleaning process. The analysis does not differen-
tiate between the effective free element content and the
total combined content including oxide and intermetal-~
lic compound formation. The figure of merit is given
interms of total content. The unknown distribution with
respect to the free element (Mg), its oxide (Mg0),
and compound form (MgSi or MgoCg), for example,
does not permitaccurate estimates of the reducing ele-
ment activity interms of cathode effectiveness. Hence,
the selection of cathode base metal has been based on
pilot-test tube performance in lieu of a better means
for evaluating the activity of the nickel alloy. Air-melt
cathode nickel possesses a further complicating factor
caused by the lack of homogeneity from melt to melt as
well as within a given melt. Nonhomogeneity within
the melt results from the large tonnage melts used by
the commercial producers. The large molten mass of
nickel cools down very slowly. As a result, segrega-
tion of additives occurs because pure nickel crystal-
lizes out first, and the additives are therefore forced
to diffuse out in front of the solid nickel phase into the
remaining liquid zone. Subsequent solidification causes
the additives to be present in random pockets of con-
centration. The nonhomogeneity between melts results
from the acceptance of in-grade material selected on
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Figure 1.

the basis of broad composition specifications which the
vendor can meet on a tonnage scale.

Vacuum-Melt Process

The requirements for improving the stability, re-
liability, and life of tubes in electronic applications
created the demand for better cathode base-metal al-
loys. Controlled compositions designed specifically
for good emission performance with long life and min-
imum side reactions suchas high interface impedance,
excessive leakage paths along insulating surfaces, grid
emission, and reverse emission from the anode were
desired. Suchspecial alloys for cathode purposes were
not available until RCA began its development of vac-
uum-melting techniques which would insure that the ad-
ditives, and particularly those in trace amounts, in the
compositions could be maintained within narrow limits.
The use of wacuwm-meiting-techaigues for pradeciag
cathade wradesivikel aliogs raalies a wwwch dvipher de -
%M@mwﬁﬂwmm:s
threaventional air= 5.-3Be-

Photomicvogrvaphs of Sulfur in Nickel (500X)

cause contaminationby the furnace and its natural-gas
atmosphere is avoided, it is unnecessary to make any
specific additions of reducing elements for purposes of
deoxidation and fixing of harmful ingredients. The
composition of the nickel alloy in terms of reducing
element activity is more closely related to the require-
ments of cathode base metals than to the demands of
air-melt metallurgy. However, because hot-rolling
of the ingotsis carried out in the oxidizing atmosphere
of air, and cold-rolling techniques require specific de-
grees of malleability, certain additives, such as man-
ganese, are incorporated as for the air-melt tech-
nique. The need of hot-strength nickel alloys for some
cathode applications, where bowing of the sleeve must
be minimized at high temperature operations, requires
the presence of other additives that can exert trouble-
some side reactions whenthey are present in excess of
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nickel of 99.95 per cent purity nickel-cobalt (the range
of cobalt content is about 0.3 per cent); the addition of
precise amounts of chemically pure reducing element
additives; and a process which prevents the introduc-
tion of foreign impurities. The problem of homogeneity
within the melt is resolved by limiting the ingot size to
two 250-pound portions that are poured from a 500-
pound melt. The 500-pound batchis small enough to be
poured quickly into the molds; each ingot is small
enoughto solidify rapidly and practically eliminate the
segregation of additives since there is a minimum of
differential cooling withinthe molten mass of the ingot.

0.20% NiO IN Ni
Ni-NiO EUTECTIC

1% NiO IN Ni
Ni-NiO EUTECTIC

0% NiO IN Ni
2, ﬂﬂ FREE OR PRIMARY
[ &ﬂ NiO

Yy

Figure 2. Photomicrographs of Nickel Oxide
in Nickel (100X)

The charge of electrolytic nickel is melted in a mag-
nesia crucible in a vacuum of less than 25 microns of
mercury. Thecrucibleis lined with a cement facing of
magnesia-alumina that is chipped out between changes
of compositioninorder to prevent contamination of one
charge by the other. When the nickel has melted, hy-
drogen gas is admitted into the system and maintained
at a pressure of 20 millimeters of mercury in order to
deoxidize the moltennickel. After a while, the hydrogen
and the resultant water vapor are pumped away. The
molten nickel is then kept under an inert atmosphere
of argon gas maintained at some 250 millimeters of
mercury. At this time, the selected reducing elements
are added to the molten nickel in a definite order, at
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preciseintervals and at temperatures and pressures to
minimizethe effects of intermetallic compound forma-
tion, and to hold losses of the volatile ingredients, like
magnesium, to some constant value. The total amount
of reducing element agents that are added is adjusted
to compensate for such losses so that the desired amount
is obtained in the finalalloy. Cobalt, tungsten, silicon,
manganese, and carbon do not require compensation
amounts; magnesium is added as an alloy of nickel to
minimize its losses. The amount of magnesium alloy
added is adjusted so that the amount of magnesium re-
maining in the melt is a constant under the particular
conditions of time, temperature, andpressure. Carbon
is added in excess of the desired amount, not because
of losses incurred during the melting operation, but to
allow for losses which will be incurred during the hot-
rolling of the ingot and the final hydrogen firing of the
cathode. The final amount of carbon that is present in
the finished cathode sleeve is held to close limits. The
presence of carbon indicates that the nickel alloy has
not been oxidized too greatly during the rolling opera-
tions, and thus, indicates that the reducing element
content has not been essentially changed by oxide com-
pound formation. However, when too much carbon is
present inthe final cathode after hydrogenfiring, it can
cause gassy tubes during sealex manufacture of the tube
by the reaction of carbon with barium oxide to form
carbon monoxide. Thefinal carbon content in the cath-
ode sleeve is held to a minimum amount within close
limits to insure the optimum result. The specifications
for vacuum-melt cathode alloys are illustrated in
Table II by RCA alloy numbers N132 and N136.

EFFECTS OF REDUCING AGENTS ON HOT STRENGTH
AND HOT RESISTIVITY

While increased hot strength of nickel alloys has been
one of the primary problems for directly heated cath-
odes (filamentary type), current design of tube types to
withstand shock and vibration has made increased nick-
el-alloy hot strength important for indirectly heated
cathodes. The tube assembly is trussed in a rigid
framework so that the heated cathode sleeve is kept
from expanding through the mica supports. Under these
conditions, bowing of the cathode sleeve can occur un-
less the nickel alloy has sufficient hot strength to with-
stand the pressures createdby the restricted expansion
movement. Considerations of some of the data accumu-
lated on experimental melts indicates that intermetallic
compounds may play an important role in the hot
strength of nickelalloys. The effects of reducing-agent
additives in the nickel alloy for increasing the hot
strength of the metal may be summarized as follows:4

Magnesium alone: little effect
Silicon alone: little effect

Carbon alone: little effect
Aluminum alone: little effect
Aluminum plus silicon but no carbon:
fect

Aluminum plus carbon: slight effect
Magnesium plus carbon: great effect
Silicon plus carbon: appreciable effect
Zirconium plus carbon: great effect
Titanium plus carbon: very great effect
Tungsten plus carbon: very great effect

[3, I VLR
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Table

II

Domestic Cathode Nickel Alloys
Limiting compositions* on tubing or finished strip
(maximum except where range is given)

Indirectly Heated Cathodes

Manufacturer's Designation**

Inco DH | ST RCA C | Cuj Fe Mg Mn Si S | Ti Al w Co Ni-Co

- - - N2S .04 |.05].05{.02-.08(.05-.15|.10-.16] - 0 - - 38-42 -

330 - G10 N7T .10 | .15].20| pres. .30 .10 1.008].005 -~ - - 99.0

220 - G11 | N15-N18-N18T .04 |[.20(.20].01-.10 .20 [.01-.05|.008].03 - - - 99.2

225 - G3 N19-N34 .04 |.20(.20(.01-.08] .20 [.15-.25|.008|.03 - - 99.0

- N4z - N42S .08 |.05(.05(.05-.10}.05-.10|.15-.20|.005|.005 0 - 4-7 bal.

- 399 G6 N80-N116 .04 |.10[.10| .005 10 ].15-.25(.008(.01 - - - 99.4

- 499 G21 N81-N81T .02 |.10].10{ .005 .02 .010 {.0051.005 - - - 99.8

N107 .04 |[.05(.05{.02-.08]|.05-.15{.02-.05| - | O - - 38-42 bal.
Selected 330 | - - N109S & T .08 |.15[.10|.03-.10] .20 |.01-.05{.008(.005 - - 1.0 99.0

- 699| G5 N120T .04 [.10}.10] .10 .10 1.05-.12].008(.02 - - - 99.5

- 599 G4 - .08 |.05}(.10( .01 .10 |.15-.20(.005| - - - - bal.

- 799 G2 - .08 -1 -1 .08 - .20 - - - - - bal.

- 899 - - .05-.10| - [.10].05-.10 - .02-.07] - - - - - bal.

- 999 | P50 N131T .05 |.04(.05] .01 .02 .02 ].005[.01 | .002 - - 99.5

- - | A30 - .03-.10| .05(.10].02-.07| .05 .02 1.005(.01 |[.07-.13 - .08 99.2

- - | A3l N130 .03-.10(.10/.10].02-.07 .05 }.01-.06].005{.02 | .002 {3.75-4.25] 1.0 94.5

- - | A32 - .03-.10 | .051.10].02-.07 .05 .03 |.005|.01 |[.07-.13}{2.0 -2.50] - 96.2

- - X3010T - .05 [.104.101.01~.06] .05 .02 1.005|.02 - 3.75-.425; - bal

- - 1X3012 - .03-.08 | .05}.10| .01 .10 .01 }.005(.01 - 1.75-2.25} - bal

- - - N132 (vacuum [.01-.03 {.10(.10}.02-.04| .08 [.01-.03 {.008.005 - - 3-.5 bal.

melted 330)

- - - N133 (vacuum [.03-.10 [ .10(.10[.02-.07 .05 {.01-.06{.005}.02 | .002 |3.75-4.25| 1.0 94.5

melted A31)

- - - N136 (vac. .01-.031.10(.10(.04-.07| .08 [.01-.03[.008].005 - - 3-.5 bal.

melt hi-Mg 330)

- - - N144 (air .05 |.04].05] .01 .02 .02 }.005(.01 | .002 |[3.75-4.25| - 95.5

melt P51)

- - - N702 (vacuum |.01-.03 .07 .01 .01 2.0 40

melt, hi Co)
Directly Heated (Filamentary) Cathodes
(nominal composition except where range is given)

- - - N1wW .10 [.05].05( .05 - - - 10 1.0 2.0 40 -
Selected 225 | - - N9 - .201.20|.02-.07| .20 |.12-.20 {.008(.01 - - 1.0 bal.
Cobanic WBI} - - N85 .05 [low|[.90| .04 .03 .18 - - - 42-45 -

- - - N91 .04 |.05[.05| .01 .05-.15| .075- - |0 - - 18-22 -

125

SC 210 - N94 .34 |.031].07} .20 .05 .18 - 1.2 0 - .2 -

- - - N97 .04 .05].05| .01 .05-.15}.12-.20| - | O - - 38-42 -

- - - N100 .10 1.05}1.05( .05 - - - 10 1.0 2.0 5 bal.

SC 213 - - - - - U-1.0 - - | - 1.9 1.0 - 96.1

*Zero composition means absent spectrographically or less than 0.005%; dash means '"not specified."
**Inco = Int'l. Nickel Company; DH= Driver-Harris; ST = Superior Tube; WBD= W. B, Driver; SC = Sigmund Cohn
t Contains 0.1% Zirconium
1t Contains 5% Molybdenum

The cumulative effect of a combinationof elements is
generally more effective in raising the strength and
hardness of an alloy than an equivalent addition of a
single element. The hardenability effects of several
elements are multiplicative, while increasing amounts
of one element are additive.? It is evident that the ad-
dition of some of the reducing agents, i.e., silicon,
aluminum, and magnesium, alone or in combination
has little effect, but that those elements which have a
tendency toform stable carbides impart strength to the
nickel. Although zirconium and carbon impart great

strength to the nickel, the most pronounced increase
in hardness occurs with the addition of titanium and
carbon. The addition of 0.10 per cent zirconium plus
0.10 per cent carbon increases the tensile strength of
pure nickel by 50 per cent, but the same amount of ti-
tanium and carbon produces an increase of nearly 100
per cent. The hardening effects of several reducing
elements added to nickel are shown in Table III.

Laboratory tests conducted by C. W. Horsting have
indicated that the addition of 2 per cent tungsten to
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nickel increases the hot strength of the alloy by 20 per
cent. Further additions of tungsten increase the hot
strength of the nickel alloy at a much slower but uni-
form rate. The addition of cobalt to the extent of 40
per cent of the alloy seems to have little hardening ef-
fect when no aluminum is added. However, when the
alloy is made with cobalt plus aluminum by the air-
melting process, there is a markedincrease in the hot
strength. Whenthe same alloy is made by the vacuum-
melting process, there is only a slight increase in the
hot strength. The increased hot strength of the alloy
made of cobalt and aluminum in nickel under air-melt
conditions may be due tothe formation of microcrystal-
line grains of aluminum oxide in the slip planes of the
nickel metal. Titanium appears to produce the great-
est hardening effect of the several additives. Itis also
an excellent reducing agent, but the side reactions of
heavy, dark-brown interface compound formation pre-
cludes its use inthe amounts necessary to harden nickel.

Table III
Tensile Strength of Some Nickel Alloy Base Metals

Nominal T.S. in psi
Composition| After Annealing
-- per cent at 1000 C

Metal 800 C 20 C

N81 0.02 C
N18 (220)

8,200 | 28,600
10,300 -

N109 (selected 330) 7 Mg 13,400 43,600

N2S 0.06 Mg | 13,700 | 59,000

N34 (225) 14,200 44,800

N107 15,000 | 58,700

N130 (A31) .03 Si 17,000 | 60,900
3

Gelectron) *
(16 Metal)™*

Si 18,700 -
Ti 20,700 -

(LX74) Al | 26,300 | 96,000

(Konel)*

Ti 31,300 .

(Tungsten T10) 100.0 W 130,000 -

* Obsolete, coating peeled
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The effect of various additives on the electrical re-
sistance of nickel at 20 C is given in Fig. 3 from data
obtained from Wise and Schaefer.® Additional data on
changes of the electrical resistance of nickel by the ad-
dition of aluminum and tungsten elements have been
supplied by C. W. Horsting.

EFFECTS OF REDUCING AGENTS ON CATHODE
ACTIVITY AND REACTIONS

Commercial practice makesuse of the reducing ele-
ment content of the nickel alloy to effectively produce
an activated oxide coating by creating barium and as-
sociated donor sites in the oxide matrix as a result of
the chemical reduction of barium oxide. The reducing
agents of carbon, magnesium, silicon, titanium, man-
ganese, and tungsten react with the barium oxide (Ba0)
component of the emission coating to form barium (Ba)
and the respective products of the reaction at the opera-
ting temperature of the tube — 980 to 1020 K.

Ba0 +C = Ba+CO (carbon monoxide)
Ba0 + Mg = Ba + Mg0 (magnesium oxide)
4Bal + Si = 2Ba + Ba28104 (parium orthosilicate)
4Ba0 + Ti = 2Ba + BagTi04 (barium titanate)
Ba0 + Mn = Ba + Mn0 (manganese oxide)
6Ba0 + W = 3Ba + BagWO0g (barium tungstate)

The reducing agents added to the nickel play an im-
portant role in activating an oxide-coated cathode.
Electrolysis plays a supplementary role during aging
and life of the tube. If electrolysis were the sole means
of activating the cathode system employing very pure
nickel base metal —i. e., passive metal — the time re-
quired to bring the cathode system to a good level of
emission would be about 200 hours. Consequently, tube
manufacturing operations must rely on the activity of
reducing agents to achieve good initial activation. K the
reducing agents should be added to the emission car-
bonate coating, chemical reactions would occur prior to
the decomposition of the carbonates to the oxide form.
These reactions take place between the carbonate and
the reducing agent at the low temperature of 850 K to
yield carbon monoxide plus the metal compound:

BaLCO3 + Mg = Ba0 + Mg0 + CO
2BaC0g + Si = BagSily + 2C0

The same harmful side reactions can occur when the
decomposition of the emission carbonate is prolonged
ata slow ratethrougharelatively low temperature zone
below 850 K. In this case, the surface concentrations
of reducing agents in the base metal are effectively
oxidized. The resultant oxide film, or interface com-
pound of barium orthosilicate when it is present, cre-
ates a barrier for further rapid diffusion of reducing
elements and, in effect, lowerstheactivity of the cath-
ode system. As a result, low levels of emission per-
formance are experienced on initial testing and early
life.

termsof concentradion freeenerpy of composnd form—
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Figure 3. Effects of Various Additives on the Resistivity of Nickel (aluminum and tungsten by C. W. Horsting;
all othevs by E. M. Wise and R. H. Schaefe7f6)

may also induceundesirable side reactions. For these
reasons, several reducingagents are added to the cath-
ode base metal to obtain a balance which yields good
emission together with long life performance and rela-
tive freedom from the side effects of sublimation, grid
emission, high interface impedance, and changing con-
tact potential.

Barium Vapor Pressure and Diffusion Rates

Equilibrium pressures of barium produced by the
reduction of barium oxide have been calculated by
White’ and Rittner8 in order to evaluate the activity
of the several reducing agents. These calculations are
based on molecular reactions of the pure reactants in
intimate contact with each other. The results can be
used only as reference values because the reactants are
neither in molecular proportions nor are they as readily
available in the oxide cathode system. The concentra-
tions of the reducing agents are minute fractions of
molecular amounts; a diffusion zone and an interface
zone separate the barium oxide component from the
reducing elements. Thus it is necessary to take into
account the rate of diffusionof the reducing element to
the surface of the cathode metal and then through the
interface layers. TableIV liststhe activities (in terms
of equilibrium barium vapor pressure) of some of the
pure-metal reducing elements as calculated by White
for 1073 K and by Rittner for 1000 K Table V lists the
rate of diffusion of the various reducing elements
through nickel as reported by Shepherd, et al.9  The
diffusion rate of carbon has been determined by Widell
and Umbreit. 1

Sublimation Effects

buted to material subliming from the cathode base met-
al. The ASTM!! has standardized a method for study -
ing this phenomenon whereby the material subliming
from the uncoated cathode can be collected on a mica
target to produce a change in resistance between two
electrodes attached to the mica. The use of mica as a
target material has not been too successful because
variations inthe purity of the mica and the extent of its
surface variations have resulted in erroneous data.
More recently, the use of quartz substrate material
faced with platinum electrodes has made possible more
reliable data capable of standardization.

Table IV

Equilibrium Pressure of Barjium Produced by the Re-
duction of Barium Oxide7> 8 (in order of increasing
activity of base metal)

P Temperature
Ba degrees
Reaction in mm Hg Kelvin
. . -17
Bal(s)+Ni(s) = Ba(g)+Ni0(s) |9 x 10 1073
313a0(s) +Mo(s) =2Ba(g) +Ba(1¥5003 6 x 10—12 1000
-9
3Bal(s)+ W (s) =2Ba(g) +Ba(W)03 2 x10 1000
s

Bal(s) + Mn(s) = Ba(g) +Mal(s) 1x 10-8 1000
2Bal(s)+Si (s) =2Ba(g)+5i0,(s) |3 x 1078 1073
Ba0(s)+C (s) = Ba(g)+C0(g) 8 x 10:2 1073
4x10°¢ 1000
2Bal(s)+Ti (s) =2Ba(g) +T102(s) 7 x 10 1000
Babd(s)+ Mg(s) = Ba(g) 1 Mgi(s) 7 1073
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Table V
Diffusion Constants of Reducing Agents in Nickel9 *
Reducing Diffusion Constant Temperature
Agent cm2/sec Range — deg C
_ 56,600
Magnesium RT
0.44 e 1067-1299
Silicon - —’——61;1(‘)0
1.5 e 1115-1303
68,900
Molybdenum TTRT
3.0 e 1155-1402
61,400
Titanium - TRT
0.86 e 1155-1402
64,000
Aluminum " RT
1.87 e 1155-1402
67,100
Manganese T RT
7.50 e 1155-1402
76,800
Tungsten - "RT
11.1 e 1155-1402
39,300
Carbon - RT
0.456 e 700-1000

alloys will be considered for the following eleven ad-
ditives: carbonin pure nickel- RCA No. N81 (Driver-
Harris 499 alloy); carburized nickel alloy - RCA No. N18
(Inco 220 alloy); carbon and magnesium; magnesium;
silicon; aluminum; tungsten; titanium; manganese; cal-

cium; boron.
Table VI

Temperatures of Cathodes

Brightness
Temperature
Minimum [Average |Maximum|

— deg K

Tube Class

Mercury-Vapor and Gas
Rectifiers
Heavy Output and Certain
Acorn Tubes 1076 1100 1125

Power Amplifier Receiving
Types — General

Cathode-Ray Types 1050 1075 1100
Low Grid Current Types
With Regular Grids
High Power Output Re-
ceiving Types 1000 1025 1050

Low Power Output Re-
ceiving Types 975 1000 1025

With Special Grids

Temperature depends on
grid design

Small Receiving and Low

*Carbon by Widell and Umbreit10

Most complaints of electrical leakage have come
from the use of nickel alloys containing more than0.08
per cent of magnesium. The reason that magnesium is
cited as being the main source of leakage effects is
based on an examination of the vapor pressure curves
of Fig. 412, Magnesium has a vapor pressure nine
orders of magnitude greater thanthat of nickel at 1150 K.
It also has a very high diffusion rate in the cathode
nickel alloy. The amount of magnesium that does sub-
lime is dependent on the factors of concentration, rate
of diffusion, and the temperature reached during the
manufacturing process. The deposits onadjoining elec-
trodes, micas, and glass that result from such sublima-
tion have been analyzed spectrographically as well as
by wet chemical methods. The deposit is shown to be
mostly magnesium; manganese and nickel have also
been found in smaller amounts.13 The nickel found on
mica spacers results from a high rate of evaporation
frombare portions of the cathode operating at or above
1150K (brightness temperature). Ordinarily, the oxide
coating prevents sublimation from the coated portions
of the nickel cathode unless the operating temperature
is in excess of 1200 K. The operating temperature
ranges of some cathode systems are shown in Table VI.

REVIEW OF SPECIFIC REDUCING AGENTS

The effects of specific reducing agents in the nickel

T2

Output Types — General 975 1025 1100

Carbon in Pure Nickel — N81

It is known that a small amount of carbon in pure
nickel acts as a fairly good reducing agent for oxide-
coated cathodes systems during tube processing and
early life. The reaction of carbon with barium oxide
yields the desired barium for activation of the coating
together withcarbon monoxide gas. The amount of car-
bon in this alloy is maintained below 0.02 per cent as
an upper limit in order to prevent the excessive pro-
duction of barium and the concurrent evaporation of
barium that would give rise to grid emission.14 How-
ever, this limitation on cathode activity results in a
lower level of emission performance than is desired
initially. Increasingthe carboncontent to 0.05 per cent
will increasethe production of barium to give improved
emission performance but can contribute to grid-emis-
sion effects. It should be noted that another effect of
excess carbon in the base metal (in excess of 0.05 per
cent) is to introduce an extra amount of carbon mon-
oxide gas into the tube which must be completely taken
up by the getter. Too muchcarboninthe base metal can
cause loss of tubes during production because of ex-
cessive gas.

Carburized N18 Cathodes

Cathodes made from a particular lot of N18 alloy
have been processed by gas-carburization technique in
ordertoincrease the carboncontent*” and thus improve
initial emission performance and obtain higher trans-
conductance. The reason for this procedure was the
poor performance of this particular N18 alloy. The
cathodes were heatedin an atmosphere of hydrogen and
methane. The amount of carbon introduced onto the
cathode surface by the process was about 0.05 per cent.
Normally, the N18 alloy would contain about 0.02 per
cent silicon, 0.025 per cent magnesium, and about 0.02
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per cent carbon after hydrogen firing. The tube type
using these particular alloys was experiencing low ini-
tial emission. All analyses and investigations gave
evidence that the reducing agents were combining as
oxides or intermetallic compounds, or were being pre-
vented from diffusing to the surface by oxide inclusions
or carbides. The carburizing treatment added the ex-
tra amount of carbon needed to create activation prior
tothe point at which sufficient diffusion of the main re-
ducing element content could supply the necessary cath-
ode activity. There were no reports as to excess gas
in the tubes.

Carbon and Magnesium

Magnesium and carbon can form carbides. It is
known that MgCs is unstable at elevated temperatures;
itdecomposes to form carbon and the stable Mg2C316.

This intermetallic compound can form in vacuum-
melted nickel when the carbon contentis as high as 0.07
to 0.10 per cent. Acathodenickel alloy containing such
high carbon content failed to sublime magnesium even
though the latter element was present to the extent of
0.04t00.07 per cent. The standard ASTMtest was neg-
ative; tubes made from this melt had low emission and
were gassy. When the cathodes were baked in hydrogen
(dew point 35 C) at 800 C for ten minutes, the carbon
content was reduced to 0.03 per cent. Sublimation tests
performed onthese processed cathodes gave indication
of the presence of magnesium on the target. Tubes
made from these treated cathodes gave normal emis-
sion performance and were not gassy. It may be con-
cluded that excessive carbon content in the nickel alloy
canaffect the reducing activity of magnesium and slow
down the rate of diffusion and sublimation by forming

carbide compounds.
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Magnesium

Magnesium and siliconare the two elements that have
received the most attention as reducing agents for oxide-
coated cathodes. Both have been deemed desirable,
even if not absolutely necessary. Magnesium is used
because its presenceinsures high initial activity of the
cathode with the result that good electron emission is
readily obtained through the early life period; silicon
is used because, althoughit acts more slowly, its pres-
ence maintains a high cathode activity over the long
life period. Modern tube performances, however, re-
quire cathodes that give low interface impedances. As
a result, silicon has been relegated to a secondary
place and magnesiumis now receiving first considera-
tion in the design of cathode alloys. Onthe other hand,
the very factors that make magnesium so desirable for
easy activation of the oxide coatingalso give rise to the
undesirable side effects of sublimation, electrical leak-
age between electrodes, grid emissionand anode emis-
sion due to the copious amounts of barium produced in
the emission coating and evaporated onto the adjoining
electrodes. Considering the above factors, it can be
concluded that the magnesium content should be held to
a lower limit of 0.03 per cent for ease of activation of
the coating and must not exceed 0.07 per cent to pre-
vent the effects of excessive sublimation and excessive
production of barium in the coating.

Silicon

Silicon retains its activity asa reducing agent over a
period of thousands of hours because of its slow rate of
diffusion. Its presence in cathode nickel alloys insures
good emission performance over a long life period.
However, it does have an interfering side reaction. It
reacts with barium oxide toform aninterface compound,
barium orthosilicate, which has a dark grey color, and
whenpresent tothe extent of 0.20 per cent introduces an
electrical interface impedance of hundreds of ohms.
The operating temperature of the oxide coating can be
lowered by as much as 45 C because of the increase in
radiation which results from the dark grey color of the
interface compound. Under normal conditions, current
flow keeps the interface compound in an active condition
due tothe presence of barium donor sites and, therefore,
little resistance is offeredto the flow of current. How-
ever, when the tube is operated under intermittent or
standby conditions, the interface becomes deactivated
and its impedance increases to a large value. This
phenomenon usually occurs in tubes that are used for
pulsed emission, computer circuitry, and especially
with tubes that have high values of transconductance.
Whenthe siliconcontent in the nickel alloy is excessive,
a high rate of production of barium and a subsequent in-
creased rate of evaporation of barium causes grid emis-
sion to occur in some critical tube types. In general,
experience has indicated that there is a greater tendency
for peeling of coatingto occur when the silicon content
of the base metal is greater than 0.20 per cent. When-
ever interface impedanceis a factor that can influence
the performance of the tube, the silicon content should
not be greater than 0.02 per cent.

dicate that aluminum is a fairly active reducing agent
and can be helpful in obtaining long life from oxide
cathodes. However, the aluminum content in the nickel
alloy shouldbe limited to 0.10 per cent in order to min-
imize peeling of the coating that apparently occurs in
conjunction with an excess of aluminum. At least, 0.05
per cent magnesium and 0.03 per cent silicon should be
present when aluminum is part of the alloy composition
in order to insure adequate activity and life.

Tungsten

Investigations have indicated that a nickel cathode
alloy having a low silicon content with 4.7 per cent tung-
sten does not exhibit measurable interface impedance
when cathodes made from it are life tested under con-
ditions which would produce high impedances with
cathodes made from high silicon nickel cathode al-
loys.l'7 X-ray diffraction studies of the interface, by
Eisenstein, failed to reveal the barium tungstate com-
pound upon completionof a 6000-hour life test. Barium
orthosilicate was found to be present as the interface
compound. Analysis of the cathode base metal indicated
that the composition included 0.02 per cent silicon as
well as the 4.7 per cent tungsten. It is concluded that
the silicon reacted withthe barium tungstate to release
the tungsten and to form the barium orthosilicate com-
pound. The orthosilicate compound was maintained in
a more active condition by the further reaction of the
tungsten with the barium oxide to provide the activa-
ting barium donor centers.

Some evidence has been obtained to indicate that a
nickel alloy containing 4 per cent tungsten plus 0.04
per cent magnesium and containing no silicon had
caused very little decay inemission on life. The meas-
ured interface impedances were less than 5 ohms/cm
at the end of thousands of hours.

The chemical reactions of tungsten-bearing nickel
alloys with bariumoxide are well described by Hughes
et al.18 At best, atungstennickel alloy has only a mild
reducing activity; it provides enough barium to yield
good activation of the oxide coating but it is not active
enough to withstand the depletion effects of ordinary
tube poisoning. Low emission and extreme slumping
during early life is experienced, whereas nickel alloys
containing the same amount of tungsten but with small
percentages of magnesium and silicon can withstand the
same degree of poisoning effects. In the absence of
such poisoning effects, tungsten nickel cathodes cangive
very long life performances. It is concluded that the
tungsten content of the nickel alloys should be held to a
maximum of 4 per cent for purposes of imparting hot
strength to the alloy and contributing some reducing
element activity. In addition to this tungsten content,
the cathode alloy must containthe more active reducing
agent such as magnesium and silicon to initiate good
production of barium in the coating. The operating
temperature of the oxide coating can be lowered by as
much as 50 C, because of the increase in radiation
whichresults from the dark-brown color of the barium
tungstate interface compound.
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tanium as areducing element agent in the cathode nickel
alloy is considered, it is evidentthat titanium, although
it is a powerful reducing agent and imparts excellent
hot strength to the alloy even when used alone, should
not be used in amounts greater than 0.10 per cent be-
cause a dark-colored interface compound, barium ti-
tanate, is formed. The decrease in cathode tempera-
ture due to the increase in radiation, the increase in
interface impedance due to the compound formation,
and the tendency for the coating to peel when titanium
is present in substantial amounts are reasons for not
using titanium as a prime activating agent. Cathode
alloys should not contain more than 0.005 per cent ti-
tanium, the minimum amount detectable by spectro-
graphic techniques.

Manganese

Manganese is considered tobe a mild reducing agent.
It is added to nickelalloys for purposes of cleaning the
metal and as an aid to the hot forging of the ingots. The
specifications for air-melt grades of nickel alloys al-
low a maximum limit of 0.20 per cent manganese to be
present in the alloy. Vacuum-melt grades of nickel
alloy permit a maximum of 0.08 per cent manganese to
be present in the alloy.

The effects of adding manganese as a reducing agent
topure nickel has been investigated;19 no effect on im-
provement of emission performance has been found.
It was evident that the presence of more than 0.20 per
cent of manganese could induce side effects that low-
ered the transconductance. No effect on the contact
potential between grid and cathode has been ascribed
tothe presence of manganese. Sublimation studies have
indicated that manganese is present in the deposits
found on the targets when the cathodes contained more
than 0.15 per cent of manganese. Some evidence exists
that manganese may inhibit the diffusion of magnesium
in nickel at 850 C but the use of multicomponent alloys
complicates the interactions. Increased stabilization
or increased rates of diffusion and evaporation can be
produced on any one of the components by interaction
of the other agents that may be present.

In general, manganese is considered to be an un-
desirable additive for cathode base metal purposes.
Manganese content is limited to a maximum of 0.08 per
cent and should be maintained at 0.05 per cent in those
cathode alloys that are to be used in critical tube types
because there are measurable leakage effects asso-
ciated with the presence of too much manganese.

Calcium

The presence of elemental calcium has been detected
in amounts approaching 0.001 per cent. Calciumis ob-
tained from the refractory lining used for crucibles
whereinthe nickel alloy is melted. The reducing activ-
ity of carbon is sufficient to convert some of the cal-
cium silicate content of the lining to elemental calcium.
The presence of calcium in excess of critical amounts
apparently causes embrittlement of the nickel alloy. Its
presence in the interface regionapparently causes poor
coating adherence and high impedance effects. Further
studies are necessary to substantiate these interactions.

Boron

Commercial processes for the manufacture of nickel
alloysuse smallamounts of boron to improve the work-
ing qualities of the metal. Analyses indicate that it is
present in the nickel alloys to the extent of 0.001 per
cent. It is considered that where boron accumulates
in harmful concentrations at the surface of the cath-
ode, it canforma high-impedance barium borate glass
which offers such a restrictive surface barrier to the
diffusion of other elements that poor emission per-
formance is obtained. All precautions should be taken
to keep the boron content atorbelow0.0005 per cent.
It is especially important that boron be absent from
the lubricating fluid used in drawing and fabricating
operations inorder that the surface layers of the nickel
are not contaminated with boron.

CHARACTERISTICS OF SELECTED CATHODE AL-
LOYS

Temperature ranges of oxide-coated cathode sys-
tems for tube design purposes are given in Table VI
A cathode material selectionguide as given in Table VII
and a list of the limiting compositions of domestic cath-
odenickelalloys as tabulated in Table II give the char-
acteristics of cathode nickels commonly used by RCA
in the manufacture of electron tubes. Dr. I. Stacy has
compiled a guide to cathode nickels to acquaint the tube
designengineer withthe properties of the new develop-
mental air-melt alloys submitted for testing by com-
mercial producers and the more recent vacuum-melt
alloys made by RCA for use in computer and industrial
tube types.

The relative activity of a cathode nickel alloy refers
to its capability for producing barium by the reaction
of the reducing element content of the metal with the
barium oxide component of the emission coating. The
activity of an alloy is related to the effective concen-
tration of the reducing agent (i. e., not combined as an
oxide or an intermetallic compound), the rate of diffu-
sion of the reducing agent through the alloy, and the
extent of surface film formationthat can impede the dif-
fusion of the reducing element intothe emission coating.
RCA vacuum-melted alloys are so well-controlled as
to composition and effective concentration (minimum
combined compounds) that little or no difference exists
in the activity of melts of the same composition. The
choice of composition and activity of a cathode alloy
must consider the particular tube application in terms
of temperature of processing and operation and the sub-
limation effects of leakage, grid emission, and contact
potential as well as the growth of the interface imped-
ance over the life period.
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Table VII
Cathode Selection Guide

Manufacturer's Designation*
Form AEZSVit(i)f)n Interface | Sublimation | Leakage | Strength | Peeling l}xec(é?fllg;g
RCA | INCO | ST DH
N18 220 [Gl1 -—- |seamless | average medium to medium medium | average often normal
cathodes to high
N34 225 | G3 -— strip easy high medium high average often active
N42 - | --- N42 | strip easy high medium medium average | rarely active
N80 - G6 399 strip B easy high slight slight average some active
N81 --- {G21 499 strip difficult low none slight weak none passive
N109 [ 330 |--- -~~~ |seamless | average medium medium high average rarely normal
cathodes
and strip
N120 --- | G5 699 |seamless | average medium medium medium | average some normal
cathodes
N131 | --- | P50 999 |seamless | difficult low none slight weak none passive
and
lockseam
cathodes
N130 - A3l --- |seamless| difficult medium slight medium strong rarely normal
and to
lockseam | average
cathodes
N132 | -—-—- |--- ~-- |seamless | difficult medium slight slight average | no data normal
cathodes to
and strip | average
Ni33 | --- |--- --- |seamless | difficult medium slight medium strong rarely normal
and to
lockseam | average
cathodes
N136 | --- |--- -~- |[seamless | average medium medium medium | average rarely normal
cathode
and strip
N144 ——— -—- ~-- |seamless | no data no data no data no data | no data some passive
and
lockseam
cathodes }
N702 —_—— = --- |seamless | no data no data no data no data very no data no data
cathodes strong

*RCA Radio Corporation of America; INCO = Int'l. Nickel Co.; ST =Superior Tube Co.; DH =Driver-Harris
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The Interface and Other Oxide-Cathode Impedances

E. J. Hannig

Harrison

Although the oxide cathode was discovered by Wehnelt!
in 1904, it was sixteen years later that the problem of
cathode impedance was recognized by Arnold2 who ob-
served a platinate interface layer on platinum-iridium
filaments in 1920. In that year, few circuits demanded
anything more than "some'" emission. Practically any
tube would be sufficient to meet circuit demands. The
period between the '20s and the '50s was one of rapid
advancement for the entire electronics industry. Wide-
band amplifiers, large- and small-signal pulse circuits,
radars, computers, and the like all demanded more
than just "'some' electrons from cathodes. Demands
for tubes capable of 10,000 to 20,000 hours of reliable
service only placed heavier burdens onthe oxide cath-
ode. It was during this era that the electronics industry
became aware of the cathode impedance in the more
critical applications whenthe cathode hadto have prac-
tically zero impedance for as long as possible. In this
period, Eisenstein3 published a comprehensive paper
on the common cathode-interface layer, barium ortho-
silicate, and Nergaard and Matheson4 summarized the
role of the interface impedance in electron-tube cir-
cuits. In the period from 1944 to 1954, oxide-cathode
literature dwelt at great length on cathode impedance.?-
10 It is the purpose of this article to analyze cathode
impedances, to establish some methods to minimize
them, andtoreview some of the more acceptable means
for measuring them.

CATHODE SLEEVE ACTIVITY

Most cathode impedances are influenced by the char-
acteristics of the cathode sleeve material. Although
nickel is commonly used, certain alloys of nickel are
acceptable for fabrication into cathode sleeves and
others are not. 11 It is usual to find tube types that can
be processed satisfactorily only if a certainnickel alloy
is used as the cathode sleeve material. Even different
melts of the same alloy may require different processing
schedules. These are only afew of the variables which
tube processing must accommodate and still produce
the maximum quantity of acceptable tubes in minimum
time with minimum shrinkage.

The three general classifications of nickel alloys are
given in Table I, together withthe reducing-agent con-
tent of each. The classifications describe the speed
with which these alloys can activate an oxide coating.
For example, alloy N34 will activate the oxide much
more readily than any of the others listed in Table I.

Consequently, the use of this material in a vacuum tube
requires less time and power in processing; it is called
an active alloy. Alloy N81 is the most difficult to pro-~
cess. For high-speed production, an active alloy is
most desirable although, unfortunately, the more active
alloy is often prone to application failures.

Table 1

Maximum Reducing-Agent Content--Per Cent
Classi- | Alloy (Weight)
L *
fication| No. Mg ] Si I Mn l Ti I C
Passive N81 0,005 0.010 0.02 0,005 0.02
[Normal N109 0.03-0,10 0.01-0.05 0.20 0.005 0.08
Active N34 0.01-0.08 0.15-0.25 0.20 0.03 0.04
Normal N18 0.01-0.10 0.01-0.05 0.20 0.03 0.04

*The alloy numbersare RCA designations for commercial ma-
terials. A more complete listing of these alloys is given in
TablesII and VIIin the article on"The Nickel Base Metal for
the Oxide Cathode."

Cathode base-metal sublimation testing has been
standardizedl2 by the American Society for Testing
Materials for the more precise evaluation of alloy ac-
tivity. Inthe test, the resistance between two conduct-
ing strips painted across a sheet of micais continuously
measured. The bare nickel sleeve is mounted opposite
these strips. The sleeve is heated by a conventional
cathode heater to some giventemperature; a brightness
temperature of 900 C has been satisfactory for most
alloys. Materials from the hot nickel sleeve will sub-
lime and deposit athin film onthe mica causing the re-
sistance betweenthe conducting stripsto decrease at a
rate which depends principally on the amount of metal
coming out of the sleeve andthe rate at which it comes
out. 13" These metals are primarily magnesium, man-
ganese, and nickel. Characteristic sublimation curves
for alloys N18, N34, N109, and N81 are shown in Fig.
1. Less than one hour is generally required to obtain
such curves. The curves give a good indication of the
availability of magnesium in the cathode during pro-
cessing and activation. Magnesium and manganese
appear to be the primary activating agents. However,
at some point in life, other, more long-lived agents
such as silicontake over the function of producing bar-
ium for emission.
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RELATIVE TARGET RESISTANCE (R)
(LOGARITHMIC SCALE)

LOG t (TIME IN MINUTES)

Figure 1. Grvaph of Target Resistance Plotted Against
Elapsed Time for Different Alloys (R, is the tavget
resistance at t = 1 minute; vesistance units ave

arbitvary)

The electron-tube industry requires a wide range of
cathode nickel alloys to make the many tube types re-
quired. However, only slight variations in the charac-
teristics of an alloy can be tolerated from meltto melt.
Each melt must meet certain compositional specifica-
tions or it is rejected before it ever reaches the tube.
Unfortunately, melts with apparently identical compo-
sitions may have widely different sublimation and ac-
tivation characteristics.

Consider afactory problem of some years ago. Alloy
N109 cathode material was being used in the nickel
sleeve for a tube type. No particular difficulties had
come from this type for many months; many melts of
N109 had been used during production with only slight
variations in processing. Then, melt X made from al-
loy N109 was tried with chaotic results. It was impos-
sible to properly activate oxide cathodes using melt X
as the cathode sleeve. The factorytried melts A and B
and produced goodtubes. All three melts were quickly
rechecked, both by wet analysis and by spectrographic
analysis, and all were within specifications. Other
standard tests were made with little success., So far
as all these tests were concerned, the three melts were
interchangeable. Cathode sublimation testing, then in
its infancy, was attempted. The results of this test
(Fig. 2) were conclusive.

From the sublimation curves it was at once apparent
that melt X did not belong inthe same activity category
as melts A and B, even though all other analyses in-
dicated that it was. Some condition within melt X was
inhibiting the free sublimation of its reducing agents.
Melt X, therefore, produced cathodes very muchunder -
activated, and processing and aging conditions could
not be varied sufficiently to produce the same oxide
cathode as that activated by melts A and B.

While melt variations such asthe above do not happen
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Figuve 2. Sublimation Cuvves for Thvee Melis of the
Same Cathode Base-Metal Alloy

every day, they occur often enoughto warrant mention.
Often, the presence of bulk impedance (the impedance of
the oxide coating excluding any interface impedance)in
the oxide coating is the result of such variations. The
cause of all cathode impedances cangenerally be traced
tothe base metal; the amount and availability of its re-
ducing agents determine whether or not a cathode im-
pedance is likely to occur.

CATHODE ACTIVATION

This section will discuss only enough of the cathode
activation process to aid in understanding cathode im-
pedance. Although it is common commercial practice
to employ the triple carbonate as cathode spray, it is
only necessary torefer tothe simple barium carbonate
(BaCO3) asthe material with which the cathode is coated
initially.

During the processing of an oxide-coated cathode, the
following reaction always precedes activation:

800 C
BaCO3 -» BaO + COg 4 (1)

The carbon dioxide (COjg) is pumped off and the car-
bonate coating is convertedto barium oxide (BaO). The
cathode temperature is then raised to approximately
1000 C or higher; this temperature favors the more
rapid diffusion of the reducing agents from the base
metal into the oxide coating. The reaction that occurs
at the cathode operating temperature is described by
Egs. (2) and (2a):

BaO + Mg -2 Ba + MgO (2)
2BaO + Si - 2Ba + SiOg (2a)

In the case of initial activation, these reactions occur



at about 1000 C; normal tube operating conditions re-
quire only approximately 800 C. In Egs. (2) and (2a),
magnesium and silicon are taken as the reducing agents
since these can be considered as the prime reducers,
although there are others of less importance contained
in the base metal (see Table V in the article on "The
Nickel Base Metal for the Oxide Cathode'').

The diffusion constants are givenin this same Taple V
and are related to cathode temperature as D = f(e-1/RT),
The outward flux D{(dc/dx)] of activator particles is
given by Rittnerl4 as:

oD C, -t/ T
—IJ e (3)

D = diffusion coefficient
Co = initial concentration of activator in the
base metal
1 = thickness of base metal (approx.)
= time in which diffusion takes place, and
7 is a constant _ 412
72D

where

Cathode activity depends principally upon the tem-
perature and D(de/dx) 1- The dependence on outward
flux is a property of the base metal; it distinguishes
one nickel alloy from all other nickel alloys. Asaresult,
cathode temperature control is a significant factorin
cathode activation; it determines the time required to
reach the desired cathode activity.

Asthe operatingtime of a cathode increases tothou-
sands of hours, e-t/7 in Eq. (3) becomesimportant
inthat the activator is gradually being depleted. There-
fore, the flux decreases with life. The rate at which
reactions (2) and (2a) proceed decreases due to ade-
crease in activator flux. Consequently, the cathode
becomes deficient in the barium required to maintain
a good conductive coating. Emission may or may not
suffer, although it usually follows the increase in cath-
ode resistance onlonglife. Cathode environment plays
a more substantial part in causing low emission prob-
lems; any condition causing excessive evaporation of

surface barium will decrease the emission more readily.

CATHODE IMPEDANCES

If reactions of the type described in Eqs. (2)and(2a)
canbe completed during the time allowed for processing,
the cathode will emerge as a good emitter that is rela-
tively ""cathode-impedance-free." If the reactions are
retardedinany way, cathode bulk impedance will result.
This condition will require aging or some period of
operation to eliminate the impedance and produce the
good conductive coating. If the rate of this reaction is
ever insufficient to maintain good coating conductivity,
bulk impedance results again; should bulk impedance
develop after many thousands of hours of operation, the
possibilities of recovery are extremely slight.

While the reduction reactions Eqs. (2) and (2a)are

taking place, a third, extremely deleterious, reaction
is taking place as a by-product of Eq. (2a):

2Ba0 + S§i09 —> 2Ba0-SiOy (4)

The Interface and Other Oxide-Cathode Impedances

Silicondioxide, whichisformedtogether with free bar-
ium inthe chemical activationequation, reacts with the
oxide of barium to form barium orthosilicate. This
compound exists at the interface of the base metal and
the oxide coating. Its properties approach that of an
insulator; its electrical conductivity is much lower than
that of any other possible cathode compound, which may
include tungstites and titanates among others. These
two are objectionable interfaces; however, tungstites
are possible only with certain more recent alloys, and
titanium is held to anextremely low value in practically
all alloys. Their conductivity is, nevertheless, low
enough to cause considerable concern should they be
present in sufficient volume. Thus far, the best way
to inhibit interface impedance is to limit the silicon
content of cathode alloys to small values. In this way,
Co in Eq. (3) has a small value, consequently, the flux
density of the particular reducing agent is decreased.

Because the orthosilicate layer has suchhigh resist-
ance, one mustask, "How, then, is it possible for cath-
ode current to flow at all?' The best answer to this
question at the present time lies in the realm of semi-
conductor theory. It is analyzed by Nergaard and
Mathesonl? interms of an impurity -type semiconductor
having the same donors as that of the barium oxide.

A third cathode condition which manifests itself as an
impedance arises from poor coating adherence. Poor
bonding of coating to base metal results in a peeling
cathode. Such a cathode is more likely to occur with
highly active alloys than with others. Sometimes the
interface (2BaO- SiOz) is thick enough to physically
separate portions of the coating from the cathode.
Peeling cathode trouble is inherent in random melts of
an alloy. The entire coating may peel on only limited
areas. Thusfar, it has been difficulttopredict whether
agiven cathode would or would not peel; in this respect,
peeling differs from the actual interface compound. It
has relatively the same effects as the interface and bulk
impedances. Interface-impedance investigations natu-
rally led topeeling-cathode investigations. Instruments
employed to evaluate the interface also measure im-
pedance due to poor coating adherence.

Most cathode problems are the result of cathode envi-
ronment which tends tosuppress or accelerate the acti-
vation reactions. These reactions give rise not only to
the common cathode problems, 16 hut alsotothe cathode
impedances, all of which limit the useful life of a cath-
ode,

If the more obvious cathode ailments are excluded, it
is possible to view the cathode as beingin one or more
of the four possible conditions described in Fig. 3.
Quadrant Ishows a cathode coating having an abundance
of barium both onthe surface and withinthe coating; this
abundance permits good emissionand virtually perfect
conduction through the coating. Quadrant II illustrates
the possible effect of bulk impedance caused by a
smaller amount of barium within the coating and pos-
sibly on the surface; consequently, emission may be
satisfactory but the coating itself is far more resistive
thanthat of Quadrantl. Quadrant III shows the presence
of the interface compound between coating and base
metal, and a slight decline of barium inthe coating, and
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points out some barium within the interface itself; again,
the result is a very poorly conducting cathode. Quadrant
IV approximates the situationina peeling cathode; some
areas are as good as Quadrant I for conduction, whereas
others are either loosely bound or have no coating what-
soever,

I. GOOD CATHODE
NO IMPEDANCE

II. BULK IMPEDANCE

NICKEL
BASE
METAL

Pay
2Ba0 Si0, Zop,

II. INTERFACE IV . PEELING, POOR

IMPEDANCE COATING ADHERENCE
LEGEND
A - BARIUM
o -Bal

Figure 3. Cathode-Condition Diagram

EQUIVALENT CIRCUIT OF CATHODE IMPEDANCES

To study the effects of a cathode impedance, it is nec-
essary to assume some sort of configuration for the
passive components of the impedance. Cathode imped-
ance can be approximated by the oversimplification in
Fig. 4A; another, somewhat closer, approximation is
given in Fig. 4B (see Ref. 15). Although neither rep-
resentation accounts for every case of tube failure due
to cathode impedance, Fig. 4A is adequate as a work-
ing model todemonstrate principles. The time constant,
which is the product of resistance and capacitance, dis-
tinguishes one cathode impedance from another in non-
destructive testing.

t = RC (5)
where t = time constant in microseconds,
R = resistance in ohms, and

C = capacitance in microfarads.

With regard tothe direct-current effects which these
impedances cause in atube, it is obvious that some in-
crease in bias can be expected, provided that the cath-
ode current does not drop too radically. In either event,
the direct-current parameters of the circuit are al-
tered and the tube can be a failure for this alone.
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(A) (8)

Figuve 4. Simplified Equivalent Civcuits of Cathode
Impedance: (A) extveme simplification; (B) closer
approximation

The effect of added resistance in the cathode circuit
is illustrated in Fig. 5. Thetube was{irst set to a nor-
mal operating condition of 4.4 milliamperes per volt
(4400 micromhos). Then a 120-ohm resistor was add-
edinseries with the cathode as shownin the lower right
quadrant of Fig. 5. The result was a bias shift of -0.3
volts, plate current was reduced by 15 per cent, and the
mutual conductance g, fell to 2.80 milliamperes per volt
(2800 micromhos). The effect on the amplitude of the
plate signal is shown in the upper right quadrant. Trans-
conductance degenerated according to the formula:4

gmo
gm ¥ (6)
1+ gmo Ry
where Zmo = initial gy, of stage,
Rx = any added cathode resistance,
gm = gm Of tube with cathode resistance

added.

Eq. (6) implies that high-transconductance tube types
are more sensitive tosmall changes in cathode -resistor
value than lower-transconductance types.

The resistance addedtothe cathode circuit simulated
one component of cathode impedance. However, thisre-
sistance is not semiconductive and it is not temperature -
dependent. A capacitance (Ck) added in parallel with
Ry (Fig. 6) makes the shift in g, a function of the time
constant. The shift in gy varies inversely with RC;
the smaller RC becomes, the more closely gy, ap-
proaches the maximum shift permitted by Ry alone.
Therefore, smaller cathode time constants are always
more damaging to circuit performance.

Raudorfl? has demonstrated (Fig. 7) that the gain of
a circuit depends upon the frequency in a tube where
cathode interface impedance exists; this characteristic
is typical of short time-constant cathode impedances.
Fig. 7 illustrates the frequency-dependent response of
a cathode which has developed aninterface impedance.
The impedance produced by peeling cathodes would pre-
sent about the same gain-shift pattern with one excep-
tion; the gain would approach its design value at a fre-
quency mugh higher thanthat shown in Fig. 7. Its time
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The Effect of a Bias Shift of ~0.3 Volt on the g Chavactevistic of a 4.4 ma/volt Tube in an Actual

constant is anywhere from 0.01 to 0.1 times that of the

interface.

The bulk impedance would allow a lower

frequency response because the bulktime constant can

be from 10 to 100 times that of the interface.

The

most significant effect on alternating-current para-
meters produced by these impedances is a frequency-
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dependent reproduction of the input signal.
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Figure 6. Curve Ilustrating the Effect of Cathode I'm -
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incrveased gain-shift with lifeis caused by incveased
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DECAY CHARACTERISTICS

Pulse-emissiontesting has disclosed several decays
characteristic of oxide-coated cathodes. 18,19 Although
many of these emissiondecays are dueto deterioration
of the emission mechanism, the interface decay and,
possibly, the bulk decay has been mentionedin the liter-
ature. Poor adherence of the coating should produce
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the same effect asthe others. There is currently very
little in the literature on decay caused by poor adher-
ence. Perhaps the extremely short time constants of
peeling cathodes have hitherto been undetectable due to
the longer pulse rise time on pulse-emission equipment.
Many tube failures in computer and other pulse applica-
tions aretraceable to one or more of these impedances.

Most pulse circuits require reasonably good fidelity,
i.e., the output signal waveform must be similar to the
input signal waveform. A cathode impedance causes
the current waveform to deviate from the grid pulse
voltage in a manner somewhat analagous to that of a
capacitive discharge. For the first few hundredths of
a microsecond, the cathode current follows the grid
voltage; thereafter, the blocking action of the impedance
increases exponentially to produce a corresponding
decrease in the current, as shown in Fig, 8B and 8C.
The amount of this degeneration andthe resultant wave-
shape depend upon the resistance and time constant of
the impedance.

Should a cathode impedance develop at some inter-
mediate stage of an amplifier, only signals of the types
shown in B and C of Fig. 8 would be available to the
succeeding stages, and a distorted waveshape would
appear at the output of such an amplifier. Circuits re-
quiring definite values of triggering voltage would fail
uponreceiving the pulse as modified by the cathode im-
pedance,

(A) (B) (C)

Figure 8. Curvent Decay Produced by Cathode Im -
pedance: (A) the input voltage; (B) the distorvtion pro-
duced as a vesult of cathode impedance with a shorvt
time constant; (C) the distorvtion produced by a cath-
ode impedance with a longer time constant than in (B)

The electrical effects of the cathode impedance are
nearly always manifested as a direct-current bias shift
plus a frequency-dependent degeneration inthe affected
stage. These twoeffects adequately describe both alter -
nating-current and pulse response. The range of the
degeneration depends upon the type of impedance. These
impedances canbe categorized by their time constants.
The bulk impedance, or oxide impedance, will have a
time constant greater than 10 microseconds; usually it
will be on the order of 100 microseconds. Interface
impedance will be about 0.5to 5.0 microseconds.
Poor adherence of coating generally results in a
0.05-to 0.5-microsecond time constant. There is some
overlapping in the effects produced by the three types
of impedance.



EFFECT OF ALLOY ON CATHODE IMPEDANCE

Certain cathode alloys are prone to definite types o;
cathode impedance. Low-activity base metals (N81
and N131") are often subject to bulk impedance. This
effect is generally caused by under-processing the tube;
it is often found after thousands of hours of operation
as the result of loss of barium in the coating. Bulk
impedance is a curable malady, as was shown by life test
data on ten tubes (type 6AL5) which used N131 cathode
material. Initially, the value of bulk resistance was
between 0 and 105 ohms (average, 44 ohms). The tubes
were put on conduction life and at the end of 500 hours
the resistance of the worst tube was 5 ohms, and the
average resistance was 0.4 ohm, The data of these tests
are plotted in Fig. 9. The tubes had been under-pro-
cessed initially but, with life, all bulk resistance values
fell to a point where tube operation was satisfactory.

Alloy N34 is probably the most infamous of the inter-
face-impedance-producing cathode materials, Itshigh
gilicon content (0.15 to 0.25 per cent) enhancesthe for-
mation of large amounts of barium orthosilicate. N130
alloy, having approximately 4 per cent tungsten, gives
rise to barium tungstate (3BaO- WO3). The author knows
of no satisfactory cure for this condition other thancare-
ful selection of cathode alloys with strong emphasis on
keeping the titanium, aluminum, and silicon content low.
A temporary palliative for interface impedance is to
draw a large emission current from the cathode. This
large current temporarily activates the interface layer.
However, when the tube is subsequently brought to its
normal operating condition, the deleterious effect of the
interface impedance will slowly return.,
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Figure 9. Vaviation of Cathode Bulk Resistance with Life
OPERATIONAL CAUSES OF INTERFACE IMPEDANCE

In addition to the interface-producing elements in a
cathode, at least three other factors favor the growth
of interface impedances.

These factors are:

1. Duty cycle. If an application requires very low
current or allows the tube to stand ina nonconducting
state for appreciable lengths of time, it fosters the
growth of interface impedance. Low duty cycles pro-
mote rapid development of interface.

* See the footnote at the bottom of Table I

The Interface and Other Oxide-Cathode Impedances

2. Cathode temperature. High cathode temperatures
promote interface formations. High-silicon cathode
nickels can have aninterface immediately after pro-
cessing if the cathode is runat too high a temperature.

3. Cathode current. The value of cathode current
drawn in the application strongly influences the rate
of formation of the interface. Lower currents pro-
duce high interface impedance in less time than do
higher currents.

The effect of duty cycle has been demonstrated by
Waymouth.6 The results of his experiments are des-
cribed in Fig. 10 where the percentage of survivors is
plotted against hours of life. The tubes whose charac-
teristics are indicated by the curve marked PanelsT and
I, drew 60 milliamperes per square centimeter during
life for a 100 per cent duty cycle; the tubes whose char-
acteristics are indicated by the curve marked Panels 11
and IV operated at cutoff, or zero per cent duty cycle.
In this graph, tubes were considered failures as soon
as the interface was detectable. The cathode alloy for
all these tubes contained approximately 0.03 per cent
silicon by spectrochemical analysis.
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Figure 10. Effect of Duty Cycle on Intevface Resistance

Cathode temperature has been shown by Metson21 to
bear directly on interface growth. Fig. 11 shows the
result of running tubes for 3000 hours atdifferent heat-
er voltages (cathode temperatures). The mean value
of the interface impedance of large lots of tubes is
plotted against life time in hours.

The actual silicon content of the cathode sleeve was
0.05 per cent; were a base metal similar to N34 alloy
used, the magnitude of interface developed would have
beenten toa hundredtimes greater than that indicated.

A more quantitative evaluation of the role of silicon
content in the cathode sleeve was obtainedfrom a 100-
hour life test. Twenty twin-triode tubes, type 6SN7GT,
were run at aheater voltage of 7.5 volts; ten used N109
alloy with 0.01 to 0.05 per cent silicon, and ten used
N34 alloy with 0.15t0 0.25 per cent silicon. The results
are shown in Table II.

During this short life test, the tube was not permitted
to draw current. The data illustrate the dependence of
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interface growth on the supply of silicon in the base
material.

of peeling on direct-current tube characteristics are
slight and, like the bulk impedance, it has very little
effect on cathode temperature. Once peeling starts on
a cathode, there is no cure; the magnitude of the defect
only increases with life. In addition to N109 alloy, the
effect has alsobeendetected onN18 alloy andN130 alloy.

Poor adherence of the coating can occur at the ends
of the coated area, ina single portion of the cathode, or
over the entire coated area. It can be caused by the
base metal itself, by poor cleaning methods, or by large
interface deposits which pushthe coating away from the
nickel sleeve. Life data on peeling are not so copious
as data on bulk andinterface because of the difficulties
in making coatings peel.

CATHODE IMPEDANCE EVALUATION

Methods for evaluating the cathode impedance gen-
erally involve either alternating-current or pulse tech-
niques. Some investigators have used direct-current
methods22 but these methods have not met with accept-
ance in the tube industry. It is common practice to
measure the cathode resistance (Rx) and the associated
capacitance (Cy) or the time constant of the impedance.

Table IT
N109 Interface Resistance--chms N34 Interface Resistance —ohms
Tube No. Unit No. 1 Unit No. 2 Tube No. Unit No. 1 Unit No. 2
1 0 0 1 48 38
2 0 0 2 29 38
3 0 0 3 45 50
4 0 0 4 50 94
5 0 0 5 66 50
6 0 0 6 41 30
7 0 0 7 57 75
8 0 0 8 90 69
9 0 0 9 80 83
10 0 0 10 50 75

COATING ADHERENCE

Because alloy N109 appearsto be so much better than
N34 for retarding interface formation, it has become
widely used in computer and other critical tube types.
As aconsequence of this shift, the problem of poor coat-
ing adherence has become more prominent. Although
alloy N109is not a consistentpeeler, many of its melts
are prone topeeling of coating. The behavior of a peel-
ing cathode is similar to the behavior of interface imped-
ance, with the exception that peeling cathodes show a
time constant between 0.05 and 0.5 microsecond. Be-
yond one microsecond, a pulse signal would be repro-
duced exactly the way it entered the tube. The effects
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The symbols listed below will be used in the following
discussion:

Zx = sum of all the cathode impedance (R and Ck are
its components)
ZB = the bulk or oxide impedance (Rp and Cp areits

components)

Zi = the interface impedance (Rj and Cj are its com-
ponents)

Za = the "'peeling' impedance (Ry and C4 are its
components)

All present-day instruments measure the resistive
components of the cathode impedance. The direct-cur-



rent method measures Rk. The alternating-current
method will measure at least Rj and some fraction of
Raand RB. Pulse methods measure Rjand some frac-
tionof Ry, and RB. Presentinstruments were designed
solely to measure the interface resistance. We shall,
therefore, discuss them and their use in measuring Rj
and Ci and then relate them to Rq and RB. The direct-
current method will be omitted because it is time-con-
suming and, therefore, little used.

Measurements of Rj are designed so as notto change
the cathodes in any way. Signallevels must be low, and
reduced heater voltages are normally prescribed. It is
common practice for most tests of this type to employ
signal levels of from 0.1 to 0.3 volt and heater voltages
of about 90 per cent of normal operating voltage. It is
alsorecommended<* that test current be held to approx-
imately five milliamperes per square centimeter of
coated area. This current density is chosento minimize
changes inthe interface that might be produced by high-
er cathode-current drains.

When a tube is tested for cathode impedance, it is
generally advisable to employ the triode type of test.
Most acceptable test methods use this type of connection
in preference to the diode connection. In this way only
the cathode characteristics are measured. The grid is
biased sothat it will not draw current, and the plate is
grounded with respect to the signal voltage. Otherwise,
the effects of a grid or a plate impedance might be in-
cluded in the impedance measurement.

Sine-Wave Methods

Sine -wave methods generally employ two24 or three29,
2 frequencies. A high frequency of 10 megacycles is
commontoall. Atthisfrequency Ck actsasa short cir-
cuit tothe signal, and only plate resistance is measured.
A low frequency of about fivekilocycles is then passed
through the tube and Cj or Cy will act asan open circuit
to this frequency. Here Rj or Ry or both are evaluated
because the entire degenerationis assumedtotake place
across the resistive component of the impedance. If
bulk impedance is present, its resistive component may
also be effective at this frequency. A third, inter-
mediate, frequency is oftenaddedto evaluate the capac-
itive component of whatever the system has measured
for Rk. These systems inherently assume that a single
value of resistance in parallel witha single capacitance
will explain the entire behavior of any and all cathode
impedances present in the cathode. This assumption
is not true. A single two-element impedance can only
approximate one impedance at a time. It is a fallacy
tolump two or more of them together in the same two-
element approximation.

In spite of the obvious discrepancies of the sine-wave
methods, the method contributed by Wagner24 has had
some success inevaluating cathode impedance. It uses
abridge type of circuit (Fig. 12) which permits the tube
to be measured as a diode or a triode. The input sig-
nals are 10 megacycles and 5kilocycles at 0.1 volt root-
mean-square across the tube; the bridge is balanced by
the null methods. Wagner's method will give a single
value for the cathode resistance but neither Ck nor a
time constant can be determined.

The Interface and Other Oxide-Cathode Impedances

Pulse and square-wave systems have been most suc-
cessful inevaluating cathode impedances. Their biggest
advantage is that the effect of the impedance on a pulse
signal is normally presented on an oscilloscope. The
experimenter can visually estimate the type of imped-
ance by noting the approximate time constant of the de-
cay. Diode and triode tests are both possible but, again,
the triode system is preferred. The pulse length used
is generally 10 or 20 microseconds with an amplitude
of about 0.2 voltpeak. The outputpulse or square wave
should have a rise time no greater than 0.05 micro-
second.

Square-Wave Methods

Two square-wave systems currently employed by the
tube industry are (1) the Frost23 method and (2) the
Shipley“® method. In the Frost method illustrated in
Fig. 13, combinations of resistance and inductance are
inserted in the cathode circuit of the tube under test
until two horizontal lines are made to coincide on the
oscilloscope screen. From the values of the inserted
resistance and inductance, both the resistance and the
capacitance of the cathode impedance can be deter-
mined. This method is good, but time-consuming.

Inthe Shipley method, a square is shapedto match the
decay produced in ancther square wave by cathode im -
pedance inthe tube under test. The waves are matched
by inserting resistance and capacitance in the cathode
circuit of a ""standard tube.’' The outputs of the stand-
ard and the tube under test are displayed on an oscil-
loscope via an electronic switch. Both the resistance
and the capacitance of the cathode impedance are de-
termined, This system circuit is shown in Fig, 14,
For a single cathode impedance, such asRiCj or RaCjy,
the approximation is quite good. The approximation
has the added advantage that, shouldthere be more than
one impedance present in the cathode of the tube under
test, the experimenter is readily aware of the con-
dition because the exact decays are visually displayed.
The sole objection tothis method is the rather dubious
entity of a standardtube of universal application which
must, of course, be impedance-free and completely
stabilized.

Pulse Method

In an attempt to reduce cathode impedance testing to
a production basis, and yet maintain a reasonable de-
gree of accuracy, Hannig27 developed a pulse method
which has met with considerable success within RCA.
The circuit employs a differential amplifier in which
only the decay produced by the cathode impedance is
amplified and displayed on an oscilloscope. The sys-
tem uses a pulse input of 10 microseconds minimum
width and a peak amplitude of 0.3 volt. The minimum
repetition rate is 5000 pulses per second. The system
was originally a triode test but was modifiedto include
a diode test. The diode test uses the same pulse width
but an amplitude of about 5 to 8 volts peak. The same
differential amplifier serves both tests. The diode
testcircuitis given in Fig. 15. Values of R; measured
on this system agree closely with those read on the
Frost system. Ry and RBmay also be evaluated; eval-
uation of Rp requires a pulse width of more than 20
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Figuve 12. Wagner’s Sine-Wave-Method Test Cirvcuit
microseconds. The addition of a variable capacitance The diode test might also have been usedto yield the

in the cathode circuit of the tube under test also gives
some measure of the associated capacitance of the im-~
pedance. The variable capacitor is calibrated directly
in terms of time constants, which are used to separate
Za, Zj, and ZB.

By combining diode and triode testing techniques, it
is possible to differentiate between grid and cathode
impedances. This method has been applied with ex-
cellent results to numerous tube problems. As such,
it represents a nondestructive test and allows further
testing of the malfunctioning grid or cathode. Draw-
ings of the effects of various tube impedances are given
inFig. 16 (A to E). Table III gives information on each
part of Fig. 16,

data of columns (A), (C), and (D) of Table IIl. However,
had grid deposits been present there is a possibility
that the gridimpedance effect could have been added to
these decays. There is no way to screen this effect
out in the diode test. At first glance, columns (B) and
(E) appear to be similar. Both are diode tests; both
have time constants of less than 10 microseconds. The
experimenter can determine which impedance is in-
volved by reference to the fifth and sixth rows. The
change inheater voltage from five volts to six volts de-
creases the magnitude of Rp, whereas this change in
heater voltage only serves to increase Rg (resistance
of grid deposits) or leave it unchanged. Rj and Ry
also show a temperature dependence similar to that of
Rp.

Table 1I
Fig. 16 Reference

Data (a) (B) (C) (D) (E)
Tube Type 12AU7 BAGT B6AGT 12ATTWA 6AF4A
Cathode Alloy N109 N81 N34 N109 N18
Test Type Triode Diode Triode Triode Diode
Impedance None Bulk Interface Poor adherence Grid
Resistance —ohms (6.0 V =Ey) 0 55 180 240 380
Resistance —ohms (5.0 V =Ef) 0 80 230 300 350
Time Constant—microseconds -—— >10 1 0.1 >10

86



The Interface and Other Oxide-Cathode Impedances

SCREEN-
PLATE GRID
120 gOLTS SUPPLY SUPPLY
0.0l
-
100 5
AL
M .
150 zoi l00|
4-25 1;__ 400
SPLITTER : OUTPUT | AMPLIFIER
Go
BALANCE
SQUARE- 0.0l NETWORK
WAVE —}
GENERATOR
0. 4-25
. TEST
I H 0.l
WIDE-BAND
COMPLE|MENTARY OSCILLOSCOPE
NET|WORK
1.0 §
MEGOHM
0.39 /%/
MEG- °
OHM CONTROL-
GRID
SUPPLY
SYNCHRONIZING PULSE SYNCPHURL%%'Z'NG DOUBLE FREQUENCY PULSE
GENERATOR

UNLESS OTHERWISE INDICATED:
ALL RESISTANCE VALUES ARE IN OHMS
ALL CAPACITANCE VALUES ARE IN

MICROFARADS

Figure 13.

Test devices which perform the function of evaluating
a cathode impedance all operate so that the tube con-

dition is unchanged.

To that end, a few "musts' are

enumerated to guide in the selection of the best con-

ditions for life-test impedance testing.

For cathode

impedance testing only on the triode system:

Donottest with heater voltage greater than 90per
cent of normal

Use low-amplitude test signal

Maintain grid bias beyond cutoff; no grid current
is permissible

Donot allow direct-current cathode currentto ex-
ceedfive milliamperes per square centimeter of
cathode area
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Tungsten, Thoriated-Tungsten, and Thoria Emitters

W.E. Harbaugh

Lancaster

PURE-TUNGSTEN EMITTERS

Tungstenhas been usedfor many years as the source
of electrons in high-power tubes. Until relatively re-
cently, all tubes operating at plate voltages above 5000
volts used pure-tungsten emitters because of their re-
sistance to high-energy gas ions, which attack oxide-
coated and thoriated-tungsten cathodes.

Although tungsten has the relatively high work func-
tion of 4.56 volts, its high melting point (3655 K} and
great mechanical strength make it possible to operate
cathodes at temperatures high enough to achieve prac-
tical emission levels.

Preparation of Tungsten Filaments

Ductile tungsten was first produced by Coolidge in
1909. Because of its high melting point, powdered-
metallurgy techniques were employed and are still in
use today. Tungsten powders are compressedinto bars
under pressures of about 30 tons per square inch at
room temperature, and the bars are then presintered
in a furnace at about 1250 C. These bars, which are
porous and weak but sufficiently strong to be handled,
are then sintered by passage of several thousand am-
peres through them to heat the tungsten almost to its
melting point. During this process the metal powder
sinters andthe volume shrinks about 17 per cent. The
tungsten bar is then very strong, but quite brittle. In
the nextstep, itis hot-swaged downto a small rod size
by rotating hammers. Swaging produces an elongated
crystal structure which makes the metal ductile.

The tungsten is then ready for drawing or rolling to
produce the wire sizes used in filamentary cathodes,
The tensile strength of wire produced in this manner
may reach 500,000 pounds per square inch; such wire
is reasonably ductile. Required ""bends’ can be made
cold, but severe working is best accomplished at tem-
peratures between 800 and 1000 C. The long fibrous
structure of pure (undoped) tungsten remains until the
wire is heated above 1200 C. At this temperature the
metal begins to recrystallize intoafine-grain structure
and suffers aloss of ductility. Atthe hightemperatures
(2400 K) required for electron emission, the grains
continue to grow and eventually form large crystals
which cause the filaments to become extremely fragile.
In some instances the crystals may extend completely
across the diameter of a filament, and the resulting
offsetting may cause the filament to break mechanically
long before failure due to normal evaporation occurs.
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Effortstoproduce single-crystal wire and''doped'’ wire
toprevent grain growth and offsetting have been moder-
ately successful. Thoria wasused asan early addition
to pure tungstento inhibit grain growth; the fact that it
also greatly enhancedthe electron-emission properties
of tungsten proved to be an unexpected extra dividend.

The grain size of tungsten is of considerable impor-
tance when the wire is severely worked. When round
wire is rolled into strands having odd-shaped cross-
sectional configurations, wire having 1000 grains per
square millimeter, since it works more easily than
coarser-grained material, is far better for achieving
uniform dimensions. However, fine-graintungsten has
low creep strength sothat, for maximum life, tungsten
having large grain structure (less than 500 grains per
square millimeter) is desirable. Grains should have a
length-to-width ratio of at least 5 to 1 to achieve high
strength. Because the grain size is controlled by the
tungsten supplier, close cooperation betweenthe maker
andthe user of tungsten is very desirable for achieving
a proper balance between workability and strength.

Properties of Tungsten Emitters

Electrons are emitted from tungsten when sufficient
thermal energy is inducedto cause the electronto cross
the surface-boundary region. The properties of tung-
sten, its emission characteristics, and the emission
properites of various materials have been thoroughly
studied and are well covered in the literaturel-20.

Emission from pure metals such as tungsten follows
the Richardson-Dushman equation as closely as can be
determined experimentally. This relationship is:

Ig = ATZ ¢ “Po/T (1)

where Ig = Emission current — amperes
A = Constant for the emitting material — am-
peres/square centimeter/deg K
T = Absolute temperature — deg K
by = Constant corresponding tothe temperature
requiredfor all of the free electrons in the
material to be emitted — deg K

Table 1 shows the values of A, work function ¢, and
bo for several pure-metal emitters; thoriated tungsten
is included for comparison.



TABLE I

Emission Factors for Tungsten and Some Other Metals

Work Function
A ¢ bo
Emitter |amp/cm2/deg? Volts degrees K
W 60-100 4.54 52,400
Ta 60 4.1 47,200
Mo 60 4.15 51,300
Th on W 3.0 2.63 30,500

The thermionic properties of tungsten are wellknown;
Table Il shows some of these properties which are im-
portant to tube designers. 21 In this table, there are
certain important properties to be noted. First, it is
apparent that there is a large increase in resistance
with temperature. This increase must be accommo-
dated by heating the tungsten filament slowly to prevent
burnouts caused by sudden surges of current. (This
precaution also applies to thoriated tungsten, although
to a lesser degree.) Second, the power radiated is so
high at practical emission levels that this type of fila-
ment is basically inefficient. Atagiven emissionlevel,
pure tungsten requires about sixtimes as much heating
power as thoriated tungsten, and about 30timesas much
as oxide-coated cathodes.

Table ITalso shows thatthe emissionlevel is a steeply
rising function of temperature; however, the evapor-
ation-rate rise, showninthe last column,is even steep-
er. The evaporation rate becomes a critical factor as
the operating temperature increases.

Filament life is assumed to end when 10 per cent of
the metal has evaporated, because hot spots and burn-
outs usually occur atthis point. Tubes having filaments
of lessthan 0.010-inch diameter are generally operated
at approximately 2400 K. Tubes having filaments of
larger diameter can be successfully operated up to
2800 K because the percentage loss due to evaporation
becomes smaller with increasing bulk of the emitters.

Tungsten, Thoriated-Tungsten, and Thoria Emitters

Oxygenincreases the work function of tungsten to 9.2.
Other electronegative elements also reduce the emis-
sion capabilities of tungsten. For this reason, tung-
sten emitters mustbe cleanto achieve design-emission
levels. Atungsten filament is usually cleaned by heat-
ing it to somewhat above its operating temperature for
approximately 30 minutes to degas the material through-
out. Afinalflash at 3000K for approximately one min-
ute removes all the surface oxide and provides a clean
emitting surface. This treatment is usually given to
the filaments during exhaust and processing of the as-
sembled tubes.

Present Uses

Recent work?2: 23 has shown that the more efficient
thoriated-tungstenfilament canbe used at high voltages
and in high-power tubes; new tubes, therefore, are no
longer being designed with pure-tungsten emitters.
However, several tubes using pure-tungsten emitters,
such as the 207, 891, 892, 880, 9C21, and 9C22 are
still in production. Pure-tungsten emitters are also
used in tubes, such as continuously pumped Resnatrons
for particle accelerators, where the degree of vacuum
is too poor for thoriated-tungsten operation.

THORIATED-TUNGSTEN EMITTERS

La.ngmuir24 discovered that thoria (thorium oxide),
previously mixed with tungsten to reduce grain growth
in tungsten filaments, could greatly increase therm-
ionic emission under proper conditions. It was found
that metallic thorium, produced by reduction at high
temperatures, diffused to the surface of the tungsten
to produce a layer one-molecule thick. It was further
found that the electropositive dipole effect of this mono-
molecular layer reducedthe work function of the tung-
sten to 2.63, which is less than the value of 3.35 for
pure thorium.

Preparation

Thorium oxide is addedtothe tungsten powder in pro-
portions between 0.7and 2per cent. The finished thor-

Thermionic Properties of Tungsten at Various Temperatures

TABLE II

Total Radiation Electron Rate of
Temperature Resistivity Intensity Emission Vaporization
deg K microhms/cm watts/ cm2 amp/cm grams/cm4/sec
300 5.64 0.0015 - -
600 13.54 0.048 -- --
900 22.58 0.379 - --
1200 37.02 1.691 - -
1400 38.52 3.82 5.75 x 10-9 --
1600 45.22 7.77 8.05 x 10-9 3.7 x 10720
1800 52.08 14.22 3.92 x 10-9 6.22 x 10-17
2000 59.10 23.72 8.92 x 10- 2.32 x 10~
2200 66.25 37.18 1.14 x 10-2 2.90 x 10™
2400 73.55 55.8 1.02 x 10-1 1.58 x 10-10
2600 81.0 80.8 6.48 x 10~ 4.64 x 10-9
2800 88.5 112.9 3.21 8.28 x 10-8
3000 96.2 153.9 - 9.92 x 10-7
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iated filament must be flashed to a high temperature
(2800K)to reduce some of the thoria to thorium metal.
At this temperature thorium diffuses tothe surface and
rapidly evaporates sothat the emission at high temper-
ature is essentially that of pure tungsten. If the tem-
perature is then reduced to between 2000 and 2200 K,
the rate of diffusion is still quite high, but the rate of
evaporationis reducedto the point where a monomolec-
ular layer can form on the surface. This treatment is
known as activation and usually is accomplished in 15
to 30 minutes during tube processing. The filament
temperature may thenbe reducedtothe operating range
of 1900 to 2050 K, where generous electron emission
occurs andthe rate of thorium evaporation is substan-
tially equal to the rate of diffusion to the surface.

Thorium apparently diffuses to the surface along
grain boundaries and spreads over the surface by mi-
gration. The surface coverage depends on the orien-
tation of the tungsten crystals; certain faces show pre-
ferential adsorption. Itis alsobelievedthat finer-grain
material is beneficial because many more paths are
available for outward diffusion of thorium and, there-
fore, coverage can be accomplished more quickly.

Reasons for Carburization

It has long beenthe practice to form a layer of tung-
sten carbide on the surface of thoriated-tungsten fila-
ments. Tungsten carbide greatly reduces the rate of
evaporation of thorium from the surface 5 at 2200 K,
for instance, the rate of evaporation is reduced 83 per
cent. In addition, the fine grain structure produced by
the preferred type of carbide assists rapiddiffusion of
thorium to the surface. Higher-temperature operation
and greater thorium mobility make the carburized fil-
ament much more rugged in the presence of gas ions.

This rugged carbide layer, together with the better
vacuums and cleaner parts of modern tubes, and the
increased protection offered by "crowbar'’ circuits26,
have made it possible to use thoriated-tungsten fila-
ments in tubes having plate voltages as high as 40,000
volts.

According to Ayer, the life of a carburized filament
is essentially afunction of carbide thickness, as shown
in Fig. 1. More recent information indicates Ayer's
curves tobe conservative, althoughthey are still highly
useful in tube design.

The Carburization Process

The carbide layer is formed by heating the filament
in a carboniferous atmosphere so that carbon reacts
with the tungsten surface to form a shell of carbide
around the filament. Past practice has been simply to
carburize until a certain decrease in resistance of the
filament showed that a certain percentage of the fila-
ment cross section was carburized. A 20-per-centre-
duction in resistance was the average figure used.

It has beenfound most practical to carburize the fil-
aments before they are inserted into tubes by heating
them in a bell jar containing dry hydrogenand a hydro-
carbon such as benzene or toluene. When the hydro-
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carbon vapor strikes the hot filament it dissociates,
and at high temperature the carbonreacts withthe tung-
stento form tungsten carbide. A typical apparatus for
performing this operation is shown in Fig. 2.

Many carbides are possible insuch a setup and, there-
fore, careful control of all parameters must be main-
tained to achieve the desired results. In 1947, Horst-
ing27 first showed that the carbon potential of the hy-
drogen atmosphere was important, not only for main-
taining a uniform depth of carbide, but also for con-
trolling the type of carbide. The varioustypes of car-
bide possible for different carbonpotentials when other
conditions remainconstant are shownin Fig. 3. There
are many forms of tungsten carbide, all grouped around
two chemical compounds, WC at 6.12 per cent carbon
and W9C at 3.16 per cent carbon, as shown in Fig. 3.
The diagrams at the left of the figure illustrate a pie-
shaped, cross-sectional area of a round wire. The
figures at the right show the concentrations of carbon
intungstenin respective layers andtheir relative depth
of penetration.

It can be seen that the stoichiometric WC produces a
massive, unbrokencarbide; W9Cis alsoa massive car-
bide but breaks up on radial lines. As the carbon con-
centration diminishes, a laminar carbide is formed i
the region between 3.16 per cent C (W9C) and 2.45 per
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cent C. Thistype of carbide is caused by anarrow re-
gion of solubility of tungsten in W9C which precipitates
out on cooling to form a laminated structure. Further
reductions in carbon potential reduce the penetration
but still maintain the laminar structure.

Further work28 has indicated that the finely lamin-
ated structure, as shown in F of Fig. 3, is the desir-
able type for full, stable emissionin high-power tubes.
It is believed that the broken-up carbide structure al-
lows the thorium to diffuse tothe surface more readily
and it is therefore available at all times for electron
emission.

The typical cross section of a filament strand used
in an RCA Super-Power tube in Fig. 4 shows the pre-
ferred type of laminar carbide. An example of the un-
desirable, massive type of carbide is also shown.

In most coiled filaments, the carbide is produced in
a bell jar similar to that shownin Fig. 2. The filament
is carburized to a specified per-cent change in resis-
tance and is then mounted inthe tube. The tube is then
exhausted. During exhaust the filament is flashed and
activated by the procedures mentioned previously. It
hasbeenfound, instudies of this action, that a massive-
type carbide is formed during carburizationandis later
reducedtothe laminated phase by the flashing and activ-
ation processes. The carbon content of the carbide is
reduced both by evaporation of carbon and by further
penetration at these high temperatures. This method
produces satisfactory filaments, butrequires very close
control of all parameters.

Tungsten, Thoriated-Tungsten, and Thoria Emitters
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End-Loss Correction

In the design of straight-strand filaments for Super-
Power tubes it was found that any system involving high-
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Cross Sections of Cavburized Thoviated-
(A) preferved type of laminar
carbide (272X); (B) undesivable massive type of
carbide (272X)

Figurve 4.
Tungsten Filamenis:

temperature flashing of the filaments during exhaust
would not be feasible. This limitation isthe price paid
for afilament feature whichis very important in the de-
sign of high-power, high-frequency tubes.

All directly heated cathodes (filaments) must be so
mounted that heating current can be passedthrough them
while they are held in proper relationshipto other tube
elements. In any structure, the heat lost to the mount-
ing mechanism is considerable. To offset this loss, a
method known as "end-loss correction’ is used on all
Super-Power tubes. This correction consists simply
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of reducing the cross section of the filament near the
ends where it is mounted. This arrangement creates
sections of higher resistance in which more power is
dissipated (because the current through the strand is
constant). By proper design, this additional power can
be made just sufficient to offset the heat lost to the
mountings.

The difference between a corrected and an uncor-
rected filament is shown diagrammatically in Fig. 5.
For a given length, much more filament area is main-
tained at a useful emitting temperature, or, for a given
emitting surface, the tube can be made much shorter,
thus greatly enhancing higher-frequency operation.
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Figure 5. Temperatuve-Distvibution Curves: (A) fila-
ment without end-loss covvection; (B) filament with
end-loss correction
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End-loss correction, as described, is a useful tool
in the design of high-power tubes. However, it must
be pointed out that such a correction can be made for
only one temperature. It is normal to correct for the
operating temperature. At higher temperatures the
thinned cross sections overheat, as shown in Fig. 6.
Obviously, such a filament, properly corrected for
operating temperature, cannot be flashed at high tem-
peratures during exhaust, without melting the ends.

Preferred Carburization

Experiments have shown that a thoriated-tungsten
filament can be carburized directly to the laminated
phase in a hydrogen-hydrocarbon atmosphere, and that
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Figure 6. Effect of Various Center Tempevatures on
a Filament Having End-Loss Corvection for an
Operating Tempervature of 2000 K.

a filament so produced will have full, stable emission
at operating temperature without further high-temper-
ature activation. Inthis method, jets of pure hydrogen
are directed at the reduced-area end sections to keep
them from burning out or carburizing during the pro-
cess. The carburizing schedule used on this type of
filament is shown in Fig. T.
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Filaments

This carburizing process involves four steps: (1) the
filament isflashed at a high temperature inpure hydro-
gen to cause recrystallization and to reduce the thoria

Tungsten, Thoriated-Tungsten, and Thoria Emitters

tothorium metal; (2) aclosely controlled hydrogen-ben-
zene mixture is admitted while thefilament is still hot
(this step forms a thin rind of massive-type carbide);
(3) the flow of benzene isturned off sothat no additional
carbon is available, and the temperature is increased
so that the carbide already formed penetrates deeper
and produces the carbon-starved conditions that yield
the proper laminated carbide; (4) the filament is stretch-
ed approximately one per cent beyond the elastic limit
at 2000K. The stretching step, possible only on straight
wire, not only produces a straight filament, important
inelectron-optical devices, butalso appears to enhance
electron emission, possibly by pulling apart the grains
slightly and allowing more freedom for thorium migra-
tion.

Filaments produced by this schedule are presently
usedintubes whichhave been operated more than 20,000
hours without loss of emission. Checks of the carbide
have indicated that half of the carbide still remains for
future life.

Some Precautions for Carburization

A wordof caution must be given regarding the setting
up of carburizing schedules. The filament being car-
burized must be heated in a clean atmosphere, after
which the carbon can be added to enter into the reaction.
When the filament is heated in a hydrogen-hydrocarbon
atmosphere, the hydrocarbon dissociates long before
any reaction between the tungsten and carbon occurs.
A carbondeposit thenforms onthe surface which greatly
increases the thermal emissivity so that for a given
power input the temperature is quite low. In addition,
itacts as a shieldtoprevent additional carbonfrom re-
acting with the tungsten. For these reasons, the fila-
ment is flashed in pure hydrogenfirst and held at tem-
perature while the hydrocarbon is added.

The foregoing procedure is recommended; however,
particular attention must be paid to all operating con-
ditions because the process is very critical. The a-
mount of hydrocarbon vapor must be closely controlled,
all times andtemperatures inthe process must be held
accurately, and the hydrogen must be pure and extremely
dry to prevent any reaction withthe monolayer of thor -
ium or with the carbide.

Quality Control

The quality of filaments produced by the preceding
method is controlled in several ways. The decrease
in current (or increase in voltage) indicates the change
in resistance during carburization and is one of the
conditions kept constant. With many production tubes,
thyratrons are usedto shut off the heat when the prop-
er resistance is reached. However, resistance is
only one factor and can change with surface condition,
as pointed out by Horsting2 A second check can be
made by weighing the filaments before and after car-
burizing to determine whether they have reacted with
the correct amount of carbon. Two types of destruc-
tive tests are used, on a sampling basis, to assure the
correct carbide structure and thickness. The sample
filaments are sectioned and viewed through the metal-
lurgical microscope to study the carbide structure
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and measure the layer thickness. In addition, sections
of the filaments are placedin a spectrograph and their
surfaces explored for thorium. A properly activated
filament shows traces of thorium when the surface is
arced in a spectrograph.

Electron-emissiontests are also made in either fin-
ished tubes or in test bottles whichhave been properly
baked and processed, andtotal space currentis plotted
against voltage. Fig. 8 shows a plot of voltage and
current on atypical RCA Super-Power tube. In Fig. 8,
the point where the current begins to break away from
the 3/2-slope of the voltage indicates the maximum
space-charge-limited emission available.
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Figure8. Typical Emission Test of RCA Supev-Power
Tube; Break-Away Points Indicate Where Cathode
Becomes Temperature- Limited

In Fig. 9, a plot of emission versus temperature is
shown together with data onthe radiation and emission
efficiency. Mostlarge power tubes are designed to op-
erate at a filament temperature of 2000K which yields
about 3 amperes of emission per square centimeter of
emitting area.

Fig. 10 shows curves for use in converting bright-
ness temperature, as read on an optical pyrometer, to
true temperature. These curves, which are based on
the emissivity of pure tungsten and carburizedtungsten,
are takenfrom published literature29 and hold true for
most cases. The curve shown in Fig. 10B shows re-
cent measurements of the spectral emissivity of cath-
odesusedin certain Super-Powertubes. It canbe seen
that this curve differs slightly from that shown in Fig.
10A. More accurate results can be obtained by meas-
uring the spectral emissivity for each type of cathode
to account for surface differences.
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THORIA EMITTERS

Because thoriated tungsten had proved so attractive
as an emitter of electrons, a substantial program was
conducted from 1940 to 1950 to achieve electron emis-
sion directly from thorium oxide. Thoria has three
inherent advantages over thoriated tungsten. First,
more shapes of tube elements are possible because of
the ease of working the base metals to which thoria is
applied. Second, higher emission densities seem pos-
sible with thoria, although this increase may be due to
the increased surface area. Third, thoria cathodes are
easy to activate and are less susceptible to poisoning.
They appear to be extremely rugged and continue to
emit electrons after treatments which completely kill
thoriated tungsten or barium-strontium oxide.

Thorium-oxide powder (Th02) is usually coated on a
refractory base metal such as tungsten (W), tantalum
(Ta), or molybdenum (Mo) by painting, spraying, or
cataphoresis. The base metal reduces some of the
thorium oxide to thorium, which then diffuses to the
surface. Emission occursfrom a monolayer in a man-
ner similar to that of thoriated tungsten.

Forgue30 experimented with many combinations of
metal powders sinteredto a base metal and coated with
thoria (THOg on W on Ta, ThOg2 on Mo onTa, ThOgon
W on Mo, etc.). A tantalum base metal was preferred
because it could be shaped easily; the recommended
cathode at that time was ThOg on Mo on Ta. Fig. 11
compares Forgue's emission datafor two experimental
thoria combinations with that for pure tungsten, pure
tantalum, and thoriated tungsten.
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Thoria cathodes have not proved to be the panacea
once expected. The principal difficulty has been in
keeping the thorium oxide onthe base metal. The oxide
is not only difficult to keep on mechanically, but is also
easily ripped loose under severe ion bombardment.

The solutiontothese mechanical problems may be in
the area of "cermet'” or "'dispenser" type cathodes.
Tubes have been made with directly heatedthoria cath-
odes pressed into cylindrical form and made conductive
by addition of tungsten or molybdenum powder to the
thoria before pressing 31,

Thoriated tungstenis still the more reliable emitter
although, with further effort, thorium oxide may well
displace it inthe future. At present, only one commer-
cial RCA tube employs the thoria cathode: the 8D21 vhf
television tetrode. Life and reliability now appear to
be excellent onthis tube type, although early production
was beset by many cathode difficulties. Thoria cathodes
have many attractive attributes. It is possible that ma-
trix technique, where the emissive material is held
within a porous metal layer, may well improve the
mechanical structure to the point where thoria will be-
come a reliable cathode material.
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SUMMARY

Pure-tungsten cathodes are no longerbeing designed

into high power electron tubes.

The penalty paid for

high cathode heating power is no longer justified since
thoriated-tungsten emitters have been improved to the
point where reliable operation in eventhe highest power
tubes is now possible, Thoriated tungsten must be prop-
erly made and the processing carefully controlled to
achieve the proper grain structure and carbide layer for
full uniform electron emission under extreme voltage
conditions. Although thoriated tungsten is used almost

universally in all high-power electron tubes,

thoria~

coated cathodes have excellent possibilities and may,

in the future,
ferred high-power emitting material.

displace thoriated tungsten as the pre-
Many problems

are yet to be solved to advance the state of the art of
this material; however, there is no fundamental reason
why it should not be the cathode material of the future.
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Photoelectric and Secondary-Electron Emission

A. H. Sommer

Princeton

In the past, progress in thefield of photoelectric and
secondary-electron emission was made mainly on an
empirical basis. In recent years, however, general
understanding of the solid state has advanced sufficiently
to provide some qualitative ideas concerningthe mecha-
nisms of photoelectric and secondary-electron emis-
sion, Such understanding is more advancedin the field
of photoemission than in that of secondary-electron
emission. Therefore, photoelectric emission will be
treated in considerable detail, whereas the discussion
of secondary-electron emission will be confined essen-
tially to experimental results.

PHOTOELECTRIC EMISSION
GENERAL CONSIDERATIONS

The basic law of photoelectric emission is the Einstein
equation

eV=hv (1)

according to which a light quantum or photon h v is
converted into energy eV. The energy, expressed in
electron-volts, which the electron obtains from the
photon is given by

v.hv _hc 1 )

Where h is Planck's constant, V, A, and ¢ are, re-
spectively, the frequency, wavelength, and velocity of
the light; and e is the electron charge. Substitution, in
Eq. (2), of the numerical values for h, ¢, and e gives

A
V¥ 12,000 )

where X is in angstroms. This equation means that
for visible radiation, covering approximatelythe range
from 4000 to 8000 angstroms, photoelectrons have an
energy of between 1.5 and 3 electron-volts; however,
this value is not the energy with which the electrons can
escape into the vacuum, because part of it is needed to
overcome the surface barrier., Thus, the maximum
energy with which the electron is emitted is reduced
by the value of the work function ¢ and, therefore, Eq.
(3) becomes

_12,
v=l Kooo -6 4)

Equation (4) shows that there exists a long wavelength
threshold ) for photoemission given by

12, 000
Ag = ¢ (5)

Electrons cannot be emitted if the wavelength of the
light exceeds 3. To respond to visible radiation,
therefore, the photoemissive material must have a ¢
lower than 3.0 and preferably as low as 1.5 electron-
volts. This statement is strictly applicable only for
metals; the case of semiconductors will be discussed
later.

A lowvalue of ¢ is an essential condition for photo-
emission*, but for a more detailed understanding of
emissive materials, it is useful to consider photoemis-
sion as athree-step process. Thefirst step is the ab-
sorption of light and its conversion into electronic
energy. The second is the motion of the electron
through the solid to the surface, and the third is the
escape of the electron through the surface barrier.
With these three steps in mind, it will be shown that
the efficiency of photoemissiondiffers considerably for
the two basic types of material, namely, metals which
contain a large number of free electrons and semicon-
ductors or insulators which, for practical purposes, do
not contain free electrons.

METALLIC PHOTOEMITTERS

In the case of metals, a large amount of incident light
is reflected and, therefore, lost for photoemission. If
the free electrons in a metal were really completely
free, the law of conservation of momentum would pre-
vent the absorption of photons altogether. (In reality,
there is no completely free electron in a solid because
some residual binding forces are exerted bythe excess
positive charge and, therefore, some light is absorbed
by the metal.) Thus, it is apparent that the first step
in the process of photoemission, i.e., the absorption
of light, is of low efficiency in metals.

The second step is the motion of the electron through

*This statement applies, of course, only to visible radiation.
The importance of ¢ decreases with increasing photon energy,
i.e., for radiation in the far-ultraviolet and X-ray range.
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the solid. Because of the large number of free electrons
in a metal, electrons produced at a distance from the
vacuum interface are likely to suffer many collisions
with other free electrons (electron scattering). The
energy loss associated with the scattering process re-
duces the probability of their reachingthe surface with
sufficient energy to overcome the surface barrier.
Therefore, in practice, only light absorbed very close
to the surface is likely to be effectivefor photoelectric
emission.

Finally, in the third step, the electron has to escape
through the surface barrier, i. e., the metal must have
a sufficiently low work function. According to Eq. (5),
the work function ¢ of metals can bedetermined from
the threshold wavelength of photoelectric emission. It
may be mentioned inpassing that the photoelectric and
thermionic work functions of metals are identical so
that ¢ can also be determined by measurement of the
change of thermionic emission withtemperature (Rich-
ardson Plot). The only metallic elements having a low
work function arethe alkali metals and, to alesser de-
gree, the alkaline earth metals (see Table I).

Table I
Work Work
Function* Function*
Metal (p)—elec- Metal (¢)—elec-
tron-volts tron-volts
Beryllium (Be) 3.9 Lithium (Li) 2.5
Magnesium(Mg) 3.7 Sodium (Na) 2.3
Calcium (Ca) 2.7 Potassium (K) 2.2
Strontium (Sr) 2.7 Rubidium (Rb) 2.1
Barium (Ba) 2.5 Cesium (Cs) 1.9

*Experimental difficulties make all ¢ values doubtful within
wide limits.

The work functions of the alkali metals decrease inthe
series lithium-sodium-potassium—-rubidium—cesium,
hence cesium has a lower work functionthan any other
chemical element. Without going into detail, it may be
mentioned that there is a qualitative correspondence
between work function and ionizationenergy. The alkali
metals have low iocnization energy and work functionbe-
cause the single electron in the outermost orbit of the
atom is relatively loosely bound.

Cesium, although it is the most sensitive of the ele-
mentary photoemitters in the visible light range, has a
quantum efficiency of only approximately 0.01 per cent,
i.e., 10,000 photons are needed to produce one photo~
electron. The reasons for this low quantum efficiency
have been discussed above; they are, predominantly,
large light reflection, low light absorption, and loss of
electrons by electron scattering within the material.
With the development of the composite materials, to be
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described later, metallic emitters have lost practical
importance for the detection of visible radiation. They
are still occasionallyused in the ultraviolet region be-
cause metals having high work functions may be advan-
tageous for applications where sensitivity to visible
radiation is not wanted.

SEMICONDUCTING PHOTOEMITTERS

In semiconductors and insulators, as shown in the
conventional energy-band model of Fig. 1, the edge of
thefilled (valence) band is separated by a forbidden band
Eg from the edge of the conductionband. Insulators and
semiconductors differ merely in that the forbiddenband
is larger for insulators.

ELECTRON VACUUM

T LEVEL (V
AFFINITY (Eq) : / v)

FORBIDDEN BAND (Eq)

CONDUCTION BAND (C)

VALENCE BAND (F)

Figure 1. Conventional Enevgy-Band Model of a

Semiconductor

In order that a semiconductor can absorb light, the
energy of the photon has to belarge enough to raise an
electronfrom the valence band into the conduction band.
Therefore, the long wavelength threshold of light ab-
sorption will correspondto the energy Eg. An electron
raised to the conduction band may produce photoconduc-
tivity, but, in order to escape as a photoelectron into
the vacuum, it has to have additional energy to reach
the vacuum level V. The energy difference between
conduction band and vacuum level is called electron
affinity E;. Thus, to produce photoemission from a
semiconductor, a photon must have the minimum total
energy (Eg+Ea). The practical importance of semi-
conductors for photoemission lies in the fact that ma-
terials have been found having (Eg+Ea) values smaller
than the ¢ of any metal. Theforegoing analysis applies
to semiconductors of the intrinsic type. In "impurity”
semiconductors, which will not be consideredin detail,
photons of lower energy could release some electrons
from donor levels within the forbidden band, but the
efficiency of this effect would be very low because of
the small concentration, and hence small light absorp-
tion, of impurities in the effective region near the sur-
face.

The measurement of Eg and (Eg+E,) is, in principle,
not difficult. E, canbe determinedfromthe long wave-
length thresholg of the light absorption or fromthe long
wavelength threshold of photoconductivity and, in some
cases, from the change of resistance with temperature;
(Eg+E,) is derived from thethreshold of photoemission.
Thus, the thresholdfor photoemission should always be
at shorter wavelengths than that for photoconductivity
and light absorption. Actual measurements of these
values will be referred to later.

Conditions for the motion of an electron through the
solid are also more favorablefor semiconductors than
for metals. There are practically no free electrons in
the semiconductor and, therefore, the mean free path



of an electronreleased by light is much greater than in
a metal. Although the electron loses energy by colli-
sions withthelattice in a semiconductor, lattice scatter-
ing is a much less efficient process than electron
scattering. As aresult, electrons can bereleasedfrom
a depth of more than 200 angstroms below the vacuum
interface.

Finally, the escape of the electronthroughthe surface
barrier of the semiconductor is determined by the elec-
tron affinity. It is worth mentioning that, although the
work function ¢ of metals is fairly accurately known,
the values for Ey can only be determinedas the differ-
ence of (Eg+Ea)-E . As has been explained, these
energy values are derived from threshold measure-
ments which are inherently not precise because they
depend on the sensitivity of the measuring equipment.
Thus, electron affinity values are even less accurate
than the ¢ values of metals.

As a result of the more completelight absorption and
the greater depth from which electrons can bereleased,
semiconducting photoemitters have proved much more
efficient than metallic emitters. Inthe following, semi-
conductor photocathodes, particularly those which have
found practical use, are described in greater detail.

PRACTICAL PHOTOCATHODES

Photocathodes can be formed as opaque layers with
the light incident on the vacuum interface or as semi-
transparent layers with the light usually incident on the
interface between cathode and (transparent) supporting
material. Opaque cathodes can be formed in arbitrary
thickness, either directly on the glass wall of an evac-
uated tube or on a conducting base material such as a
solid metal electrode or a conducting coating on glass
or mica. For semitransparent cathodes, the thickness
is critical because the layer must be thick enough to
absorb most of the incident light, but thin enough for
photoelectrons originating near the cathode-glass inter-
face to have ahighprobability of escape. The optimum
thickness is usually in the range of 100 atomic layers.

Despite the more critical activation process, semi-
transparent cathodes arepreferred for devices such as
multiplier phototubes and television camera tubes be-
cause they simplify light optics and electron optics.
Contrary to expectation, it has beenfound thatlight in-
cident onthe glass interface of a semitransparent cath-
ode may release more photoelectrons thanlight incident
on the vacuum interface. This effect has been attrib-
uted to the complex mechanism of light absorption when
the wavelength of thelight is greater than the film thick-
ness.

Photoemitters having a useful quantum efficiency
have several features incommon: First, as has already
been mentioned, they are semiconductors. Second,
they all contain alkali metals. Third, in all compounds
containing a single alkali metal the threshold wavelength
increases in the series lithium — sodium —spotassium
rubidium —» cesium so that the cesium compound is
always the most sensitive to visible radiation. The
following summary of the forming process, photoelec-
tric characteristics, and other properties of photo-
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cathodes is confined, therefore, in most cases to the
cesium compound and tosemitransparent cathodes be-
cause the activation process and the properties are
basically similar for compounds with other alkali metals
and for opaque cathodes. The description of individual
photocathodes will proceed fromthe simpler to the more
complex materials rather than in historical sequence.
For more details on the formation of photocathodes,
the reader is referred to Refs. 1, 2 and 3.

The Antimony-Cesium (Sb-Cs) Cathode

Since 19364 many photoemissive materials have been
found which have the common characteristic that they
are semiconducting intermetallic compounds of alkali
metals with metals of the fourth, fifth, or sixth group
of the Periodic System. The Sb-Cs cathode is outstand-
ing among these materials because it has high photo-
sensitivity, is simpletoproduce, and has been the sub-
ject of numerous experimental studies aimed at a better
understanding of the photoelectric mechanism.

Formation. The formation of an Sb-Cs cathode (as
well as that of all subsequent cathodes) requires a vac-
uum in the range of 10-6 millimeters of mercury or
less. The first step in the process is the evaporation
of an Sb layer onthe supporting material. The thickness
of the layeris monitored by measurement of the trans-
mission of whitelight through thelayer, The evapora-
tion is stopped when the transmission has decreased
about 20 per cent. The tube is then heated to between
120 and 150 C and the layer is exposed to Cs vapor.
Because alkali metals oxidize at onceupon exposure to
air, the Cs required for the activation is usually pro-
duced within the evacuated tube itself or in an attached
side tube. A convenienttechnique is theuse of a nickel
pellet filled with an intimate mixture of a Cs salt and a
reducing agent (for instance, one part of cesium chro-
mate powder with four parts of pure silicon or zir-
conium?® powder). Cesium is evolvedfromthis mixture
when it is heated to temperatures greater than 700 C.

When the tube and the Sb layer are¢ at a temperature
of 120 to 150 C, the Cs readily reacts with Sb to form
the photosensitive compound. This reaction is accom-
panied by three characteristic phenomena. First, the
Sb layer loses its metallic appearance and assumes a
red color in transmitted light. Second, the resistance
of the layer rises rapidly by many orders of magnitude
above that of the original Sb layer, indicating the for-
mation of a semiconductor. Third, whitelight produces
photoelectric emission which rises to a peak and then
drops rapidly with continued addition of Cs. During the
activation process, the photoemission is usually mon-
itored. When the photoemission passes over the peak,
the introduction of Cs is stopped andthe baking process
is then continued until the photocurrent reaches a con-
stant peak value. After the tube is cooled, the sensi-
tivity, particularly for red light, can be further im-
proved by careful exposure of the cathode to oxygen
until the photoemission again reaches a peak. Oxygen
is conveniently introduced by heating, in a side-tube,
a salt such as potassium permanganate (KMnO,) or po-
tassium chlorate (KC103) to the temperature at which
it releases oxygen. As an alternative, the oxygen may
be introduced by a thin layer of manganese oxide on
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which the original Sb layer is deposited.

Properties. Typical response curves of Sh-Cs cath-
odes before and after surface oxidation are shown in
Fig. 2. The most important features of the oxidized cath-
ode are the high quantum efficiency of up to 20 per cent
at wavelengths below approximately 4200 angstroms
and a practical threshold wavelength of approximately
7000 angstroms. For practical purposes the sensitivity
of a phototube is usually given in microamperes per
lumen. The lumen used for this measure of sensitivity
is based on the color distribution of a tungsten lamp at
2870 K. Phototubes having Sb-Cs cathodes usually have
a sensitivity of 40 to 80 microamperes per lumen, and
occasionally as high as 100 microamperes per lumen.

In the detection of very low light levels, the ther-
mionic emission of a cathode is anundesirable feature
becuase it may limit the signal-to-noise ratio. The
thermionic emission of the Sb-Cs cathode is usually
below 10-4 amperes per square centimeter at room
temperature.

The reproducible performance of the Sb-Cs photo-
cathode indicatedthat the material should have a well-
defined chemical composition. Quantitative studies®
suggestedthe stoichiometric formula Cs3Sb. However,
with present analytical methods, it is not possible to
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detect minute excess amounts of Sb or Cs within the
cathode material or adsorbed to the surface or both.
It may well be that just such a small excess of one of
the components is of significance in the photoelectric
mechanism.

Values of the band-gap energy Eg (see Fig. 1) have
been reported7 as determined from measurements of
light absorption, photoconductivity, and curves of log ¢
vs 1/T where ¢ is the conductivity and T is the absolute
temperature. The electron affinity E, had been com-
puted from photoemission thresholds; attempts have
also been made to measure the thermionic work func-
tion. Finally, measurements of the thermoelectric
and Hall® effect have been made to establish the sign
of the current carriers in Cs3Sb; at present, the evi-
dence is in favor of p-type conductionV.

Miscellaneous Cathodes of the Sb-Cs Type

There are other photoemitters which are semicon-
ducting stoichiometric compounds of an alkali metal
with another metal, but differ from Cs3Sb by having
lower gensitivity in the visible spectrum. The Sb may
be replaced by metals of the fourth group such as ger-
manium, tin, or lead (Ge, Sn, Pb), the fifth group such
as arsenic or bismuth (As, Bi), and the sixth group
such as selenium or tellurium (Se, Te). Two of these
compounds deserve special mention: CsgBi 4 because,
among the cathodes not containing Sb, it comes closest
to Cs3Sb in sensitivity to visible radiation although its
quantum efficiency is down by a factor of about ten; and
Cs2Te because it has very high (I1uantum efficiency in
the ultraviolet (up to 30 per cent) 1 As mentioned in
the introduction, photocathodes may also be formed by
replacing Cs with other alkali metals. The response
curves of K3Sb and NagSb are shown in Fig. 3.

Multi-Alkali Cathodes

Although Cs is superior to other alkali metals in all
types of cathodes, it has been foundl? that the combin-
ation of two or more alkali metals with antimony may
in some cases produce higher sensitivity than Sb with
any one of these alkali metals. This "multi-alkali
effect' has been definitely established for two cathodes
of the general formulae Sb-K-Na and Sb-K-Na-Cs. The
formationprocess forthese cathodes is essentially sim-
ilar to that of the CsgSb cathode, but the introduction of
the alkali metals has tobe carefully controlled because
the ratio in the final layer is critical.

The spectral response curve for Sb-K-Na is shown
in Fig. 3; comparison with the curves for the corre-
sponding single-alkali cathodes K3Sb and Na3Sb shows
the magnitude of the multi-alkali effect. The sensitiv-
ity of the Sb-K-Na cathode is similar to that of super-
ficially oxidized Cs3Sb but it hasthe advantage of much
lower thermionic emission at room temperature: less
than 10-16 amperes per square centimeter,

The response curve of the Sb-K-Na-Cs cathode is
shown in Fig. 3 and covers the visible spectrum more
effectively than any other known photoemitter. The
sensitivity to tungsten light often exceeds 200 micro-
amperes per lumen. The thermionic emission at room

temperature, despite the longer threshold wavelength,
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is smaller than that of superficially oxidized CsgSb,
usually about 10-1 amperes per square centimeter.

There is no explanation for the "multi-alkali effect, "
but measurements of light absorption, photoconductiv-
ity, and chemical composition make it certain that the
Sb-K-Na-Cs cathode is basically an Sb-K-Na cathode
whose electron affinity is reduced by a surface layer
of Cs. A systematic study'® has shown that the im-
provement in red response of the Sb-K-Na-Cs cathode
overthat of the CsgSb cathode is caused by a lower value
of the band-gap energy, while the high quantum efficiency
of the Sb-K-Na cathode, compared with that of KgSb and
NagSb, is associated with a reduction of the electron
affinity.

Photoelectric and Secondary-Electron Emission

The Silver-Oxygen-Cesium (Ag-0-Cs) Cathode

Formation. The first step in the preparation of an
Ag-0-Cs cathode is the formation of asilver base. The
base canbeproduced in a number of ways, such as elec-
troplating, chemical deposition, or evaporation. The
last method is preferablebecause it produces the clean-
est and most uniform surface. It alsoisthe only method
by which asemitransparent cathode of controlled thick-
ness can be made. The silver base is oxidized by ex-
posure to a glow discharge in 0.1- to 1-millimeter
pressure of oxygen. The oxidation is accompanied by
a characteristic color change which allows accurate
control of the process. The colors go through golden-
yellow to blue and then green. The best results are
obtained whenthe oxidation is stopped at the blue color.
(This procedure applies to opaque cathodes; semitrans-
parent silver layers are completely oxidized and have
almost 100 per cent transparency. )

After the tube has been evacuated again, the silver
oxide is exposed to Cs vapor and at about 150 C a re-
actiontakes place. Assoon asthe photoemissionpasses
through amaximum, the introduction of Cs is stopped and
the tube is kept at the indicated temperature until the
photocurrent reaches a stable maximum value. It has
been found14 that higher sensitivity is obtained by the
additional evaporation of a small amount of silver,
followed by another baking until maximum photocurrent
is obtained.

Properties. A typical color response curve for an
Ag-0-Cs cathode is shown in Fig. 2. The maximum
quantum efficiency in the visible and infrared regions
is only 0.5 per cent at 8500 angstroms, but, because
the threshold wavelength is beyond 12,000 angstroms,
this cathode is valuable for infrared work; in fact, this
photoemitter is the only oneknown having ausable infra-
red response. The tungsten light sensitivity is 30 to
50 microamperesper lumen. The thermionic emission
at room temperature varies over a wide range (10'13
to 10-9 amperes per square centimeter) even amon
cathodes having similar photoelectric behavior; 10~
amperes per square centimeter can be considered an
average value,

Despite a great amount of experimental work, the
mechanism of the Ag-O-Cs cathode is little understood.
It is known only that the reaction of silver oxide with
Cs leads to cesium oxide mixed with Ag, but there is
no explanation for the low quantum efficiency nor for
the fact that the silver apparently cannot be replaced
by another metal.

The Bismuth-Silver-Oxygen-Cesium (Bi-Ag-0-Cs)
Cathode

The absence of red response in the CsoSb cathode and
the low efficiency of the Ag-O-Cs cathode in the visible
range led to unsuccessful attempts at combining these
two materials., However, it was found (see Ref. 3, p.
300) that if Sb in this combination is replaced by Bi,
a cathode can beproduced which approaches in its prop-
erties the desired compromise.

Formation. Thefirst step of the process consists of
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the evaporation of a thin Bi layer having a light trans-
mission of about 60 per cent. This is followed by the
evaporation of Ag until the transmission is reduced to
about 50 per cent. This bismuth-silver layer is then
oxidized by a discharge in oxygen or simply by exposure
to oxygen until the transmission has increased again to
about 55 per cent. Finally, the layer is activated with
Cs at approximately 150 C until maximum sensitivity
is obtained.

Properties. Atypical color response curve is shown
in Fig. 2;althoughthe peak quantum efficiencyis lower
than that of Cs3Sb, the drop toward longer wavelengths
is more gradual so that the whole visible range is cov-
ered. The total sensitivity is usually 30 to 60 micro-
amperes per lumen and sometimes is as high as 90
microamperes per lumen. The cathode is particularly
suited for applications where panchromatic response is
required. The thermionic emission at room tempera-
ture is approximately 10-13 amperes per square centi-
meter, which is about ten times that of Cs3Sh.

Little isknown about the mechanism of this very com-
plex photoemitter. It is particularly puzzling why Bi
in this combination is better than Sb, by contrast with
the superiority of the Cs3Sb cathode over the Cs3Bi
cathode, As in the case of the Ag-O-Cs cathode, there
is no explanation for the function of the Ag.

The most important characteristics of the described
photocathodes are summarized in Table II. It must be
emphasized that the values for the wavelength of peak
response (1 Peak) and threshold response (ig) and,
particularly, the values for thermionic emission vary
considerably from tube to tube.

Matching of Photocathode and Light Source

Of the above described cathodes, the Cs3Sb cathodeis
the easiest to produce and, therefore, it is used in all
general-purpose tubes where high sensitivity to white
light is required, However, in some applications other
cathodes may be preferable. As an indication of the
variety of requirements, a few specific examples follow:

1. In scintillation counters, the light source is a
phosphor which emits chiefly in the blue region of
the spectrum. Hence, the Cs3Sb cathode is most
suitable, although the lower thermionic emission of
the Sb-K-Na cathode may render the latter superior
for the detection of extremely low signals.

2. In television camera tubes, particularly those
for color television, panchromatic response is de-
sirable. Therefore, the Bi-Ag-0-Cs cathode is gen-
erally used. However, the more recently developed
K-Na-Cs-Sb cathode is gaining in importance be-
cause of its higher sensitivity, particularly to red

Table I

Characteristics of Photocathodes

Average
Phototube | Wavelength | Maximum | Wavelength Maximum Thermionic
Photocathode Response of Peak Quantum of Threshold Luminous Emission at
Material * Response | Efficiency Response T Sensitivity Room Temperature—
Number
A (peak) | at A (peak) Xg microamperes | amperes per square
angstroms | per cent angstroms per lumen centimeter
Sb-Cs(0) S-4 4000 25 7000 120 10-15
(opaque)
Sb-Cs —-- 4500 10 6500 25 <10-14
Sb-Cs(0) S-11 4500 20 7000 90 10-15
(semitransparent)
Ag-O-Cs s-1 8500 0.8 12000 50 1012
Bi-Ag-0-Cs S-10 4500 10 7500 90 10-13
Sb-K -— 3500 --- --- 5 ---
Sb-Na - 2700 --- --- < 0.1 -
Sb-K-Na - ~ 3700 > 25 6200 60 < 10-16
Sb-K-Na-Cs S-20 ~ 4500 > 30 8500 230 10-16

*Includes effect of envelope material.

TResponse at threshold wavelength is one per cent of response at peak wavelength.
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light. Panchromatic response is also advantageous
for many scientific applications such as spectros-
copy, astrophysics, and biology.

3. For the detection of infrared radiation, only the
Ag-0-Cs cathode is available. The image converter
tube may be cited as an important application of this
material.

SECONDARY-ELECTRON EMISSION
GENERAL CONSIDERATIONS19

Secondary emission and photoemission have many
basic features in common; the main difference between
the two types of energy conversion is that the energy
of bombarding photons at visible radiation frequencies
is less than three electron volts, whereas the energy
of bombarding primary electrons can be varied at will
and is for practical purposes usually two orders of
magnitude larger thanthat of visible-radiation photons.

With this quantitative difference in mind, secondary-
electron emission can also be considered as a three-
step process similar to that described previously for
photoemission. The firststep, the absorption of a pri-
mary high-energy electron and its conversion into one
or more low-energy secondary electrons, is still little
understood, both for metals and for semiconductors.
The second step, the motion of the secondary electron
through the solid, does not differ substantially from
the corresponding step in the case of photoemission.
Again, electronscattering reducesthedepth from which
electrons can reach the surface and, thus, conditions
are again more favorable for semiconductors than for
metals. The third step, the penetration of the surface
barrier, is again determined by the work function for
metals and by the electron affinity for semiconductors.
By comparison with photoemitters, there is adifference
in degree inasmuch asthe average energy of secondary
electrons is greater than that of photoelectrons so that
secondary electrons canbe releasedfrom metals having
a higher work function or from semiconductors having
a larger band gap.

PARAMETERS OF SECONDARY-ELECTRON EMIS-
SION

Whereas photoemitters are defined by the parameters
of spectral response and quantum efficiency, the three
important parameters of secondary-electron emitting
materials are: (1) gain factor 6 as a function of pri-
mary electron energy, (2) energydistribution of emitted
secondary electrons, and (3) gain factor & as afunction
of angle of incidence of primary electrons. Before
specific materials are described, afew general remarks
on these parameters may be useful.

Gain Factor § as a Function of Primary Energy

All secondary-electron emitters — metals and semi-
conductors alike — show the same general shapefor the
curve of the gain as a function of primary energy (see
Fig. 4). With increasingprimary energy, 6 rises and
reaches a peak inthe 500- to 1000-volt range, followed
by a very gradual decrease. This behavior is explained
as follows: On the one hand, with increasing primary
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Figure 4. Secondary Emission as a Function of
Primary-Electron Energy

energy an increasing number of secondaries is pro-
duced. On the other hand, more energetic primary
electrons will, on the average, penetrate to a greater
depth so that at excessive primary energy too many
secondary electrons will be released at a depth from
which they cannot reach the surface. Thus the peak
value of & represents the point at which the increase
in the production of secondary electrons is compensated
by the decrease of the number reaching the surface.
This point will be reached at lower & values for metals
than for semiconductors as a result of electronscatter-
ing.

Energy Distribution of Secondary Electrons

Whereas the energy distribution of photoelectrons is
limited to the verynarrow range from zero to (hv-¢)
(i. e., toconsiderablyless than threeelectron volts for
visible radiation), the energy spectrum of secondary
electrons extends from zeroup to the energy of the pri-
maries. This effect is not only of academic interest
but also of practical importance because the large
spread of initial velocities affects the electron optical
properties of tubes employing secondary-electron
emission.

A typical distribution of secondary-electron energies
is shown in Fig. 5. This curve can be qualitatively in-
terpreted as follows: The peak at the energy value of
the primary electrons represents elastically reflected
primary electrons. The small number of secondary
electrons emitted in the intermediate range are inelas-
tically reflected primary electrons. Finally, the peak
at low energies is produced by the "true' secondary
electrons. This peak is in the rangefrom 1 to 4 elec-
tron-volts, which is considerably larger than that for
photoelectrons.

Gain Factor 6 as a Function of Angle of Incidence

It has been found that for primary electrons having
energies exceeding about 100 electron-volts, 0 in-
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creases asthe angle of incidence deviates fromthe nor-
mal. This effect is readily explained by the fact that
primary electrons penetrating into the material to a
certain depth will release the secondary electrons
closer to the surface if the incidence is glancing rather
than if it is normal. The effect is not noticeable for
primary electrons below 100 electron-volts because
slow primary electrons are absorbed so close to the
surface that a change of angle would have a negligible
effect., For practical purposes, the angle of incidence
is not very important because in most applications pri-
mary electrons having energies of less than 200 to 300
electron volts are used.

PRACTICAL SECONDARY EMITTERS

As has been pointed out, semiconductors are more
efficient secondary emitters than metals and, there-
fore, are generally used for such applications as dy-
nodes in multiplier phototubes. However, it must be
mentioned that there is also a practical need for sur-
faces of exceptionally low 6, for instance, for grids
and other electrodes in many types of tubes. For such
applications, graphite is often used because it has a
peak gain close to unity.

This article is mainly concerned with secondary
emitters having high values of 6. From the earlier
discussion, it is understandablethat all efficient photo-
emitting materials are also efficient as secondary
emitters. In addition, some materials whose large
band-gap energy Eg prevents photosensitivity to visible
radiation have found use as secondary emitters.

Secondary-Emitting Photocathodes

Both the Ag-0-Cs and the Cs3gSb photocathodes have
high 6 as secondary emitters, with peaks of 10 and
more. They have found extensive use as dynodes in
multiplier phototubes because it is advantageous in
manufacture if photocathode and dynodes can be acti-
vated by the sameprocess. However, Ag-O-Cs dynodes
have graduallyfallen intodisusebecausethe thermionic
emission of Ag-O-Cs surfaces causes additional dark
current.

The other photocathodes described above also have a
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high & but, because of the complex activationprocess
of these materials, they have not foundpractical appli-
cation.

Silver-Magnesium-Oxygen (Ag-Mg-0)

Among the materials which are not photosensitive to
visible radiation, the highest gain factor is obtained
with partially oxidized silver-magnesium alloys. 1
For metallurgical reasons, these alloys can be made
only with a maximum Mg content of about two per cent.
It is believed that an essential condition for secondary
emission is a surface layer of MgO. It is likely that
the Ag is needed only to provide sufficient conductivity
and that it does not play a specific part in the emission
process, in constrast to the role of Ag in the Ag-O-Cs
photocathode.

The oxidation process of the Ag-Mg alloy is very
critical in its effect on 6. At present it is believed
that heating in oxygen leads to diffusion of oxygen into
deeper layers and, thus, prevents a sufficient concen-
tration of MgO at the surface. Better results are ob-
tained by oxidation with larger molecules which do not
readily diffuse so that Mg, in turn, has to diffuse to
the surface to be oxidized. For this reason, a bakin
process in water vapor1 at low pressure or in C021
is generally used.

Ag-Mg-Odynodes have somewhat lower & than Cs3Sb
dynodes, but they have-the advantage of easier manu-
facture, particularly for multi-electrode tubes where
the formation of an Sb layer by evaporation is incon-
venient and difficult. In multiplier phototubes it is gen-
erally found that the Cs vapor introduced for the cathode
activation increases the 6 of Ag-Mg-0O dynodes. This
effect is most likely due to a lowering of the electron
affinity by an adsorbed Cs surface layer.

Copper-Beryllium-Oxygen (Cu-Be-0)

A combinationbasically similar to Ag-Mg-0, namely,
a partially oxidized allgy of Cu and Be, has also found
use as dynode material Again, the maximum amount
of Be that can be alloyed with Cu is only about two per
cent, andagainthe oxidationprocess is criticalzo, prob-
ably because a surface layer of BeO is essential. The
peak of 6 for Cu-Be-O is reached at a higher volt-
age than for Ag-Mg-0Osothat, for a given voltage below
the peak, the efficiency is lower. In the important
range of primary electron energies below 300 electron
volts, Cu-Be-O has 6 values similar to those of Ag-
Mg-0. Cu-Be-Oappearstohavethe advantage over Ag-
Mg-O that it is less liableto deterioration on exposure
to air, In addition there are indications that Cu-Be-0O
dynodes are more stableunder electron bombardment.
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Photoconductors for Camera Tubes

C. W. Rector

Lancaster

A photoconductor can be defined empirically as a
material whose electrical conductivity is increased by
the action of light. The behavior of photoconductors
can be predicted to a limited extent on the basis of
solid-state physics. As yet, however, even the most
advancedtheories are inadequate for a detailed analysis
of practical materials. Fortunately, a relatively sim-
ple theoretical model of a photoconductor is available
whichhas considerable heuristic value and canserve the
novice well as a means of explaining and predicting cer-
tain important properties of photoconductors. The
theory of the model will be developed in this chapter in
sufficient detail to permit its fruitful applicationto sev-
eral specific photoconductors. These photoconductors
will serve as examples to guide the reader inhis own use
of the theory.

Photoconductors are used in several solid-state de-
vices; light-sensitive photocells and light amplifier
panels are perhaps the two most prominent. The main
use of photoconductors in electron tubes, however, is
in television camera tubes. Currently, the most im-
portant commercial application is asthe light-sensitive
element inthe vidicon. Thus this chapter, for the most
part, will consider the use of photoconductors in this
camera tube.

The preparation of photosurfaces for the vidicon in-
volves a host of variables which must be carefully con-
trolled in the production of a satisfactory tube. Some
of the pitfalls to avoid in the preparation and use of
these photosurfaces will be considered. In addition,
methods for varying some of the electronic character-
istics to a limited extent in order to achieve photosur-
faces having special properties will be described.

BASIC THEORY

That the orbital electrons of a single isolated atom
have a series of distinct energy states available to them
is well known. However, if several of these atoms are
brought near each other, the individual energy levels
will be perturbed. I the atoms are considered as a
group, then each level will split into as many distinct
levels as there are atoms in the group. The effect is
similar to that obtained by linking a line of otherwise
independent pendulums by a chain of weak springs.

This splitting for the hypothetical case of six hydrogen
atoms ina line is illustrated in Fig. 1. Electronenergy
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is plotted against the lattice constant d, i.e., against
the interatomic spacing. At a very large distance from
each other, each atom will be relatively unaffected by
the presence of the othersand the levels will be effec-
tively coincident. However, when the lattice constant,
that is to say d, is made smaller, there begins to be a
certain amount of coupling between the atoms which
causes a slight splitting of the levels. Note that the
higher energy levels (those corresponding to the '"outer"
or least tightly bound electrons) are affected first.
The "inner' or more tightly bound electrons are some-
what shielded by the others and, therefore, the cor-
responding levels do not split untilthe atomsare close
enough to each other to be quite strongly coupled.
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Figure 1. Dependence of Energy Levels on Lattice

Constants for Six Hydrogen Atoms

In the case illustrated in Fig. 1, each energy state
is split into six distinct states, one for each atom in
the group. Were there N atoms in the group, each
state would be split into N states. The actual width of
the resulting band is not dependent on the number of
atoms in the group, but rather on the nature of the
atomic energy level from which the band arose, and
the degree of coupling: the smaller the lattice constant
d the greater the coupling and the wider the resulting
band. If a tangible amount of material containing, say,
1020 atoms bonded together in a lattice is corbsidered,
the individual energy levels are split into 102 distinct
levels, forming anenergy band the actual width of which,
in terms of energy is not very great, so that there
exists an extremely high density of energy levels — so
dense, in fact, that there is no practical means of dis-
tinguishing between the actual energy band composed
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of 1020 gistinct levels and a continuous band, that is to
say, a continuum of energy states extending from the
bottom of the energy band to its top.

The effect can be pictured more conveniently if a
cross section is taken through this graph at the lattice
coustant a5 and this line smeared out along one of the
lattice axes, producing agraph of electron energy ver-
sus distance through the lattice. Such a graph is shown
in Fig. 2, where the bands are labeled the 1ls and 2s
allowed bands to correspond with the terminology of
Fig. 1. They are termed "allowed'" bands because
electrons may occupy any energy state in them. Just
as the orbital electrons of a single atom can have only
those energies corresponding tothe various atomic en-
ergy levels, 1s, 2s, etc., so, in a crystal lattice, the
electrons can occupyonly those states within the bands
derivedfrom states 1s, 2s, etc. Energies between the
allowed bands are denied to the electrons and, as a
consequence, this regionistermed the "forbidden band

gap' 144

2s ALLOWED BAND

FORBIDDEN BAND GAP

Is ALLOWED BAND

ELECTRON ENERGY—>»

DISTANCE THROUGH CRYSTAL LATTICE —»

Figuve 2. Simplified Band Structuve

The inner, more tightly bound (lower energy) elec-
trons play very little part in chemical binding. They
are effectively shielded by the outer electrons which
are the ones that contribute mostto the binding energy
in a crystal. These outer electrons are termed the
"valence" electrons for they determine the chemical
valence of anatom. To fulfill the requirements of min-
imum energy, and to obey the Pauli exclusion principle
which limits to two the number of electrons in any one
energy state, the electrons in a solid will occupy the
lowest levels inthe lowest allowedbands so far as their
numbers permit, andwillfill them from the bottom up-
ward. At a temperature of absolute zero, when the
crystal has its lowest energy, the demarcation level
between filled and unfilled states will be sharp. The
highest energy electrons, those in the uppermost al-
lowed band which contains electrons at absolute zero,
are the valence electrons, and the band in which they
lie istermed the "valence' band. The nexthigher band,
the first one which is devoid of electrons at absolute
zero, is termed the "conduction" band for reasons to
be given later. In the case illustrated in Fig. 2, the
two bands do not overlap and there exists a forbidden
band gap between them. This case does not apply to
all crystals. The energy band diagrams for four dif-
ferent crystal types is presented in Fig. 3. Fig. 3A
for instance, has overlapping bands. Such a material

willbe a good conductor of electricity. Another example
of a good conductor is a material with an incompletely
filled band shown in 3C. Why it performs this way is
of interest. In a solid, the electrons are moving about
randomly. The energy and momentum of each electron
is specified by the quantum mechanical requirements
associated with the particular energy state the electron
occupies. Because these motions are random, no net
electrical current canresult. Butif anexternal electric
field is impressed upon the solid, a corresponding
force acts upon the electrons which tends toadd a drift
velocity component to their random movements. How-
ever, since this would also add a small increment to
their energies, the addition of a drift velocity compon-
ent can only be realized if there exist available energy
states into which, with the small amount of energy
available, an electron can be lifted. If a solid has an
incompletely filled band, these slightly higher energy
states will be available and, therefore, conduction can
take place. Or again, if (as in Fig. 3A) the allowed
bands overlap, an electron in the top region of the up-
permost filled band can move continuously intothe next
higher band.

In Fig. 3B, however, and in Fig. 2, there exists a
wide energy gap between the highest filled band and the
lowest empty band. If this highest filled band, the so-
called valence band, is completely filled, then for an
electron to increase its energy, it must acquire enough
energy to be boosted into the next allowed band, which
is termed the conduction band. Consider that at room
temperature the thermal energy kT* is only about 0.025
electronvolt, thena material having a band gap greater
than about 2 electron volts (ev) would be very much an
insulator, because at normal fields the energy obtain-
able from the fieldis appreciably less than kT and only
those extremelyfew electrons in the far reaches of the
tail of the thermal energy-distribution curve have ener-
gies greater than the 2 ev required to raise an electron
from the valence band to the conduction band. Note,
however, that should an electron be excited from the
valence band to the next-higher normally unfilled band,
it would act as a conduction electron, for that band is
an incompletely filledband and the electroncan, there-
fore, acquire the small increments of energy offered
by the external electric field.

Because the band gap is very wide in an insulator,
very few electrons can be thermally excited into the
conduction band. If the forbidden band gap is narrow
(as in Fig. 3C) an appreciable number of valence elec-
trons may, at room temperature, be thermally excited
into the conduction band. The number so excited will
be few compared to those available in a material with
either an incompletely filled valence band or with over-
lapping bands. As a result, such solids will not con-
duct electricity as well as metals. For this reason,
they are termed semiconductors. The particular type
shown in Fig. 3C is called an intrinsic semiconductor
because its conductivity is due to its narrow band gap
rather than to impurity content.

Fig. 3 shows a semiconductor with impurity atoms

*k is here the Boltzmann Constant, equal to 1.3805 X 10-6
erg/°K
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Figuve 3. Enevgy Band Diagvams fov Several Crystal Types (after Shockley): (A) Metal, (B) Insulator,
(C) Intrvinsic Semiconductor, (D) Impuvity Semiconductor

of the kind which have, after bond requirements are
satisfied, one or more easily excited electrons. Such
atomsgiverise to spatially isolated energy levels with-
in the otherwise forbidden band gap. An electron in
such a state can be thermally excited into the conduc-
tion band by the acquisition of much less energy than
that requiredto excite it directly from the valence band.
These donor states, as they are called, donate electrons
to the conduction band, and thereby increase the con-
ductivity of the material. Materials that show electric-
al conductivity largely as a product of such states in
the forbidden band gap are termed impurity semicon-
ductors.

An impurity semiconductor may also be an acceptor
type. To explain this term it is desirable to first in-
troduce the concept of a'hole." In Fig. 4, the transi-
tion labeled I is that of an electron in the valence band
being excited directly into the conduction band, where
it can contribute to the electrical conductivity of the
crystal. Note, however, that this migration leaves an
unoccupied state in the valence band (labeled p in Fig.
4). This absence may be considered as a bubble or
hole in a sea of electrons. At any particular moment
this hole is localized spatially. However, it may wander
through the crystal because an adjacent electron may
jump into this vacant energy state to leave behind a hole
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where it had been;then, another electron can drop into
this new vacancy to leave a new vacant state behind it,
and so on. If an external electric field is impressed
upon the material, a hole will tend to move in the op-
posite direction of the electron drift, that is, toward
the negative electrode, thus conducting electricity.
This process is called hole conductivity.

Figurve 4.

Impurity Semiconductor
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There are subtleties here which cannot easily be ex-
plained without recourse to the mathematics of quantum
mechanics, but for the purposes of this article it is
adequate merely to note that a hole is an absence of an
electron in a normally filled band, and that it behaves
very much like a particle of roughly electron mass and
electron charge, but with opposite sign, i.e., positive
instead of negative.

The transition labeled D in Fig. 4 is that of an elec-
tronfrom a donor state into the conduction band. If an
impurity has fewer electrons than are necessary to
satisfy bonding requirements in the lattice into which it
is introduced, then it is electron hungry and can act as
an acceptor of electrons. Suchimpurities usually pro-
duce energy levels within the forbidden band gap that
are fairly near the valence band energy-wise. Elec-
trons, therefore, can be thermally excited from the
valence band into these states to leave behind a hole
which can contribute to the conductivity of the material
by hole conduction. This process is shown in Fig. 4
as the transition labeled A. A crystal having its elec-
trical conductivity due chiefly to conduction electrons
is termed N-type; if its electrical conductance is due
chiefly to hold conduction, it is termed P -type.

The reader may wonder why these impurity atoms
give rise to discrete states in the forbidden band gap
rather than bands. The reason hinges on the amount of
impurity. If it is assumed that the impurity atoms are
fairly uniformly distributed, they willbe several lattice
spacings apart andtherefore, the coupling between them
willbe weak. Because itis this coupling between atoms
which gives rise to the bands, weak coupling will cause
insignificant splitting of the impurity levels. Thermal
vibrations of the lattice can broaden these impurity
levels, as can high concentrations of impurities, but
these effects will be ignored in this presentation.

Thermal excitation is not the only way electrons can
be excited from the valence bandto the conductionband.
Light, if its energy is greater than that of the forbid-
den band gap, can do the same. The energyof a light
quantum is given by hy, where h is Planck's constant,
equal to 6.62 x 10-27 erg-seconds and v is the fre-
quency corresponding to two wavelengths of the light.
The relation between wavelength and frequency is A =
¢/v, where c is equal to 2.998 x 1010 centimeters per
second (the velocity of light) and 2 isthe wavelength in
centimeters. A very useful relation to remember is
the following equation relating the wavelength and the
energy of a light quantum given in electron volts:

(>, in microns) (E, in ev) = 1.24 (1)

It is apparent that the maximum wavelength which
will excite an electron from the valence band to the
conduction band is given by:

X max (in microns) =1.24/Band gap (electron volts) (2)

As an example, for a band gap of 2.0 electron volts,
the impinging light must have a wavelength shorter than
0.62 micron (1 ) (6200 Angstroms) for the material to
manifest photoconductivity. Because of certain com-
plicating factors, photoconductivity may be initiated

at somewhat longer wavelengths, but this possibility
need not be of concern for the moment.

If the wavelength of a quantum of incident light is
short enough to excite an electron to the conduction
band, its movement will leave a hole in the valence
band. As long as the electron and hole are free, they
can contribute tothe conductivity of the material. How-
ever, these free electrons and free holes may, if they
get close enough to each other, recombine, i.e., the
electron may drop into a vacant state in the valence
band. Due to the relatively small density of carriers,
as well as considerations arising from the principle of
conservation of momentum, suchdirect recombination
is an exceedingly improbable occurrence. However,
in all crystals localized energy states exist in the for-
bidden band gap introduced by imperfections. These
imperfections may be vacant lattice sites; interstitial
atoms (i. e., atoms within the crystal, but not at lattice
sites), impurity atoms ineither substitutional or inter-
stitial positions; dislocations, that is, mechanical im-
perfections inthe crystal; or one of several other types.
In any case, such imperfections give rise to discrete
energy states in the otherwise forbidden band gap.
These states are localized — not only in terms of en-
ergy, but spatially — within the crystal.

If anelectron in the conduction band, while wander-
ing through the crystal, approaches close to one of these
localized energy states, it may lose a small amount of
energy by exciting lattice vibrations, and drop into this
localized energy state — become trapped by it. If this
state, now filled by an electron, then captures a free
hole, recombination will have taken place, for a free
electronand a free hole will have annihilated each other.
Such a localized energy state is said to be acting as a
recombinationcenter. If these discrete states are close
tothe conduction band, however, there is anappreciable
chance that a trapped electron may be thermally re-ex-
cited into the conduction band before that state traps a
hole, inother words, before recombinationtakes place.
The previously trapped electronis then again available
for conduction purposes and has not been lost complete-
ly as in the case of recombination. Sucha state is act-
ing as an electron trap.

Analogously, a level near the valence band which traps
a hole may have this hole thermally re-excitedinto the
valence band before an electron is trapped. Such a
levelisthenacting as a simple hole trap rather than as
a recombination center.

Fig. 5 shows both shallow trapping states whichact as
hole traps or electron traps, and those deeper-lying
states which act predominantly as recombination cen-
ters. It shouldbe rememberedthat probabilities are be-
ing dealt with here. The probability of thermal excitation
varies exponentially with energic distance from the al-
lowedbands and will change from a high probability to a
low probability in a narrow energy range, roughly kT
wide. Although it is not strictly correct, we may take
what is shown in Fig. 5 asthe steady-state Fermilevels
to be demarcation levels between those states acting
predominantly as simple trapping states andthose states
acting predominantly as recombination centers. These
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Figure 5. Model Showing Both Shallow

latter, situated deep within the forbidden band gap, are
termed ground states.

It is apparent that thermal excitation and photoex-
citation across the band gap are inverse processes to
recombination. Excitation puts electrons into the con-
duction band, and holes into the valence band. Recom-
bination takes them out. In the steady state, the rate
of recombination must equal the rate of excitation.
The rate of recombination varies directly with the num-
ber of unoccupied ground states and the number of
conduction electrons. Other things being equal, the
number of conduction electrons will vary inversely with
the number of unoccupied ground states. The signifi-
cance of this relationship will appear later, when ap-
plications of the theory are discussed.

APPLICATIONS

Based on physical state, photoconductors can be
divided into three large groups. These are: (1) single-
crystal photoconductors, (2) microcrystalline photo-
conductors, and (3) amorphous photoconductors.

Much has been published concerning single-crystal
photoconductors; models have been constructed, theo-
ries have been expounded. A good deal less has been
written about microcrystalline photoconductors, and
very little is available on amorphous photoconductors,
which are the ones of greatest importance in vidicon
applications. There are very practical reasons for
this lack. A single crystal without imperfections is
the most amenable to theoretical analysis. A crystal
without imperfections is an impossibility, so even if
the "perfect crystal" problem could be solved com-
pletely, the range of its applicability wouldbe restricted.
Any deviations from the ideal crystal — any imperfec-
tions introduced — increase the analytical and compu-
tational difficulties until only with very gross approxi-
mations and questionable assumptions canthe problems
be solved.

In passing from the single-crystal state through the
microcrystalline state to the amorphous state, the
density of imperfections inthe crystal lattice increases
by several orders of magnitude. Is it any wonder that
theorists clingto the single crystal? From a practical
point of view, the tube designer can not so limit himself
because some of the most important photoconductive
devices, such as sintered photocells and thevidicon,
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Trapping States and Ground States

are based on these less-perfect states. However, in
the application of the simplified theorypreviously given,
the order of complexto more complex will be followed.
The single-crystal germanium and cadmium sulfide
photoconductors will be discussed first.

Germanium

Single crystals of germanium used in photocells are
grownfrom the melt and zone-refined in much the same
fashion as crystals grown for transistoruse. Theger-
manium is doped with arsenic, which is in group V of
the periodic table (see Table I} and thus has one more
valence electronthan it needs for bonding requirements
in a germanium (group IV) lattice. Arsenic, then, in-
troduces donor-type energy states near the conduction
band of the germanium. The extra electron of the ar-
senic is easily lost into the conduction band and the
germanium becomes more conductive. Arsenic-doped
germanium is, thus, N-type because the majority of
the carriers are electrons.

Table 1

Periodic Table

Groups L, I, IIL, IV, Vp VL, VII,
B C N o F
Al Si p S Cl

Cu Zn Ga Ge As Se Br
Ag Ccd In Sn Sb Te I
Au Hg Tl Pb Bi Po At

In one application, thin slices (about 20 mils thick)
are cut froma single-crystal germanium ingot and then
subdivided into small rectangles 160 by 95 mils. These
pieces will be the photosensitive elements, but first, a
good deal of processing is required. The previous
mechanical treatment has work-hardened the surface
and therefore greatly increased the number of surface
recombination states. If itis recalledthat in the steady
state (other things being equal) the number of conduction
electrons varies as the number of unfilled recombina-
tion centers, then it is reasonable that a large number
of surface recombination states will reduce the photo-
conductivity. Because such reduction is undesirable,
about one half of the 20-mil thickness is electrolytically
etched away. The etching removes the work-hardened
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portion and considerably improves the surface condi-
tion,

Anindium dot is placed onthe center of the germanium
wafer which is thenbaked at 550 Cfor 8 to 10 minutes in
ahydrogen atmosphere to diffuse some of the indium in-
to the germanium. Indium is ingroup III of the periodic
table and thus is shy one electron for germanium-type
bonding. It introduces acceptor levels into the forbidden
band gap of the germanium. These levels lie near the
valence band. Electrons in the valence band can easily
be thermally excited into the indium acceptor levels to
leave a hole which is free to wander about in the valence
band. Of course, some of these states obtaintheir elec-
trons from the arsenic donor states andthus the effect
of the arsenic is neutralized. Going from the ger-
manium toward the indium metal, the conductivity
passes from N-type to intrinsic, where the indium has
just neutralizedthe effect of the arsenic, to P-type and,
upon reaching thepure indium, to metallic. The indium
dot serves as one electrode; the other electrode is at-
tached to one edge of the wafer, often by tin-soldering
(see Fig. 6).
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Figure 6., P-N Junction Photocell

The result of this processing is a P-N junction type
of photoconductor. Itsoperationis illustrated by Fig. 7
which depicts an N-type material with donor levels near
the conduction band joined to a P-type material with
acceptor levels near the valence band. In thermal
equilibrium, electrons which are concentrated in the
conduction band of the N-material tend to diffuse into
the conduction band of the P-type material where their
concentration is low. Similarly, the holes in the va-
lence band of the P-type material will diffuse into the
valence band of the N-type material, where holes are
scarce. However, whereas the negative charges of the
conduction electrons were compensated by the positive
charges of the donor atoms in the N-type material, there
is no similar charge compensation in the P-type ma-
terial. Therefore, electrons diffusing into the P-type
material will make it negative. Similarly, whereasthe
positive holes in the P-type material were compensated
by the negatively chargedacceptor ions, they will, when
they diffuse into the N-type material where there is no
such charge compensation, make it more positive. The
diffusion of electrons and holes from where they are
concentrated to where they are not sets up a dipole
layer, positive on the N-side and negative on the P-
side,—a condition which prevents any further net dif-
fusionof carriers. Note that in Fig. 7the Fermilevels
in both materials are aligned. The Fermi energy is
related to the chemical potential of the materials. It
can be shown from considerations of thermodynamics
that for thermal and electrical equilibrium to exist, the
Fermilevels of all materials in contact must be equal.
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Figure 7. P-N Junction Band Diagram

If an external field, such as to make the P-type ma-
terial more negative, is applied, the height of this
potential barrier will be increased by an amount pro-
portional to the external field. Due to the high barrier,
the diffusion current will be quite small, just enough to
balance the current due to thermally excited carriers.
Because electrons are scarce on the P-side and the
electrons can't get over the barrier, the current due to
the impressed field will also be very small. Asimilar
conclusion can be drawn for holes. Then the effective
resistance in the dark will be high. However, if an
electron-hole pair is generated by light on the P-side
and the electron is within a diffusion length of the bar-
rier, it can plummet down the barrier into the conduc-
tion band of the N-type material and move toward the
positive electrode;the hole will move toward the nega-
tive electrode. Similarly, if an electron-hole pair is
generated on the N-side and the hole is within a diffu-
sion length of the barrier, it will float up into the va-
lence band of the P-material toward the negative elec-
trode, while its electron moves toward the positive
electrode. The sum of these currents constitutes the
photocurrent.

The germanijum cell is a P-N junction and must be
operated with the P-side negative, that is, with re-
verse voltage. Were it to be operated in the forward
direction, the dark current would be too high for the
device to be useful.

Cadmium Sulfide

Unlike the germanium cells, the cadmium-sulfide,
single-crystal photocells are not P-N junctions, but
rely on a wide band gap (2.3 ev compared with ger-
manijum's 0.75 ev) toprovide a low dark current. One
method of processing this type of cell is to grow the
crystals of cadmium sulfide in a vapor-phase reaction
between cadmium vapor and hydrogen sulfide. The
crystals are formed at a temperature of 960 to980C
and immediately after formation are doped with a halide
by moving the crystals into a temperature zone of 600
to 700 C and then passing nitrogen containing one of the
hydrohalide acids over them.

The resistivity of the undoped cadmium sulfide crystal
might be about 1012 ohm-centimeters. After the ma-
terial is doped with halide, the resistivity of the crys-
tal drops to about 1 ohm-centimeter. Along with this
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resistance change, the sensitivity (measured in terms
of the number of charges passed through the crystal
per photon absorbed) is increased. In order to increase
the resistivity, the crystals are cooled, soaked in a
very dilute solution of a copper salt such as cupric
chloride, and then washed, dried, and baked in a static
hydrogen-sulfide atmosphere at700 C for 5 or 10 min-
utes to enable the copper to diffuse into the crystal.
Thistreatment increases the resistivity of the material
and decreases the decay time, i.e., the time required
for the signal to decay the dark-current level after the
exciting light is turned off; it also decreases the sensi-
tivity somewhat.

The variations described above can be explainedin
terms of the theory. A pure crystal has high resist-
ance, low sensitivity, and short lag or decay time. The
resistance is high in the dark because the band gap of
cadmium sulfide is large (2.3 ev) andveryfew electrons
acquire enough thermal energy to overcome it. Be-
cause of the general imperfections in the crystal, a
fairly large number of recombination centers exist
which keep the number of conduction electrons low.
This scarcity reduces the sensitivity and, in addition,
causes the decay to be fast, because the moment the
light is cut off, the recombination centers quickly gob-
ble up the conduction electrons, which are no longer
being replenished by photoexcitation.

The addition of monovalent halide ions, which sub-
stitute for the divalent sulfide ions, introduces donor
levels near the conduction band because the halide has
one more electron than it needs to satisfy its bonding
requirements in the lattice. It can be predicted from
theory that not only the halides, but also elements from
group III of the periodic table will do this. Such atoms
as aluminum, gallium, indium, or thallium, which
could substitute for the cadmium, all have one more
electron than is necessary for bonding with the sulfide
ion and would, therefore, introduce donor levels.

The donor levels, introduced into the forbidden band
gap either by halide or group III elements, lie suffi-
ciently close to the conduction band that almost all of
them are ionized at room temperature. The conductiv-
ity is, therefore, enhanced. There is another effect,
though: namely, that some of the available electrons
fill up recombination centers in the dark. Thus, when
the crystalis illuminated, fewer unfilled recombination
centers are available and the photoresponse is there-
fore, increased. This effect, plus the fact that the
empty donor sites can act to some extent as traps which
must be filled upon illumination and emptied after-
wards — processes which take time — causes the rise
and decay times to be increased.

When silver or monovalent copper is added, it sub-
stitutes for the cadmium. The silver atoms having one
less electronthan necessary for bonding, introduce ac-
ceptor states near the valence band. These states take
up the excess electrons of the previously introduced
halide or group Illelement and thus neutralize its effect
very much as the indium acceptor states did when intro-
ducedinto germanium-containing arsenic donor states.
The resistivity thenrises, the lagis decreased, and the
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photosensitivity is somewhat decreased. The exact
amounts of the two doping agents used are determined
empirically and vary somewhat with the use to be made
of the photocell.

Microcrystalline Photoconductors

Microcrystalline photoconductors are represented
by the powder photoconductors, generally used with a
plastic binder, and by sintered photoconductors. The
latter can be prepared, for example, by spraying an
aqueous slurry of a finely ground photoconductor onto
a suitable substrate, drying the surface, and then firing
it to form apolycrystalline sintered layer. Doping ma-
terials are much the same as for single-crystal photo-
conductors, but they are generally added to the slurry
before spraying rather than introduced after crystal
growth.

The microcrystalline photoconductors present appli-
cations of the simplified theory similar to those of the
single crystals and will not be discussed further.

Amorphous Photoconductors

The most important current commercial use of amor-
phous photoconductors is as the light-sensitive element
in vidicon-type television camera tubes. The remain-
der of this article discusses the application of amor-
phous photoconductors to these tubes.

Although many chemists have seriously questionedthe
existance of an amorphous state, (i.e., one in which
there is no order) because of their belief that there al-
ways exists at least some short-range order, even in
liquids, this classification will be retained here. Es-
chewing a theoretical definition, it will be said that a
material is amorphous if it does notgive anX-ray dif-
fractionpattern containing lines. Amorphous photocon-
ductor targets for the vidiconare presently prepared by
evaporation in a poor or goodvacuum, depending onthe
type of surface desired. To understand the character-
istics required of a photoconductor for use in a vidicon,
it is important to understandthe principles of operation
of this type of tube. Fig. 8 illustrates the operation of
a vidicon.
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Figure 8. Opevation of Vidicon

The glass faceplate of the vidicon is coated with a
transparent, conducting layer. This material might
be tin oxide (TIC, NESA, as it is variously called),
indium oxide, or one of the other conducting oxides,
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or a thin evaporated layer of some metal, as for ex-
ample, gold. Such considerations as spectral trans-
mission, conductivity, chemical reactivity with the
photoconductor which is laid down upon it, propensity
for diffusioninto the photolayer, electronic character-
istics of its contact with the photoconductor, durability,
and ease of preparation affect the selectionof the par-
ticular conducting layer used. The photoconductor
substrate presently invogue is tinoxide (TIC), although
the use of bismuth oxide-gold layers is increasing. The
photoconductor, which in the case of current commer-
cial vidicons is antimony trisulfide, is evaporatedonto
this substrate. In operation, the photolayer is scanned
by a low-velocity electron beam. The beam side of the
photolayer becomes stabilized at essentially cathode
voltage. Since the conducting substrate, which acts as
a signal electrode, is maintained, for example, at a
voltage of 50 volts above that of the cathode, the as-
sembly may be considered a form of sandwich cell,
with the transparent conducting layer as one electrode
and the electron beam as the other.

If a light image falls on the photosurface, the con-
ductivity of the photoconductor will be modified; it will
be greatest in the areas where the intensity of illumina-
tion is greatest. Duringthe intervalbetween coincident
scans (1/60 second for broadcast TV pictures) charges
transferred transversely across the photolayer will
cause the potential to rise on the beam side. The por-
tion of the beam electrons landing on the photolayer on
asuccessive scan is determined by the resulting poten-
tial pattern. The signal results from capacitive coup-
ling to a load resistor of the charges landing on the
beam side of the photosurface coupling is obtained
through the signal electrode. The signal is taken from
the load resistor, amplified, and used. More informa-
tion on vidiconoperation canbe found in the article en-
titled "Camera Tube Design and Processing.”" (Also,
see Refs. 1 and 2).

PHOTOCONDUCTORS FOR THE VIDICON

The basic performance characteristics of the vidicon
are determined in large part by the characteristics of
its photoconductive target. The properties of photo-
conductive surfaces, pertinent to their application in
vidicons are:

1. Spectral response
a. Peak wavelength
b. Half-width

2. Transfer characteristics
a. Sensitivity
b. Gamma

3. Rise and decay characteristics
a. Rise time

b. Lag, stick

After-image, burn

19171

4. Dark current-voltage characteristics
Operating voltage

Signal-to-dark current ratio

k" value

I°=®

5. Stability
a, Chemical
b. Physical

Spectral response describes the variation of signal
with wavelength for a given illumination or, alterna-
tively, the illumination required to obtain a given sig-
nal at any wavelength. The peak-wavelength and half-
width terms are seli-explanatory.

The vidicon can be thought of as a transducer which
changes illumination information into electrical in-
formation. Its transfer characteristics characterize
the relationship between the illumination on the photo-
conductor and the electrical signal obtained from it.
The most fruitful method of presenting the transfer
characteristics is on a log-log plot — the logarithm
of the signal vs. the logarithm of the illumination. A
straight line on such a plot represents a power law
variation, that is a relationship in which the logarithm
of the output signal is proportional to the logarithm of
the illumination. The slope of such a straight line is
known as gamma, a photographic term indicative of
contrast.

Rise and decay characteristics describe the time
required for a change in the illumination on the photo-
surface to manifest itself in a corresponding change in
the output signal. The rise time is the time required
for the signal to riseto within 1/e (where e is the base
of natural logarithms) of its equilibrium value after the
light level is changed (usually from zero, i.e., the
dark condition). This definition implies an exponen-
tial rise which is not always found. Lag and stick are
arbitrary measures of the decay time and apply to short-
term effects (about a second or less). I is found em-
pirically that, for the usual television scan rates, the
picture will smear when the image is moved over the
photosurface if the signal does not decay to less than 15
per cent of its initiallevel withinthree scans (3/60 sec-
ond). * After-image and burn refer to long-term ef-
fects. The after-image is measured by the time re-
quired for an image to become imperceptible after all
incident illumination is removedfrom the photosurface.
Its usual range is from two seconds to several minutes.
Although usage varies, burn is generally restricted to
those cases inwhich anappreciable signal remains after
a quarter of an hour or so and which can be removed
only by stringent measures such as washing it out with
uniform illumination of high intensity, operating the
tube with high dark current, or increasing the target
voltage until secondary emission stabilizesthe surface
potential near that of the mesh.

Another important photosurface characteristic is the
relationbetweenthe dark current andthe target voltage.
As in the case of the transfer characteristics, itis
convenient to plotthis characteristic on log-log paper.
The logarithm of the dark current is plotted against
the logarithm of the target voltage, i.e., the voltage
applied to the signal electrode. Over an appreciable

*Note: By a '"'scan" is meant a single pass of the beam of a
given point. Because of the relatively large diameter of the
beam in the usual vidicon, there is no effective interlacing,
and a scan occurs every 1/60 second.
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portion of its range, such a plot will approximate a
straight line. The slope of this line is termed the k
value. For antimony trisulfide surfaces, the customary
range of k is from 2.0 to 4.0, although both higher and
lower valuesarefound. If a surface hasa k value much
above 3.0 its dark-current variation is apttobe exces-
sive; slight variations in thethickness of the photolayer
cause variations in the electric field across the photo-
conductor which, inturn, when k is high, may give rise
to appreciable variations of the dark current over the
surface.

The stability of a photoconductor is of prime im-
portance in any application. A photoconductor which
is chemically unstable and prone to change its electron-
ic characteristics onlife is obviously undesirable. The
red form of selenium, for example, is metastable and
must be operated below 40 degrees Centigrade if it is to
be kept from rapidly converting to the thermodynami-
cally more stable gray form. Indium tri-iodide is deli-
quescent and must be kept in a dry atmosphere during
processing. Antimony trisulfide surfaces will not tol-
erate the customary tube bakeout at a temperature of
400 Cbhut revertto the black, conducting form at a tem-
perature in the neighborhood of 200 C. Some of the low-
melting photoconductors, which appear interesting be-
cause of their relatively fast decay times, cannot be
used successfully because their vapor pressuresare so
high at the operating temperature of the vidicon that
they evaporate rapidly from the photosurface in the
vacuum of the tube.

Most of the properties of the photoconductive target
listed at the beginning of this sectionare determined by
the choice of photoconductors. Nevertheless, radical
variations inthese properties canbe produced by modi-
fications of the chemical preparation of the basic ma-
terial and by co-evaporation with other materials, as
well as by suitable choice of evaporation parameters.
Since antimony trisulfide (SbgS3) is presently most in
use as the basic photoconductor for vidicons, it will be
discussed in detail. Other photoconductors willbe con-
sidered later.

Antimony Trisulfide Photosurfaces

There are, basically, four kinds of antimony tri-
sulfide photosurfaces. These are:

1. Compact (frequently termed "solid")
Evaporated in high vacuum (10-4 millimeters of
mercury or less)

2. Porous
Film density less than about 0.5 gram per cubic
centimeter

3. Quasi-Porous
Film density in the range from about 0.5 grams
per cubic centimeter to 2.0 grams per cubic
centimeter

4. Composite
Includes combinations of the above three, as well
as co-evaporation with other materials

The general characteristics of a compact, (high-vac-
uum evaporated) antimony trisulfide surface are: high
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sensitivity, highlag (long decay), high capacitance, low
blue sensitivity, high dark current, and a tendency to
give secondary emission at relatively low target volt-
ages. A porous layer, on the other hand, is charac-
terized by lower sensitivity, lower lag, lowcapacitance,
improved blue response, relatively low dark current,
and a low secondary-emissionratio. The quasi-porous
layer partakes variously of the characteristics of both
compact and porous layers, depending on the evapora-
tionpressure as well as certain other evaporation par-
ameters. The most common composite layeris a com-
pact layer evaporated on a porous substrate. Thiscom-
bination increases somewhat the dark current and lag
over those of a porous layer, but the main effect is to
enhance the sensitivity.

The high capacitance of the compact layer (an average
layer has a capacitance of over 12 millimicrofarads
per square centimeter) is due in part to its thinness
(roughly one to two microns) and, in part, to its high
dielectric constant (over nine). As may be seen from
Fig. 9B, the density of a porous layer is only a few
tenths of a gram per cubic centimeter compared with
over four grams per cubic centimeter for a compact
layer. Thus, in a porous layer, the effective dielec-
tric constant is much reduced and the capacitance of a
typical layer is only about one millimicrofarad per
square centimeter. That portion of the lag due to the
capacitance of the targetand the effective beam resist-
ance (the so-called "capacitance' lag) is, therefore,
appreciably reduced in the porous layer. Actually, ex-
cept invery thin compact layers or barrier-type layers,
the photoconductance lag predominates over the capac-
itance lag.

Effects of Pressure

Fig. 9Adepicts the variationof the electric field re-
quired for a standard dark-current density through the
photolayer with the ambient gas pressure during evap-
oration. Note in particular the negative slope of the
curve above about a pressure of 150 microns and the
sharp drop below that pressure. The quasi-layer is
obtainedby evaporationin the transitionregionbetween
compact and porous. While the general shape is main-
tained, the curve may be moved up or down and the
position of the transition region shifted slightly by
changes in photosurface thickness, evaporant flux den-
sity, evaporation geometry (primarily throw distance),
substrate temperature, composition of starting ma-
terial, and nature of the ambient gas. In Figs. 9A and
9B, note the coincidence of the sharp drop in field re-
quired to sustain a standard dark-current density and
the equally sharp increase in the density of the photo-
layer.

Fig. 10 shows the variation of the dark-current den-
sity with target voltage for representative compact,
porous, quasi-porous, and ASOS photosurfaces. The
last-named is a special composite layer which will be
discussed later. Representative transfer characteris-
tics for these four kinds of photosurfaces are given in
Fig. 11.

The characteristics of the deposited layer have been
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shown to be affected by the nature and pressure of the
residual gas or any vapors from contammants in the
system. Because pressures of the order of 10- 10 mi1-
limeters of mercury are required to reduce the rate
of residual gas-substrate collisions well below the rate
of evaporant-substrate collisions, evenat high evapora-
tion rates, really gas-free photoconductor layers have
not beeninvestigated. Nevertheless, it seems desirable
to reduce the residual gas pressure to as low a level
as possible in the evaporation of solid layers and, in
particular, to avoid metallic and organic contaminants.
Thus, the standard preferred high-vacuum practices
should be adheredto, including such things as the avoid-
ance of cadmium or zinc-platedparts, the use of welded
or silver-soldered joints rather than lead-soldered
joints, and the use of an oil-diffusion pump and a liq-
uid-nitrogen trap.
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Characteristics

Effects of Photolayer Thickness

Fig. 12 shows the spectral response for two differ-
ent thicknesses of high-vacuum-evaporated antimony
trisulfide. Note that the spectral response peak shifts
from 0.5 micron inathin layer to over 0.65 micron in
a thick layer. This red shift is due to the absorption
characteristics of the antimony trisulfide which, since
it absorbs strongly in the blue region, allows only red
light to affectthe deeper layers. Because the blue light
can penetrate more easily into the porous layer by tak-
ing advantage of the interstices, even relatively thick
layers of the fluffy porous SbgSg do not show a very
large self-absorption red shift. Thus, the response
peak of the porous layer lies near that of a very thin
compact layer.
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with Film Thickness

When the thickness of the photoconductor is greater
than the average distance that the carriers travel be-
fore recombination, the sensitivity is reduced. As the
thickness of the photolayer is increased, alarger pro-
portionof the carriers generated by the illumination is
swallowed up in the interior of the material without be-
ing able to reach an electrode and contribute to the con-
ductivity.

Part of the observed lag in the vidicon is due to the
capacitive effect of the target. A thick layer generally
has a slight advantage in lag over that of a thin layer,
because the former has a lower capacitance.

Effects of the Substrate

Some of the requirements imposed on the substrate
have been previously mentioned. Not yet mentioned,
but easily the most important requirement is that the
photoconductor adheres firmly to the substrate. Porous
layers generally present no problems but there are
severe limitations for compact layers, especially those
which must be exposedto the atmosphere at some time
during tube processing. The mechanical bond of the
photoconductor to the substrate is determined by many
factors. One of the most important is substrate tem-
perature. Fig. 13 illustrates film stress for a typical
semiconductor film evaporated on a glass substrate.
Each line represents a constant substrate temperature.

It is apparentthat only a small range of temperature
exists which permits thick layers to be evaporated onto
the substrate without peeling of the layer. What this
temperature range is depends on both the substrate and
the photoconductor. As yet, no quantitative work has
been done on antimony trisulfide evaporated on TIC,
but what evidence there is indicates that the optimum
temperature lies below the temperature at which the
antimony trisulfide layer converts to a black, highly
conducting form, and above normal room temperature.

Duringthe course of the evaporation process the sub-
strate temperature tends to rise. I a substrate heater
is used and a constant substrate temperature is to be
maintained, the power input to the substrate must be
reduced as the evaporation progresses. Recognition of
this fact is crucial in the preparation of thick layers.
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Figure 13. Film Stress for a Typical Semiconductor
Evaporated on Glass Substrate

Change of substrate temperature also changes the ac-
commodation coefficient of the surfaces exposed to the
evaporant stream. It is well known that the amount of
material reflected from the interior surfaces of the
evaporation chamber to the target is appreciably in-
creased if the temperature of these surfacesis raised,
even though they are below the evaporation tempera-
ture of the evaporand. It has also been found that an
increase of substrate temperature tends to make the
resulting photolayer more dense and shiftsthe porous-
compact transition range toward higher pressures. If
there is more thanone constituent in the evaporand, the
composition of the resulting photolayer will be a func~
tion of the substrate temperature: even if only a single
component is present, phase changes may be caused
by an elevated temperature or by surface quenching,
i.e., by the sudden cooling of the evaporant as it de-
posits on the substrate.

Scrupulous cleanliness of the substrate is a requisite
for the adherence of thick photoconductor layers. Great
care must be taken to avoid even the least residuum of
soap or detergent. Organic solvents which tend to leave
films (acetone is a frequent culprit) should either not
be used, or else the substrate should be cleaned after
their use. If the final rinse is with water, distilled
water should be used. However, to avoid water spots,
it is usual to follow the distilled-water rinse with a
vapor rinse. Although a steam jet can be used for this
purpose, one of the most satisfactory procedures is to
place the clean, still-wet target blank in a saturated
atmosphere of an organic solvent miscible with water.
Acetone or an alcohol meets this requirement and is
usually used. The reservoir of solvent is maintained
somewhat above room temperature. The solvent vapor
condenses on the target blank, rinses it and removes
residual water in the process. When thermal equilib-
rium is reachedthe targetblank will be essentially dry
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and may be removed. I evaporated gold is to be used
as the signal electrode, a very clean substrate may be
obtained by cleaning the glass target by standard glass-
cleaning procedures, followed by distilled water and
vapor rinses. Then, before the gold signal electrode
is deposited by evaporation in a vacuum, the glass is
subjected to a glow discharge, which is one of the best
methods of cleaning glass surfaces. Unfortunately, it
also destroys most of the transparent conducting coat-
ings now in use and, therefore, cannot be used to ad-
vantage after the signal electrode is applied.

The quality of the substrate is important in the pre-
vention of spots and blotches which show up in the vid-
icon picture. These defects can be caused by granu-
larities, pinholes, high-resistance areas, or surface
irregularities in the signal electrode. Water spots
also show up in the picture, as do insulating particles
lying on the surface.

Evidence suggests that, in addition to affecting ad-
herence and spots, substrate character and quality can
have a considerable effect on the burn characteristics
of a photoconductive surface, especially on negative
image burn which is occasionally encountered. The
choice of the substrate and its methods of subsequent
processing are critical factors in the over-all per-
formance of the photosurface and should not be slighted.

Effects of Modifications of The Basic Photoconductor

It has been known for many years that variation from
stoichiometry of the SbygS3 used in the preparation of
vidicon targets affects the characteristics of the re-
sulting photosurface. I was early found that a slight
excess of antimony in the starting material (greater
than the 71.8 per cent in stoichiometric SbySg3) im-
proves the over-all performance of the porous and the
porous-compact kind of composite layer. While photo-
surfaces evaporated from material containing an excess
of sulfur, may have fair sensitivity (largely a result of
the very hightarget voltage requiredto obtain the stand-
ard dark-current density), their decay characteristics
will be poor. Image retentionandburn are particularly
severe, even in the stoichiometric material. As the
amount of antimony in the material is increased, the
sensitivity rises and the decay characteristics improve.
At some percentage, apparently somewhat above the
SboS3-Sb eutectic (73.1 per cent Sb), the over-all per-
formance becomes optimal. The lag continues to de-
crease slightly as the excess of antimony is further in-
creased, but the sensitivity drops and the long-term
decay (image retention andburn) is increased. Roughly,
the same variations occur in the case of compact Sb283
photosurfaces, but here additional factors enter, for,
as the proportion of antimony is increased over the
stoichiometric percentage, the tendency for thick layers
to peel is accentuated. In addition, the conversion to
the dark, highly conducting form of SboS4 takes place
at a lower temperature. Furthermore, while the re-
duction of target voltage (for standard dark-current
density) with increased antimony content is generally
not a problem in porous layers, it is a severe limita-
tion for the compact layers. Solid layers have a low

target voltage (show high conductivity) and further re-
duction sharply reduces the maximum signal obtainable

(a function of the target voltage, capacitance, and scan
rate) and the sensitivity, and makes the target more
prone to show the effects of beam-landing errors (port-
hole effect).

Another method of modifying the basic photoconductor
is to intentionally introduce impurities intothe material
during preparation but reliable data have not been ob-
tained on the effects of such doping. Most experiments
indicated either no effect or a slight worsening of the
over-all performance; in a few experiments some im-
provement was seen. Doping with silver, monovalent
copper, and arsenic have at various times appeared to
improve the characteristics of the photolayer, but (until
serious effort is expended intrying to optimize amounts
and methods of introduction) great improvement does
not appear likely.

Miscellaneous Evaporation Parameters

The geometry of the evaporation system has a marked
effect on the evaporation process. The throw distance,
i.e., the distance from the evaporator to the target,
directly affects the uniformity of the deposit. The ex-
pected evaporant distribution pattern on a stationary
target from a point source can be easily derived for a
high-vacuum evaporator. However, the design of most
evaporators is such as to make them more or less di-
rective and, even if the dimensions of the evaporator
are small compared with the throw distance, the ef-
fective size of the source may be considerably enlarged
by the collisionof evaporant molecules with each other
and with residual gas molecules. It has been computed
that, for a moderately fast rate of evaporation, the
local effective pressure due to evaporant molecules is
greater than 10 microns.

In a high-vacuum evaporation system, such factors
asthe accommodation coefficient of the target substrate
and the walls of the evaporation chamber are important.
To reduce the reflection of evaporant molecules from
the walls of the evaporation chamber onto the target,
the chamber itself should have as large dimensions as
convenient and should be kept as cool as possible. Sand
blasting the exposed surfaces of the evaporation cham-
ber increases the effective accommodation coefficient
and thus reduces reflections and discourages peeling
which contribute to spots on the photoconductor. It has
the disadvantage of making cleaning of the chamber
more difficult.

Generally, if the throw distance is kept large com-
pared to the dimensions of the target, and nonuniform-
ities of substrate temperature are avoided, it is not too
difficult to obtain moderately uniform high-vacuum lay-
ers. Obtaining uniformly porous surfaces is much
more difficult. Although this important process has
not been completely investigated, some observations
can be made concerning it. Examination of a porous
photosurface with an electron microscope discloses
that the layer is composed of relatively large aggre-
gates of roughly spherical particles, 100 to 200 ang-
stroms in diameter. These aggregates, in turn, form
chains and larger aggregates which can be seen under
1000X magnification. The surface of the porous photo-
layer is highly structuredand has discernible buttes,
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plains, and valleys. The variation in elevation may,

in very porous layers, exceed one-third of the total
layer thickness. It may be that the ability of the elec-
tronbeam topenetrate some distance intothis structure
accounts for the decrease of electric field required for
a given dark-current density with decrease in the den-
sity (increase of porosity) of the photolayer. This ex-
planation is further suggested by Fig. 14, which shows
that the dropin the fieldwith decreased density is most
pronounced inthin layers where the fraction of the total
thickness that the beam could be expected to penetrate
is greatest.
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It is known that the formation of the small ""building
blocks™ (100 to 200 angstroms in diameter) disclosed
by the electron microscope is necessary if a porous
photolayer is to be deposited. What part the further
agglomeration of these particles in transit plays in the
formation of the porous layer is not clear, although
light-scattering experiments indicate that particles
whose diameter is at least a few tenths of a micron do
exist in the evaporant cloud.

Evaporant aggregates ina poor vacuum behave some-
what similarly to smoke. Above an ambient pressure
of afew hundred microns, evaporation chamber geome-
try and temperature gradients induce convection cur-
rents; these can be observed by the use of fine beams
of light. Much turbulence is in evidence and, in some
configurations, vortices are established which can give
rise toannular deposits of photoconductor onthe target.
At lower pressures, the influence of convection currents
is notas obvious. The course of travelof the evaporant
particles may be more influencedby the meanfree path
of the aggregates than by their velocity per se. Shield
temperature plays animportant role in determining the
distribution of particles in the evaporant stream.

It follows that, within the confines of a small tube
such as the 1-inch vidicon, it is extremely difficult to
obtain uniform porous layers. A way of bypassing this
difficulty is to perform the evaporation on the target
(generally the faceplate of the vidicon) in a chamber of
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more favorable geometry andthento cold-seal the face-
plate to the bulb. While a large bell jar could be used
to achieve layer uniformity, its use would result in
large amounts of photoconductor being wasted and in
the photoconductor evaporant permeating the entire vac-
uum system and making cleaning of the system difficult.
A preferred method is to employ a relatively small
evaporation chamber toachieve a degree of lateral uni-
formity by the use of a long evaporator boat and longi-
tudinal uniformity by maintaining a constant evapora-
tion rate and causing the faceplate to travel across the
top of the evaporation chamber in a line normal to the
axis of the boat. This principle is employed in the so-
called traveling-plate evaporator.

Use of the traveling -plate evaporator offers other ad-
vantages in addition to achieving uniform layer thick-
ness. The photolayer is more homogeneous because,
during the traverse of the target, there is little time
for the nature of the evaporation to change. The evap-
oration parameters can be controlled more closely and
the evaporation system is easier to clean. Monitoring
a glass plate which travels ahead of the target allows
close control of the thickness of the layer and permits
evaporator temperature or traverse speed to be adjust-
edbefore the targetpasses over the evaporationcham-
ber. By sacrificing monitoring time, it is feasible to
form several targets in succession.

The rate of evaporation is important in decidingthe
porosity of the evaporated layer (see Fig. 15). Note
that rate of deposition, rather than rate of evaporation
is used as abscissa; the rate of evaporation is not di-
rectly measurable. Both rates will be functions of am-
bient pressure and evaporator-boat temperature. The
rate of deposition will also be a function of the throw
distance. The data for Fig. 15 were taken with pres-
sure constant and throw distance fixed.

The sharp rise in the density of the evaporated layer
at very low rates of deposition is evidence that there
must be a sufficient number of evaporant-evaporant col-
lisions for nucleation to take place before a porous layer
can be formed. This statement is true regardless of
the fact that, due to collisions between the evaporant
and the ambient gas, the energy with which the evap-
orant strikes the substrate may be reduced to a rela-
tively low value. A glance at Fig. 9B will reveal that
a sufficient number of evaporant-ambient gas collisions
must also have occurredfor the evaporant energy to be
reducedto the levelat which nucleation will take place.
At any given rate of evaporation above the minimum
necessary for nucleation, there is a narrow range of
ambient pressure at which the transition from a com-
pact layer to aporous evaporatedlayer will take place.
As might be expected, this range is also affected by
the nature of the ambient gas. Helium, with its low
molecular weight and long mean free path, will, ata
given pressure, permit a denser layer to be deposited
than, for example, nitrogen or argon.

Because the evaporation rate is a direct function of
the evaporator-boat temperature, control of evapor-
ator-boat temperature is vital in achieving repro-
ducible photosurfaces. Overalarge portion of the ris-
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ing part of the curve of density vs. rate of deposition
(Fig. 15A), the density varies roughly as the square
root of the rate of deposition. While this is not a rapid
variation, it requiresonly a small change of boat tem-
perature to produce quite a large change in rate of
evaporation. By evaporating at rates corresponding
to the minimum of this curve, it is feasible to reduce
the influence of boat temperature on the density of the
resulting photosurface.

The throw distance {evaporator-target distance)
strongly affects the porosity of the evaporated layer.
In evaporations at several hundred microns pressure,
it is possible to effectively terminate deposition by in-
creasing the throw distance a few inches. It is apparent
that to produce a layer of a given density, as the throw
distance is decreased, it is necessary to decrease the
pressure. Fig. 15B illustrates the strong dependence
of film density on throw distance. Note the progres-
sion of the curves with decreasing ambient gas pres-
sure. As the gas pressure is reduced the inflection
point of the density-throw curve movestowarda greater
throw distance.

A lower limit to the throw distance is imposed by
temperature effects on the substrate and the deposi-
ted photoconductor, as well as by considerations of
photosurface uniformity. An upper limit is imposed
by practical size of the evaporation chamber. In ad-
dition, at any particular pressure, the rate of deposi-
tion becomes sufficiently low at large throws to effec-
tively limit the throw distance. Fig. 15C shows this
effect strikingly, because at increased pressures the
dependence of the rate of deposition on throw distance
becomes very strong. While it is likely that optimum
throw distances exist for various values of the other
evaporationparameters, this subject has not been com-
pletely investigated.

The evaporator itself is an important factor in the
evaporationprocess. Fig. 16illustrates several evap-
orator styles. The first two, 16A and 16B, are cups
wound with molybdenum or tungsten wire. Because most
hardglasses release contaminants at the temperatures
used for evaporating many photoconductors, Vycor or
fusedquarts is preferable for use as the cups. From the
point of view of chemical reactivity, such evaporators
are excellent. However, both their thermal inertia
and the energy input required are large. In the simple
design shown, the hot heater wires are exposed to the
back diffusion stream of evaporant and this exposure
may cause some dissociation. Inaddition, the highen-
ergy input heats up the evaporation chamber and in
some cases gives rise to reevaporationof material de-
posited on the walls. Thetargetis also exposed to this
excess heat and while heat treatment during and after
evaporation may in some cases improve the charac-
teristics of the photosurface, such heat treatment is
best effected in a more controllable fashion.

Fig. 16C shows an evaporator cup made with alumina-
covered wire; this type has proved satisfactory in some
applications. Its thermalinertia is high, but lower than
that of the Vycor evaporator. The type shown in 16D
can be made very small, however, spattering of the
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photoconductor is apt to occur because of the depth of
the cup. The directly heatedtantalum boats illustrated
in Fig. 16E, F, and G have very low thermal inertia,
Their power consumption is small compared with that
for indirectly heated cups and satisfactory evaporations
can therefore be made at a lower temperature. For
most materials, this type of boat is more or less sat-
isfactory from the standpoint of chemical reactivity.
Evaporationof amore inert metal into the boat can im-
prove this characteristic if thermal diffusion or evap-
oration is not excessive. The cross section of the di-
rectly heatedboats should be adjusted to obtain uniform
temperature at the operating point. Thermal conduc-
tivity down the leads, radiation losses, and cooling due
to the evaporation of the photoconductor are factors
which need to be considered. Aparticular advantage of
the boat illustrated in Fig. 16G is that the substrate is
not in direct line with the material and is, in fact, ex-
posed only to the vapor. This type of evaporator is of
considerable aid in reducing the incidence of spots on
the photosurface caused by evaporant spatter.

(A) (B)

VYCOR OR
FUSED QUARTZ
TUuBE

(C)

TANTALUM -
HEATER JACKET
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Figure 16. Types of Evaporator Boats: (A) Single-
helix-wound Vycor cup, (B) Double-helix-wound Vycor
cup, (C) Alumina-coated molybdenum ov tungsiten wive,
(D) Tantalum-sheath Vycor evaporator, (E) Tempera-
ture-compensated tantalum boat, (F) Linear tantalum
boat for traveling-plate evaporator (temperature com-
pensated), (G)Anti-spatter point-source tantalum boat
for high-vacuum evaporation
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FACTORS INFLUENCING SELECTION OF PHOTO-
CONDUCTORS FOR THE VIDICON

General Requirements of Photoconductors
for the Vidicon

The choice of photoconductors for use in the single-
layer vidicon photosurface is limited by the desired
spectral response of the tube. This subject willbe dis-
cussed in detail later in this article. In addition, the
scan rate, target area and thickness, dielectric con-
stant, and resistivity are interrelatedin such a way as
to further restrict choice. For example, if T be the
time between scans, R the resistance, and C the capa-
citance of the photolayer, then for frame storage, the
following inequality must hold.

RC >>T (3)

I V is the potential rise on the beam side of the
photoconductor, then the highlight signal current which
can be obtained is

1 =CV/T @

This signal must be greater than a certain minimum
Imjn in order that a sufficiently high signal-to-noise
ratio be obtained. In the vidicon, I in 18 determined
largely by the noise generated inthe preamplifier stages
and the quality of the picture desired.

It would appear that both C and V should be as great
as possible. However, both are limited by other con-
ditions. The potential rise V is determined by the re-
lation

v = Vg - e "T/RG )
where VT is the target (signal electrode) voltage.

The resistance Ris a function of the amount of light on
the photosurface. The particular functional relation-
ship is characteristic of the particular photolayer.

Fig. 17 shows the potentialrise V in the dark (0) and
at three different light levels (1, 2, and 3). After each
scan time T, the beam returns the potential of the beam
side of the photosurface essentially to cathode potential
(taken here as zero volts). The difference between the
potential for a light level (1, 2, or 3) and that for the
dark level (0) is a measure of the resulting signal. I
is apparent that for highlights, the signal approaches
saturation, that is, a verysmall increase in signal re-
sults from even a large increase in light. It is further
apparent that if the dark resistivity of the photolayer
were so low that during one scan time the potential V
rose to Ve (for example, if the dark-current curve was
at 2 or 3, then the maximum light signal obtainable
would be quite small for a moderate value of V. It is
this considerationthat determines the relation given in

Eq. (3).

The obvious palliative, increasing V., isuseful only
toa degree, for when V. is greater than, say 100 volts,
secondary-emissionand beam-bending effects frequent-
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ly degrade the picture. Also, because it is the charge de-
posited by the beam that reduces the potential of the
photosurface, the useful potential rise V is limited by
the ability of the beam to discharge the target.

BEAM HALF OF
PHOTOSURFACE

POTENT!IAL RISE ON

TIME—SCANS

Figure 17. Potential of Beam Side
of Photo Surface vs. Time

The capacitance of the target is limited by require-
ments of short decay time. If the illumination on the
photosurface is removed, the potential on the beam
side, instead of rising after scanningto its illuminated
equilibrium value, will be scanned down until it oscil-
lates between its minimum value and that corresponding
to its dark equilibrium value. Because the velocity
distribution of the beam causes it to have, in effect, a
high resistance, it will in general require more than
one scan for the potential on the beam sideto reach
equilibrium, even if the "photoconductive™ lag were
zero, The smaller the capacitance of the target, the
smaller will be this "'capacitance' lag effect.

If end effects are ignored, the capacitance C of a
vidicon photolayer is given by the equation

C =kA/4 7 d (cgs units) (6)

where k = dielectric constant of the layer, A = the
area of the scanned surface, and d = the thickness of
the layer

Thus, the target capacitance can be reduced by de-
creasing the raster area (e.g., by going from a 1-inch
to 0.5-inch vidicon), increasing the photolayer thick-
ness, or by reducing the effective dielectric constant
(by going from a compact layer to a porous layer).

By the use of Eq. (6), Eq. (3) can be expressed in terms

of more-bhasic properties of the photolayer. The re-
sistance of the layer is given by
R= pd/ A (n

where P = the resistivity of the film

Thus, in practical units,

(ﬂfi) ( k_A) 1 w0 BT ()
A 4rd / 8.99 x 101!

Thus,
very approximately,

As an example, for compact SbsS3, k = 10.
p>> 1012/60 ohm-meter or,
p> 1012 ohm-centimeter.

Anintrinsic photoconductor with this resistivity would
have a band gap such that the thresholdfor light absorp-
tion wouldbe in the far red. Aswill be seen later, such
a photoconductor would have its peak sensitivity in the
visible spectral region. It is fortunate that the peak
occurs inthe visible region. If the peak occurred else-
where, the requirements of spectral response might
preclude successful operation of the simple single-
layer vidicon and force the use of targets having much
more complex structures.

Spectral Photoconductive Response

The theory discussed earlier suggests arelationship
between the band gap, absorption spectrum, and spec-
tral photoconductive response of a material; sucha

relationship exists although it is not as precise as one
would like,

In a metal, light of very long wavelengths (i.e., of
low energy) can excite electrons for the same reason
that thermal excitation is easy:there are empty energy
states immediately above thefilled ones. Metals, then,
are strongly absorbing not only in the visible region,
but also in the infrared region.

On the other hand, a pure insulator requires light of
very high energy to excite electrons from the valence
bandto the conductionband and thus absorbs only in the
ultraviolet regionandtransmits visible radiation. How-
ever, in the region in which the insulator does absorb,
it is photoconducting, because the additional electrons
excited from the valence band to the conduction band
will contribute to the conductivity of the material.
There is, however, a group of compounds whose con-
ductivity is not increased by the absorption of light.
These are the compounds of atoms with only partially
filled ""d'" shells. Light shining on such compounds as
iron oxide, nickel oxide, or the manganese oxides, for
example, can raise electrons to a higher energy state,
but the electrons and holes either remain bound to each
other, forming a so-called "exciton, " or have extremely
short lifetimes and so do not contribute to the conduc-
tivity. In the pure state, these compounds have not
been observed to be photoconductive, although they ab-
sorb in the visible part of the spectrum and as a result
are highly colored.

Disregarding such compounds, there is a rough
method of estimating the spectralresponse of a photo-
conductor. As a rule of thumb, it can be said that
"Photoconductivity begins in earnest at that wavelength
at which the material begins to absorb radiant energy
strongly.' Fig. 18 illustrates this rule. Note that the
inflection points of the transmission spectra of antimony
trisulfide and indium trisulfide lie very near the peak
of their photoconductivity curves. Note, however, how
poorly this rule of thumb applies to selenium. For-
tunately, few photoconductors are as far off as sel-
enium. However, this example does show that the rule
should be applied with caution.

The question may arise as to why the photoconduc-
tivity drops at shorter wavelengths where the absorp-
tion is almost 100 per cent. The explanation is similar
to that used to explain the drop in sensitivity of thick
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Figuve 18. Comparison of Transmission Spectrum with Photoconductive Response for Three Photoconductors

layers of antimony trisulfide. At short wavelengths,
most of the light is absorbed in a thin layer near the
surface of the photoconductor. Here, the electrons and
holes have a high density anda correspondingly greater
rate of recombination. Furthermore, any carrier
which goes to the opposite electrode must make its way
through a maze of obstacles such as traps and recom-
bination centers for almost the entire interelectrode
distance. If, as happens frequently, the range of the
carriers is short compared to this distance, very few
will get to the opposite electrode unless they are gen-
erated some distance below the surface, i.e., unless
the light penetrates well into the material. Thus, if
the light is absorbed very strongly, the photocurrent
will drop, as it is seen to do in Fig. 18.

To apply the rule-of-thumb relationship between
photoconductive spectral response and special trans-
mission, the spectral transmission must be known.
It can be obtained roughly from considerations of color,
if the ihcomplete ""d" shell exceptions are remembered.
If a material is white or colorless, it transmits in the
visible region. If photoconductivity inthe visible region
is desired, such transmission is not desired, but the
material might make an ultraviolet photoconductor. I
the material is black, it probably absorbs so strongly
in the visible region as to give negligible photoconduc-
tivity in this region. However, such material may be
agoodinfraredphotoconductor, especially if itis cooled
below room temperature to reduce the dark current due
to thermal excitations.

Based on color, many of the elements and compounds
inthe I, II, IIl, IV, V, VI, and VII "B" groups of the
periodic table appear as possible photoconductors. See
Table I and Fig. 19. Regularities and trends in such
properties as ionicity and homopolarity, heats of for-
mation, and interatomic distances of binary compounds
throughout the periodic table are well-known to chem-
ists. Similar trends can be found in the transmission
spectra, which may be used as a more accurate para-
meter than simple color.

The wavelengths (in microns) of the inflection points
of the spectral transmission curves of a series of bi-
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nary compounds of cadmium, gallium, and indium are
plotted in Fig. 19; the binary compound is indicated on
the abscissa. From left to right, following the C's the
plot shows cadmium fluoride, cadmium chloride, cad-
mium bromide, cadmium iodide, then cadmium oxide,
cadmium sulfide, cadmium selenide, and cadmium tel-
luride. Similar treatment is used for gallium (denoted
by 8) and for indium (denoted by X).

From Fig. 19, it ispossibleto estimate the color of
the compound. Those compounds lying below the lower
limit of the visible region are-white or colorless. Those
lying above the upper limit are black, approaching me-
tallic. Those lying between the limits, but near the
lower limit are yellow by transmitted light, because
they absorb only in the blue region, i.e., they absorb
all wavelengths below their ordinate onthe chart. Those
higher in the visible region appear red by transmitted
light because they absorb both blue and green.

The fluorides and chlorides of cadmium, gallium,
and indium could be ultraviolet photoconductors at best.
Their iodides, oxides, sulfides, and selenides might be
good photoconductors for visible radiation. Indium io-
dide, for example, is nearly panchromatic, as is its
sulfide. The tellurides of these compounds, on the
other hand, although infrared photoconductors, absorb
so strongly in the visible region that their sensitivity
is low there. Note than gallium oxide is missing from
the chart. By extrapolation, the inflection point of the
transmission curve for gallium, and hence, by the rule
of thumb, its photoconductive response peak, would lie
in the ultraviolet region. The compound itself is found
to be white, which reinforces the validity of the extra-
polation.

Regularities are to be found in many other series of
compounds. Their importance in this discussion lies
in their usefulness for extrapolation and interpolation
where there are no data available for the compound in
question. The trends in the spectral transmissions
are reflected very well in corresponding trends in the
spectral photoresponse. Fig. 20 shows that the spec-
tral response peaks of cadmium sulfide, cadmium sel-
enide, and cadmium telluride occur exactly as would
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Figure 19. Regulavities in Binary Compounds of Cadmium, Gallium, and Indium

be expected from an analysis of Fig. 19. Cadmium
sulfide peaks at about 0.5 micron or 5000 angstroms,
cadmium selenide at 0.72 micron, and cadmium tel-
luride in the near infraredregion at 0.82 micron. The
trend also works in another way. In Figs. 19 and 20
the cation was kept constant and the anion changed. If
the anion (the more electro-negative element) is kept
constant and the cationis changed, a trend will also be
in evidence. Zinc and mercury are in the same group
(I1B) as cadmium. The trends in their physical and
chemical properties are reflected in a red shift in the
photoconductive response as the series progresses
from zinc to cadmium to mercury. Note in Fig. 21
that the spectral response peak of zinc sulfide is about
0.3 micron whereas that of cadmium sulfide is 0.5
micron. Zinc sulfide is white; cadmium sulfide, yel-
low; and mercury sulfide, red. The peak for mercury
sulfide is even further into the red region than cadmium
sulfide; in fact, it is close to where the zinc telluride
curve lies. Mercury selenide is black and its response
peak is in the infrared region.

There arebound to be exceptions to simple rules for
complex materials. Fig. 22 illustrates one. The
curves for the lead selenide and telluride are just the
reverse of what they would be expected to be. Most of
the other properties, for example, the optical dielec-
tric constants and major absorption peaks in the intrin-
sic absorption spectra do follow the expected order.
All three curves (for sulfide, selenide, and telluride)
lie in the infraredregionabove 2 microns andare quite
closetogether. The anomaly in the photoconductive re-
sponse canprobably be attributed to the complex struc-
ture of the bands. While most photoconductors exhibit
a negative-temperature dependence of band gap having
a value between -3X10~4 and -5 X 10-4 electron volts
per degree, the lead group exhibits an almost equal,
but positive dependence. In other words, as the tem-

perature of most photoconductors is increased the band
gap becomes smaller and the response peak is shifted
toward the red. For the lead group (sulfide, selenide,
etc. ), the band gaps become larger as the temperature
is increased and their response peaks are shifted to-
ward the blue.
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Figure 20. Spectral Response of Cadmium Sulfide,
Selenide, and Telluride

Excluding the rare exceptions, suchas the leadgroup,
selenium, and the unfilled ""d" shell group, the trans-
mission spectrum or color is a fairly reliable means
of selecting photoconductors on the basis of where it is
that their photoconductivity is wanted. To a consider-
able extent, this test will roughly determine the dark
conductivity of the intrinsic material because, in gen-
eral, the greater the band gap, the greater the dark
resistivity. Doping and crystal imperfections, how-
ever, canradically alter this relationship as in the case
of cadmium sulfide single crystals doped with copper
and chloride where the resistivity can change by over
12 orders of magnitude.
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Figure 21. Spectral Response of Zinc Sulfide, Selenide,
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Figure 22. Spectral Response of Lead Sulfide, Selenide,
and Telluride

The melting points and boiling points of the material
(matters of very practical importance) show the same
sort of trends as do the inflection points of the trans-
mission curves. Unfortunately, two of the most impor-
tant aspects of the photoconductivity of a material —
the sensitivity and the decay — cannot be estimated
directly from a consideration of the constituent ele-
ments either by the simple theory used here or by any
other known to date. One further interesting and some-
times useful correlation is that existing between heats
of formation and forbidden band gaps. The correlation
isnot as good as that between spectral transmissionand
band gap, but heats of formation canfrequently be found
where transmission spectra are lacking.
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COMPOSITION GRADED PHOTOSURFACES

Mentionwas made earlier of pre-doping the material
to be evaporated. It is also possible to treat the fin-
ished photosurface by exposing it in an atmosphere of
an active agent or by baking it in such an atmosphere.
Air bakes and HgS bakes have been tried with SbgSg and
a few other photoconductors with varying success. A
third method of doping the photosurface is to co-evap-
orate the doping agent and the photoconductor. Co-
evaporation may also be used to construct graded junc-
tions of two or more photoconductors.

A graded-junction photosurface is made by control-
ling the deposition rates of two or more materials
throughout the progress of the evaporation. The proc-
ess produces a composition gradient across the thick-
ness of the photolayer. The electronic characteristics
of such composition-graded photosurfaces are fre-
quently quite different from those of any of the constit-
uents. An example is the so-called ASOS layer which,
although it is a compact (high~vacuum evaporated) layer
consisting largely of SbyS3 may be more resistive than
a porous SbySg layer and more sensitive thana compact
SbyS3 layer. Depending on its composition gradient,
an ASOS photolayer may have a decay significantly
faster or slower than a solid SbgS3 layer. Further-
more, this decay may vary considerably depending on
the wavelength of light to which the photolayer is ex-
posed; the decay is longer for shorter wavelengths. By
choosing materials whose evaporated layers are dis-
tinctly P or N type, it might be feasible to construct
PN, NP, NPN, and PNP graded junctions by controlled
co-evaporations.

The degree of control required to successfully repro-
duce composition-graded photolayers is extremely
high. Slight variations in the deposition rates are suf-
ficient to markedly modify the electronic characteris-
tics of the resulting photolayer. The price for im-
proved performance is greatly improved control of the
evaporation parameters.

A device which has proved of considerable value in
monitoring composition-graded photolayers is the so-
called "Pin-Hole Evaporation Camera'" (PHEC). It is
useful only for high-vacuum evaporations (below 10-°
millimeters of mercury), where the mean free path
of the evaporant molecules is appreciably greater than
the dimensions of the evaporation chamber. Fig. 23
shows the device schematically.

During the evaporation, "images' of the evaporators
are deposited on the monitor plate. The thickness of
these images builds up in proportion to the amount of
each material deposited on the faceplate. The image
thickness may be monitored by transmitted light or,
through the use of interference bands, by reflected light.
A typical plot of interference bands vs. evaporation
time is shown in Fig. 24.

By taking the slope of each curve at a particular
time and by adding the ordinates, the relative rate of
evaporation of each component at a particular fraction



of the total photolayer thickness can be obtained. By
doing this for several points, a plotof composition vs.
fractional thickness can be made. Fig. 25 shows such
a plot for the evaporations illustrated by Fig. 24.
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Figure 23. Pin-Hole Evaporvation Camera (PHEC)
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Figure 24, Band Sequence vs. Time for the Evaporation
of One Type of Composition-Graded Photolayer
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PHEC monitoring is not limited to two-component
systems, but may be employed for any high-vacuum
composition-graded evaporation, regardless of the
number of components. '"Focal distance, " inter-evap-
orator distance, and aperture size may all be varied to
obtain optimum monitoring for any set of component
evaporants. The wavelength of the monitoring light is
also an important parameter.
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Cathodoluminescent Materials

R. N. Summergrad

Lancaster

Luminescence may be defined as the process whereby
matter generates nonthermal radiation, that is, lumi-
nescence is the production of photons in excess of the
photon emission produced by thermal agitation alone.
Materials capable of luminescence are called phos-
phors.

The luminescence process is generally classified
according tothe means by which the phosphor is excited.
For example, the term ''photoluminescence’ refers to
the process whereby phosphors are made to luminesce
by the impingement of either ultraviolet or visible radi-
ation upon the phosphor surface. Materials which are
excited in this manner find many uses in the lamp in-
dustry. Theterm "electroluminescence' refers to the
process by which phosphors emit light when excited
by electric fields or currents. Phosphors of this kind
are finding increasing usage in such devices as light
amplifiers and panel lighting. A third type of lumi-
nescence, which is of great importance, is cathodo-
luminescence which refersto the process of producing
luminescence by an electronbeam. Cathodoluminescent
phosphors are used in suchdevices as televisionpicture
tubes, radar tubes, and oscilloscope tubes. The types
of luminescence mentioned above are the most impor-
tant tothe tube engineer. Forthe sake of completeness,
however, one should mention roentgenoluminescence
(excitation by high-energy photons, i.e. X-rays and
gamma rays), ionoluminescence (excitation by ions),
triboluminescence (excitation due to mechanical disrup-
tion of crystals), and chemiluminescence (excitation
by energy from chemical reactions).

This chapter will be limited to a discussion of cath-
odoluminescent phosphors. The discussionstarts with
the presentation of a simple model of the cathodolumi-
nescent process. The next section coversthe methods
by which phosphors are prepared and illustrates the
effect of different conditions of preparation upon the
nature of the resultant phosphor. The last section dis-
cusses the characteristics of phosphor materials which
might affect their utilizability in cathode-ray tubes.
Suchfactors as (1) the stability of phosphors, (2) decay
characteristics of phosphors, (3) phosphor body color,
(4) color of the emitted light, (5) phosphor efficiency,
(6) the variation of light output with current density or
accelerating potential, and (7) the variation of light
output with temperature are important in deciding
whether an individual phosphor may be used in a par-
ticular cathode-ray-tube application.
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THE CATHODOLUMINESCENT PROCESS

The phosphors that are usedin cathode-ray tubes are
inorganic solids which may be classified as either semi-
conductors or insulators. Whenhigh-velocity electrons
strike the phosphor, the kinetic energy of these electrons
is transformed, in part, to light energy. Generally,
the phosphors of interest emit in the near-ultraviolet
region or visible region of the spectrum.

To understand what occurs betweenthe impingement
of an electron beam upon the phosphor surface and the
emission of light by the phosphor, the use of a simpli-
fiedenergy level diagram is mostuseful. Fig. 1* shows
the energy levels permitted in a phosphor and some of
the electronic transitions which may take place under
excitation by an electron beam. The energies of the
electrons present in the insulator are plotted along the
ordinate, and X, the distance along a crystal axis, is
plotted along the abscissa. In a perfect insulator at
zero degrees Kelvin the electrons are only allowed to
occupy the energy levels designated as filled bands,
the highest of whichis known as the valence band. The
electrons in completely filled bands cannot contribute
to the conductivity of the insulator. The highest per-
mitted energy levels for electrons in a solid are found
in the conduction band. This band, which is empty at
absolute zerotemperature, normally has a smallfrac-
tion of its energy states occupied at room temperature.
These electrons may move throughout the crystal and
may contribute to the electrical conductivity. Sepa-
rating the permitted bands are the forbidden regions.
Ina perfect solid we wouldfind noelectrons with ener-
gies corresponding to those of the forbidden bands.
However, because of the non-ideality of the materials
used, electrons are found in localized centers in this
region (some localized centers, such as luminescence
centers, are deliberately incorporated in a phosphor).
Electrons in these centers, such asthe trapping center
shown in Fig. 1, are localized in space, which means
that an electron in such a center is not free to travel
through the crystal without first passing into the con-
duction band.

Consider now the cathodoluminescent process. When
an electron strikes a phosphor, it forms a wealth of

*Those who wish to seek further justification for such a plot may
refer to the texts listed in Refs. 1 and 2.
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secondary electrons along its path by transferring bits
of its energy to electrons located in the filled bands.
Asis shownby the transitions indicated in steps (1) and
(2) in Fig. 1, the excited secondaries may eventually
find themselves in the conduction band. The removal
of these electrons from the filled bands leaves vacan-
cies or''holes' in these bands. For the solid to return
toits lowest energy state, the electrons andholes must
recombine. An excited electron has several choices
available to it, that is, it may return to the ground by
any one of a series of competitive processes.

TRAPPING
CENTER
FORBIODEN
BAND

LUMINESCENCE

CENTER
(2)

LOWER
FORBIDDEN
REGION

LOWER
FORBIDDEN
REGION

OWER FILLED BAND

X

Figure 1. Plot of Electron Enevgy E in a Phosphor as
a Function of Distance Along a Crystal Axis X with
electronic Transitions under Cathode-Ray Excitation

1. It may move to a region of the crystal in which
an empty luminescence center is located and drop
into this center with the subsequent emission of light.
This process is shown in Fig. 1, where the "hole™
moves through the valence band (3) and is captured
by the luminescence center** (4) leaving the center
vacant. An electronfrom the conduction band, which
finds itself in the region of the empty luminescence
center (5), may then fall into an excited state of the
luminescence center (6) with the subsequent release
of energy in the form of a quantum of light, hv (7)
(h is Planck's constant and v is the frequency of the
emitted light). In some phosphors the electron may
fall directly from the conduction band to the ground
state (or lowest energy state) of the luminescence
center, combining (6) and (7) in one step.
2. The electronin the conduction band may undergo
non-radiative transitions, as shown in (8), (12), and
(13), finally recombining with a hole in the valence
band. The nature of the centers in which nonradiative
**This diagram is merely another way of saying that the electron

which occupies the luminescence center drops into the vacancy in
the valence band.

transitions occur is very little understood. In some
cases, the luminescence center may itself allow non-
radiative transitions to occur within the center, along
with the light-emitting transitions3,

3. The electron may drop into a trapping center (9)
(10) from which it will eventually be returned to the
conduction band by thermal agitation (11) and will
then be in a position to undergothe radiative or non-
radiative transtions already discussed.

It is apparent from the foregoing discussion that the
emission characteristics of the phosphor will be deter-
mined to a large extent by the nature of the centers
which are found inthe forbidden region between the con-
duction andthe valence band. For example, the effi-
ciency of a phosphor (i.e. the percentage of the beam
energy which is converted to light energy) under cath-
ode-ray excitation will largely depend uponthe compe-
tition between the nonradiative centers and the radiative
centers for holes and electrons. The decay character-
istics will be controlled by the nature of the lumines-
cence center and the nature of the traps present. The
color of the emitted light will depend uponthe nature of
the luminescence center, while the saturation charac-
teristics will be controlled by the number of luminescent
centers per unit volume andthe types of center present.
Other factors whichplay animportant role in determin-
ing phosphor characteristics are the width of the band
gap Eo (Fig. 1), secondary emission, and the absorption
of emitted light by the phosphor itself.

Excitation by means of particles is an inefficient pro-
cess because excitation does not take place directly in
the luminescence center and, therefore, the excited
electronhasthe possibility of its energy being degraded
by means other than by the emission of visible radiation.
The picture of the cathodoluminescent process given
above is an extremely simplified one. Such steps as
the emission of X-rays and shortultraviolet radiation,
which inturn might be usedto excite the phosphor, have
been omittedfrom the previous discussion. It must be
truthfully stated that the detailed picture of the cath-
odoluminescent process is not available at present and
the explanation is extremely difficult to obtain.

PREPARATION OF PHOSPHORS

Itis not difficult to prepare cathodoluminescent phos-
phors, and eventhe novice may very easily be success-
ful inpreparing a new phosphor. The job of the phosphor
chemist is a much more difficult one, however, for he
must prepare useful new phosphors, that is, phosphors
which have a practical application. There is an enor-
mous gap betweenthe rather idealized theoretical pic-
ture givenin this chapter and the actual preparation of
a new phosphor material. Atpresent, aside from those
systems which are only slight modifications of known
systems, it is not possible to predict the properties of
new phosphor systems with any accuracy. Although
theoretical calculations which predict the emission
characteristics of a simple phosphor systemhave been
made, 4,9 this approach is of very little value in solving
the practical problem of preparing new and better ma-
terials. A detailed theoretical approach of this type
is not useful at the present time because (1) the calcu-
lations, even for a simple system, are very time-con-
suming and the phosphor systems normally used are
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much more complicatedthan the ones for which calcu-
lations have been made, and (2) the efficiency of such
a systemunder cathode-ray excitationis impossible to
determine theoretically with our present knowledge.
The chemist, therefore, must rely upon his chemical
knowledge, his intuition, and an approach in which he
prepares a large number of samples, using rules of
thumb which may help or hinder him in his work.

The most efficient cathodoluminescent phosphors are
well-crystallized, white (or slightly colored), high-
melting materials which are generally prepared from
highly purified "base" materials to which controlled
amounts of known impurities,or "activators,'" are added.
There are, however, some phosphors to which no known
impurities have been introduced. These, so-called,
"self-activated"’ materials are in many cases thought
to be defect structures (i.e., materials which have a
slight excess of one type of atom over another). For
example, unactivated zinc sulfide is thought to have a
slightly greater amount of zinc than of sulfur.

Normally, phosphor preparation is accomplished by
high-temperature synthesis; most preparations take
place inthe temperature range between 700 and 1600 C.
High firing temperatures are required to form well-
crystallized materials and to incorporate the impur-
ities (i.e., activators) into the crystal lattice.

Phosphor synthesis and phosphor research should be
conducted with highly purified materials in an atmos-
phere free of contamination. Trace amounts of certain
impurities may change the characteristics of some
phosphors. For example, as littleas 2 x 10-5 per cent
of nickel in a copper-activated zinc sulfide phosphor
will modify the decay characteristics of this phosphor,
while, in a zinc sulfide phosphor activated with silver,
the incorporation of 10-<per cent of nickel almost com-
pletely suppresses the luminescenceb.

The techniques usedto prepare phosphors for use in
cathode-ray tubes vary with the phosphor system. The
properties of the phosphors will depend upon suchfac-
tors as the base materials (crystal structure, ion size,
and bond type of the base material are all factors
which affect luminescence), the type of activator or
co-activator or both, the firing temperature and time,
the atmosphere in which the phosphor is prepared, and
the chemical nature of the materials themselves. Obvi-
ously, the method of preparation will depend upon the
system under consideration and will vary from phosphor
system to phosphor system.

The methods of phosphor preparation will be illus-
trated by examining the procedures used in making
several standard phosphors for color TV*. The W-2
phosphor (ZngSi0,4:0.012Mn™*) is prepared in the fol-
lowing manner:

To two moles of a pure grade of zinc oxide is added
1.2 moles of a "luminescent grade" of silicon dioxide
and 0.012 moles of manganese carbonate. These ma-
terials are intimately mixed and ground for several

*See Table I and figures for the characteristics of these phos-
phors.
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hours in distilled water in a thoroughly cleaned pebble
mill. After the water has been removed by filtration,
the material is dried and then fired in large, open
silica boats at 1250 C for two hours, in an atmosphere
of air. Next, the phosphor is cooled and further pro-
cessed to fit the demands of the particular method of
application which will be used to form the phosphor
screen.

Because the ZnS:0.015% Ag:Cl phosphor also used in
the color TV tube is much more sensitive to very small
amounts of contaminants (such as nickel, iron, and
copper) than the ZngSiO4:Mn phosphor, greater pre-
cautions must betakenin the preparation of the sulfide
phosphor.

It seems to be generally true that the smaller the
amount of activator requiredto produce efficient lumi-
nescence, the more easily is the luminescence affected
by impurities. The zinc sulfide baseto be used is pre-
cipitated from a purified zinc sulfate solution. The
solution may be purified by partial precipitation of
zinc sulfide. The partial precipitate contains such im-
purities as silver, nickel, iron, cobalt, and copper,
the sulfides of which are much less soluble than zinc
sulfide. The solid sulfide containing the impurities is
removed and the precipitation of pure zinc sulfide is
completed. About 0.015 per cent by weight of silver
is then added as silver nitrate together with a "flux"
in the form of purified sodium chloride. An intimate
mixture may be prepared by milling the ingredients in
a pebble mill. The resultant phosphor mixis dried and
then fired in tightly covered containers in air at 800 C
fortwohours. Next, the surface of the phosphor charge
must be cleaned to remove the portion that has been
oxidized to zinc oxide. Further processing may be
required in order to prepare the phosphor for its final
application.

The phosphor syntheses discussed above illustrate
several important points about phosphor preparation:

1. Phosphors of the oxide type generally require
larger amounts of activator than dothe sulfide phos-
phors. Along withthis need, the purity requirements
of oxide systems are not as stringentas sulfide sys-
tems.

2. All activated phosphors require intimate mixing
of the solid starting materials to insure uniformity
of the final product. For the zinc-silicate phosphor
activated with manganese, the intimacy of mixing is
required to insure the production of a uniform base
material, as well as toinsure the uniform distribution
of the activator in the base matrix, while the blue-
emitting sulfide preparation requires only that the
activator be uniformly distributed.

**This symbolism will be used throughout the text. The first
chemical formula, that of zinc silicate, refers to the "base" ma-
terial (the material into whose structure we are placing the ac-
tivator). The activator symbol (Mn for manganese in this case)
and the number of moles of activator per mole of base material
follows the chemical symbol for the base material. Where per-
centages are used, they will refer to weight per cent. In some
cases, co-activators will be listed following the activator.
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3. Many oxide phosphors are found to be most effi-
cient whenthe composition of the base material devi-
ates from stoichiometry to some extent. This state-
ment is found to be true of the ZngSiO4:Mn phosphor,
where a slight excess of silica is used to optimize
the efficiency. Fig. 2 shows the variation of the
efficiency of manganese-activatedzine silicate (will-
emite) as a function of the composition of the base
material.
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nescent Efficiency of Willemite (after M. R. Royce)

4. In many sulfide phosphors activated with mono-
valent positive ions such as Ag* or Cut, a "flux"
suchas NaClis addedto the phosphor mixture. This
flux servestwopurposes. It is usually alow melting
material which is thought to partially dissolve and
reprecipitate the phosphor base material and, there-
fore, topromote crystallization. Its second function
appears to be to facilitate the entry of the monovalent
positive ion (Ag™® in this case) into the ZnS lattice
where it substitutes for a doubly charged Zn** ion.
It does this by substituting a singly charged, negative
Cl- ion for a doubly charged, negative ST ion. This
substitution allows the crystalto remain electrically
neutral. The Cl- ion is called a "co-activator''; the
phenomenon described is known as charge compen-
sation. Another way that charge compensation may
occur is by the formation of lattice vacancies. For
example, the substitution of two singly charged pos-
itive ions for two doubly charged positive ions may
be compensated for by a negative-ion vacancy. The
secondtype of charge compensationis generally less
favorable energetically than the first.

Fig. 3 illustrates some of the different types of de-
fects and substitutions which may be found in a phosphor
crystal of the type under discussion. The crystal
lattice shown in this diagram is an idealized planar
lattice; real phosphor crystals have three-dimensional
lattices.
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Figure 3. Idealized Planar Lattice Containing Doubly
Chavrged Negative and Positive Ions with Singly Charged
Ions as Impurities

PHOSPHOR RESEARCH

The search for new or improved phosphors may be
classified under the following headings:

1. The formation and activation of new base mater-
ials (i. e., base materials heretofore unknown).

2. Theactivation of established compounds with new
activators or with previously tried activators in new
ways.

3. The modification of established phosphors by
means of preparatory techniques or impurity addi-
tions.

Itis sometimes difficult tosharply distinguish between
these classifications.

Although a complete review of the preparation of new
phosphors is beyond the scope of this chapter, a brief
discussion of some of the methods used in preparing
new materials and in modifying the characteristics of
old ones will be given.

The phosphor chemist, in search of a new base ma-
terial, chooses a group of starting materials that he
feels has the possibility of forming new compounds.
His choice may be completely a matter of guesswork
or he may take into consideration such factors as the
chemical nature of the materials involved, the sizes of
the cations and anions involved, and the probability that
awhite material will be formed. Inspite of allthe con-
sideration given to the factors involved, it is still ex-
tremely difficult, if not impossible, to predict whether
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compound formation will take place in a new system.
After he has chosen his materials, he attemptsto form
compounds by reacting starting mixtures, which are
varied over the entire composition range, under what
he considers to be the proper conditions”. Compound
formation is then determined by X-ray diffraction.
Initially, large increments in composition are taken to
indicate whether new compounds are being formed. If
new compound formationis indicated (by the appearance
of lines inthe diffraction pattern other than those pro-
duced by the starting materialg), then he is justified in
taking smaller increments about the composition which
shows the most intense lines of the new compound. In
this way, the exact composition may be established.
He may then attempt to activate this material.

Normally, when a new phosphor system is found, a
great deal of work must be done to optimize the system
in orderto produce a phosphor with the most desirable
characteristics attainable. Such things as phosphor
efficiency, color, decay characteristics, saturation
characteristics, andtemperature dependence might all
need modification. Toaffectthese phosphor properties,
the chemist may modify the preparatory conditions (in-
dependently or in conjunction with one another) as fol-
lows:

1. By varying the reaction temperature or reaction
time or both.

2. By changing the atmosphere in which the prepar-
ation takes place.

3. By varying the activator concentration.

4. By changing the composition of the base material.
5. By fluxing the mix.

6. By adding impurities.

Variations in firing temperature, or firing time, or
both may affect the completeness of reaction, the dis-
tribution of activator, the crystallinity of the phosphor,
and the crystal structure of the base material. All of
these factors may change the properties of the phos-
phor. For example, heating the ZnS:Ag phosphor to
temperatures greater than 1020 C causes the crystal
structure to change from the low-temperature cubic
form to the high-temperature hexagonal form. The
crystal change is responsible for a shiftin the emission
to shorter wavelengths.

In most cases, changing the atmosphere in which a
phosphor is prepared will affect the characteristics of
the phosphor. The extent of the effect will depend upon
the phosphor system under consideration. In many
aluminates, such as MgA1504:Mn, firing in a reducing
atmosphere (e.g., Hg gas) produces a green-emitting
phosphor, while firing in an oxidizing atmosphere (e.g.,
air) produces a red-emitting phosphor. This change
in emission color is due to the oxidation of manganese
to a higher valence state under oxidizing conditions.

*The proper conditions for compound formation may be very dif-
ficult to ascertain. For example, the two-component system,
CdO and BsOg, was only recently worked out completely 7,8,
although the system has been known and studied for many years.
The determination of the proper preparatory conditions may be
greatly aidedby the use of "differential thermal analysis" and the
use of a high-temperature balance.
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The variations of the activator concentration of a
phosphor will affect its efficiency, may cause a marked
change in the "temperature breakpoint, ' cause a slight
shift in emission color, and may affect its decay char-
acteristics. The effect of manganese activator concen-
tration uponthe efficiency andthe decay of the ZngSiOy4:
Mn green phosphor is shown in Figs. 4 and 5, taken
from the work of M. R. Royce.

22

20 AN
<

®

o
L

y
|

[
1

S
L

AFTER REMOVAL OF ELECTRON BEAM
b

PER CENT OF LIGHT OUTPUT 20 MILLISECONDS

Yo —
6
4
[¢] 0.02 0.04 0.06 0.08 0.10 0.1
MOLES Mn**

Figure 5. The Effectof Manganese Concentration Upon
Persistence in ZngSiOy:Mn



Cathodoluminescent Materials

The addition of impurities to an established phosphor,
the addition of a flux, and the variation of the compo-
sition of the base material uponthe phosphor character-
istics were discussed and illustrated in the previous
section.

PHOSPHOR CHARACTERISTICS

Proper design of cathode-ray tubes must take into
account the inherent properties (and very often limita-
tions) of the phosphors used for the screen. Among
the many factors that must be considered are the follow-
ing:

1. Optical Properties: Amountandtype of light nec-
essary, spectraldistribution, visual efficiency decay
characteristics, current-saturation properties,
effect of accelerating potential on the phosphoremis-
sion, and temperature stability under operating con-
ditions.

2. Physical Properties: Particle size of the phos-
phor, stability of the phosphor to tube processing,
and resistance of the phosphor to '"burning' during
tube operation.

Itis rare whenall the desirable properties demanded
can be obtained. Most often, the design engineer must
accept phosphors which do not completely satisfy all
his requirements because the phosphor chemist can
produce nothing better. Table Ilists several RCA phos-
phors, indicates their chemical composition, and tab-
ulates some properties which might be of interest to
the design engineer. Figs. 6, 7, and 8 show the spec-
tral energy curves of these phosphors. For a more
complete list, see form No. TPM-1508, entitled "RCA
Phosphors." An engineer's choice of phosphors is not
limited to the partial list shown here, or even to the
more complete list on "RCA Phosphors,’ since many
"experimental" phosphors, which at present have no
commercial application, are available.
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Phosphor Efficiency

From the previous discussion of the mechanism of
cathodoluminescence it might be expectedthat the effi-
ciency of this process would be rather poor. One is,
therefore, somewhat surprised by the efficiencies of

Table I
Characteristics of RCA Phosphors
Persistence Wavelength of
Per cent of initial Peak Radiant| C.1.E. Co- Relative Ra-
Phosphor Emission brightness attime Energy ordinates diant Energy * RCA
Formula Color interval angstroms X y Total| Visual | Number
ZnZSiO4:Mn Green Medium: 18 at 20 5250 0.203 [0.728] 100 100 33-W2-A
milliseconds
ZnS:Ag Blue Short: 0.1 at 20 4500 0.146 |0.52 242 26 33-7Z-265
milliseconds
ZnO:Zn Ultraviolet Extremely short: 3910 ———— e | - -—-
10 at 0.05
millisecond 33Z-613
Green 10 at 3 milliseconds 5100 0.246 |0.439 85 59
ZnCds:Cu Greenish-yellow | Long 5350 0.291 |0.546{ 118 104 33Z-601
Zn3(PO4)2:Mn Red Medium: 29 at 20 6380 0.674|0.326| 73| 22.5 33Z-639D
milliseconds

*Relative to 33-W2-A
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some of the better cathodoluminescence materials as
measured by Bril and Klasens? 10(see Table ). Note
the great disparity betweenthe efficiencies of the phos-
phors inthe sulfide systems activated with "'monovalent"

g activators, such as silver and copper, andthe efficien-
Zz cies of the phosphors with oxides as the base material,
> or the efficiencies of the manganese-activated sulfides.
ax 80 There is no known reason for this difference in effi-
<
& ciency, but all known measurements of phosphor effi-
o ciency, although they may differ from the values listed
B A
3 inTable IT, show the same relative differences® between
S 60 these two different phosphor types.
&
z Table II
w
= Intrinsic Efficiencies
z
< 40
3 % Energy N
@ Phosphor Formula Conversion
(1]
> :10-4A0:10-4
E 20 \ ZnS:10-2Ag:10- %Al 25
@ (50% ZnS - 50% CdS):10-4Ag:10-4A1 19.5
ZnS:10-5Cu:10-4A1 25
(o]
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*, Energy conversion refers to the percentage of the electron-
beam energy which is converted to light energy.

Decay Characteristics of Phosphors

In most cathode-ray tubes the excitation of the screen
is intermittent. Because of this, the characteristics
of the rise and decay of luminescence are of interest.
For example, in television tubes the initial rise and
decay of the emission during the first few milliseconds
are of interest, while for radar applications the growth
and decay curves for periods of up to several seconds
must be studied. Several papersll’ 12 show that the
growth and decay of cathodoluminescence may be divided
into an initial process and later processes. In many
phosphors the initial process increases or decays expo-
nentially with time, while the later stages of the rise
or the decay of luminescence, for most phosphors, do
not follow an exponential law. In almost all cases, the
simple exponential portion of the decay curve remains
almost completely unchanged when the phosphor tem-
perature or the current density of the electron beam
are varied. In contrast to this behavior, a phosphor
which suffers a power-law decay (i.e., L(t) « ™1,
where nis aconstant, t is the time after excitation has
ceased, and L(t) is the light output at time t) has its
decay characteristics markedly changed by either the
temperature or the current density. The effects of
temperature and current density upon the decay of a
ZnoSi04:Mn phosphor are shown in Figs. 9 and 10.
The exponential portion of these decay curves (L(t) «
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e-at where a is a constant) indicates that a monomo-
lecular process is the initial rate-controlling step.
The first-order kinetics is thought to be dueto the elec-
tronic transitionfrom the excited state inthe manganese
center to the ground state of the center. The power-
law portion of the curve is thought to result from the
presence of traps whose depth and concentration con-
trol the rate of decay (see (11) Fig. 1). The foregoing
theory has been confirmed by experimental observa-
tion. Since the nature of the luminescence center is
very little affected by current density or temperature,
one would not expect the exponential portion of the decay
curve to be changed much by change in either current
density or temperature. However, the occupancy of
traps and the rate at which they are emptied depends
upon the temperature and the current density, there-
fore, the power-law portion of the decay curve should
be affected markedly by both the temperature and the
current density. Figs. 9 and 10 offer evidence which
favors the suggested explanation. Phosphors of the
ZnCdS:Cu type owe their long persistence to the pres-
ence of deep traps. The whole decay curve of such
phosphors may follow a power law, as shownin Fig. 11.
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The shortest decays (among the efficient phosphors)
are found in ZnO:(Zn), cubic MgS:Sb, etc., which decay
to half their peak intensities in times of the order of
10-6 seconds. The longest, efficient, exponential de-
cay is found in ZnFg9:Mn-type systems where the ex-
ponential component is still discernible about one second
after the exciting source is removed. The photolumi-
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nescence of such t I type phosphors as ZnS:Cu is still
discernible after several days.

Those readers who are interestedin a more detailed
discussion of phosphor decay are referred to Ref. 6.

The Variation of Light Output with Accelerating Poten-
tial and with Current Density

It is often desirable for a phosphor to show a linear
riseinlight output with current density and with accel-
erating potential. Insome cases, if linearity is desired,
the nonlinearity may be compensated electronically.

Accelerating Potential. The light output of a phosphor
screen as a function of accelerating voltage depends
uponthe nature of the phosphor screen andthe way that
the phosphor has been deposited. The light output of a
screenas afunction of voltage is given by the following
equation: L = K(i)(V-V,)q, where L is the light output,
V is the accelerating potential, Vg is the ""dead"volt-
age, K(i) is a constant whichis dependent onthe current
density, and q is a constant which ranges from 1 to 3
depending upon the screen preparation. The dead volt-
age Vg is thought to be due to surface contamination.
Fig. 12, taken from the work of Strange and Hender-
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sonll, shows the effect of accelerating potential on the
?

light output for the green, manganese-activated zinc

silicate phosphor screen.

Current Density. The luminescence intensity per
unit areais directly proportional to the current density
at low values of the current density, but saturation
occurs at higher values. At constant excitation, the
current density at which saturation begins is a char-
acteristic of the phosphor material. As a rough rule
of thumb, under intermittent excitation the phosphors
with the greatest number of luminescence centers per
unit volume show the least saturation. Fig. 13 illus-
trates this point. The Zn Si04:Mn phosphor has sev-
eral orders of magnitude more activator thanthe ZnS:Ag
phosphors which show much less saturation.

Temperature: Its Effect on Luminescence

The efficiency of phosphors is fairly constant up to a
certain temperature and decreases rather rapidly
thereafter. The temperature at which this decrease in
efficiency occursis calledthe temperature breakpoint.
The temperature breakpoint is a characteristic of the
phosphor, but may also depend upon the means of ex-
citation.

Cathode-ray tubes are normally operated at room
temperature, so that one would, perhaps, expect that
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the variation of light output with temperature would be
of no practical importance. However, in cases where
a great deal of power is concentrated in a very small
region of the screen of a cathode-ray tube, the instan-
taneous phosphor temperature may be appreciably in-
creased. If the temperature breakpoint of a phosphor
is only slightly above room temperature, its efficiency
may drop appreciably under high voltage and high cur-
rent density conditions. Sucha dropin efficiency would
be caused by both the saturation of the phosphor and
the increase of the temperature beyond the temperature
breakpoint.

The effect of the temperature breakpoint upon phos-
phor efficiency may best be illustrated by comparing
the blue phosphor, ZnS:0.015%Ag:0.015%Al, which is
used in the color projection tube, with the blue phos-
phors ZnS:0.015%Ag:Cl, used in the color tube. The
projection-tube phosphor, which has the higher tem-
perature breakpoint of the two, is less efficient under
normal operating conditions, but in the projection tube
the situation is sharply reversed.
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Application and Colorimetry of Phosphor Screens

A. E. Hardy

Lancaster

SCREEN APPLICATION TECHNIQUES

Phosphors are used in cathode-ray tubes to convert
electron energy into light. The phosphors for this pur-
pose are inorganic crystalline materials witha particle
size of 1 to 10 microns. Much effort has been spent in
developing methods for applying the phosphor particles
inthe form of athinuniform screen to the inner surface
of the faceplate of the cathode-ray tube. The amount of
phosphor deposited is given in milligrams per square
centimeter and ranges from 1.5 to 20. Screen weight
per square centimeter for any particular tube type is
determined mainly by the particle size of the phosphor
which is used and the voltage at which the ultor is op-
erated. Usually, screen weight per square centimeter
is increased with increase in ultor voltage. Some spe-
cial double-layer cascade-type screens for radar appli-
cations require heavy screens for good physical separa-
tion between the layers. The minimum screen weight
per square centimeter is determined largely by the
quantity of material required to give complete glass
coverage which in turnis related to the particle size of
the phosphor.

Screen weights per square centimeter for some typ-
ical tubes are given in Table I

Table I
Screen Weight
Tube Type Ultor Volts | Milligrams per sq. cm.
1EP1 1500 2.0
5FP7A 8000 22.0
10BP4A 12000 5.2
17LP4 16000 5.2
21CEP4* 18000 3.0
21CYP22 25000 2.0-3.0
5TP4* 27000 3.0
TNP4* 80000 8.0

* Aluminum-backed screens

The light output of screens operating at ultor voltages
above 6000 volts may be considerably enhanced by a
deposit of bright aluminum film on the beam side of the
phosphor screen. This film serves as a mirror to in-
crease the light output by a factor as high as 1.8.

Numerous methods have been proposed or used for
laying down phosphor screens. Some of these are:
water settling, slurrying, dusting, air spraying, liquid
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spraying, electro-spraying, tacky film, smoking, cata-
phoresis, monolayer flotation, evaporation, painting,
printing, decalcomania transfer, embedding in face
plate, and swirling.

APPLYING PHOSPHOR SCREENS FOR BLACK-AND-
WHITE PICTURE TUBES AND OSCILLOSCOPE TUBES

Water settling is by far the most widely used technique
for applying screens to all tubes except color tubes.
This method dates back to at least 1930 and has been
used exclusively for black-and-white screens made
commercially in the U.S.A.

Although the water-settling method is quite old, many
changes and refinements have been made to bring it to
its present high level of development. Each tube manu-
facturer will have one or more standard settling pro-
cedures which differ slightly in the concentrations and
in the sequence of addition of materials, butall settling
schedules are basically the same.

The flow chart shown in Fig. 1 outlines the major
steps in screening, filming, and aluminizing a black-
and-white television tube.

The phosphor powder, which isactually a mixture of
insoluble blue and yellow phosphor crystals, is prepared
as a water suspension either with or without ball mil-
ling. Ball milling may be required in some instances
to break up phosphor crystal aggregates and aid dis-
persion,

A quantity of cold water, containing an electrolyte
such as barium acetate, is added to the tube bulb to
produce a cushion layer. A quantity of potassium sili-
cate, which is the screen binder, is added to the cush-
ion water. The phosphor suspension is added after, or
with, the potassium silicate by means of a long-stem
funnel equipped with a nozzle or large-hole spray tip at
the delivery end. The phosphor is then allowed to set-
tle out of the liquid under the influence of gravity. Dur-
ing the settling period, the electrolyte causes a partial
gelling of the silicate., The silica gel becomes an ad-
hesive between particles within the screen coating and
between the coating and the faceplate. (Particle-to-
particle binding is called cohesion while particle-to-
glass binding is termed adhesion. )

At the end of the settling period, the cushion layer is



carefully poured off andthe screenis forced-air dried.
With large-scale production, the settling process is
carriedout on a conveyor belt. Pour-off occurs as the
bulb passes downover the end of the belt. Small-scale
production and laboratory settling are frequently done
on a table that can be tilted. Siphoning is sometimes
used with either belt or table settling. Although water
settling is still largely an art, considerable technology
has been developed and applied to it.

PHOSPHOR o
SUSPENSION
TUBE BULB
CONTAINING
BARIUM ACETATE
AND
POTASSIUM CUSHION WATER
SILICATE -
SOLUTION
A
AIR POUR
DRY OFF SETTLE
APPLY
REWET FILMING AlR
MATERIAL DRY
4
BAKEOUT | ALUMINIZE

Figure 1. Major Steps in Scveening, Filming, and
Abluminizing a Black-and-White Television Tube.

STOKE'S LAW

Particles settling through a liquidunder the influence
of gravity alone quickly reach a terminal velocity which
is given by Stoke's Law.

2
v - 2827 (d-do)
97
where V = terminal velocity in cm/sec
g = acceleration due to gravity in cm/sec2
a = radius of particle (a spherical shape is

assumed) in cm

d = density of particle in gm/cc
dg = density of the settling medium in gm/cc
n = coefficient of viscosity in poises

Table II shows the terminal velocity and time required
for particles inthe 1 to 20 micron range to settle through
10 centimeters of water.

Table II

Particle Diameter- |Terminal Velocity-[Time to Settle
Microns cm/mimite 10 con-minutes
1 0.01 1000
2 0.04 250
5 0.25 40
10 1.0 10
20 4.0 2.5

Application and Colorimetry of Phosphor Screens

The principle of differential settling rates maybe used
to make a particle-size separation. The process of
fractionating particles by suspending them in a liquid,
allowing partial settling to take place, and then pouring
off particles still in suspension, is called elutriation.

SCREEN ADHERENCE

Sodium silicate was the first material to be used as
a binder inwater settling. With this material, standing
times of about eight hours were necessary to develop
sufficient adherence for pour-off. Later, when sodium
sulfate was addedasanelectrolyte, standingtimes were
reduced to one hour. Changing from the sodium salt to
the potassium salt eliminated a form of screen burning
which had been prevalent for some time. Still later, it
was found that the use of divalent salts, such asbarium
acetate, further reduced standing times to 10 to 15 min-
utes. Other electrolytes, such as acetic acid, barium
nitrate, strontium nitrate, and potassium bicarbonate,
have been used commercially, but the tube industry now
uses barium acetate.

The concentrations of silicate and acetate for best
adherence have been determined empirically. Thereis
no apparent stoichiometry. Adherence of a settled
screen is determined by measuringthe size of a hole
eroded in the coating by a calibrated jet of water of
specified duration. A typical contour diagram which
depicts adherence as a function of silicate and acetate
concentration is shownin Fig. 2. The unit of adherence
is the reciprocal of the eroded-hole diameter in centi-
meters.

The screenadherence discussed in the previous sec-
tions is the adherence that exists during pour-off and is
called screen wet strength or wet adherence. The ad-
herence of the dry screen is also important and, there-
fore, some compromise must be made between wet and
dry adherence. In general, dry adherence increases
directly with the amount of silicate used. Dry adherence
is measuredby determining the amount of air pressure
requiredto blow off a portionof the dried screen coat-

ing.

In the preparation of a screen for aluminizing, a dry
screen is rewet with water. Rewetting the coating
leads to still another adherence consideration: that of
rewet adherence. It is obvious that the concentrations
of silicate and acetate actually used represent a com-
promise among the requirements for wet adherence,
rewet adherence, and dry-screen adherence.

FILMING AND ALUMINIZING BLACK-AND-WHITE
SCREENS

Placing a bright aluminum film onthe back of a phos-
phor screen increases light output by a factor of up to
1.8. In addition, the aluminum film improves large-
area contrast by minimizing the harmful effects of
optical and electron reflections from the inside wall of
the tube envelope. A further advantage is the elimina-
tion of screen charging at operating voltages above
12,000 volts. A non-aluminized phosphor screen de-
pends on secondary emission to keep the screen at ultor
potential.
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Figure 2. Contour Diagvam of Adhevence as a Function
of Silicate and Acetate Concentration

Aluminum films are deposited by evaporation at a
pressure of 10™* millimeters of mercury. The alum-
inum is obtained in the form of pellets or wires which
are loaded onto, or attached to, tungsten-coil evapora-
tors. The thickness of the evaporated aluminum film
is in the range of 1000 to 3000 angstroms.

Evaporating aluminum directly on to a phosphor
screen does not result in a bright mirror finish and
therefore, gives no gain in useful light output. As a
result, it isfirst necessaryto deposit a smooth organic
film on the back of the phosphor coating to bridge its
rough surface and to support the aluminum film. Since
the organic film must later be removed by baking, as
little as possible should be used. The general practice
is to first wet the phosphor coating with water. The
water fills the voids in the screen. Next, the organic
film is formed by spraying a film former, suchas butyl
methacrylate, or by floating a nitrocellulose film, onto
the wet coating. After the film has formed and the
coating is again dry, aluminum may be evaporated onto
the film. The depositedaluminum must have sufficient
porosity, usually in the form of pinholes, to allow the
decomposition products of the organic layer to escape
during screen bake-out.

Some electronenergy is lost by the electron beam in
passing through the aluminum film. Fig. 3 shows the
effective electron transmission for aluminum films at
various voltages as a function of film thickness.
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SCREENS FOR COLOR TUBES

Phosphor screens for color tubes are entirely different
in structure from those used for black-and-white pic-
ture tubes. A color-tube screen for a tube such as the
21CYP22 consists of about 1,000,000 phosphor dots, 18
mils in diameter (330,000 each of phosphors for the
three colors—red, blue and green). These phosphor
dots are positionedaccurately with respect to an aper-
ture mask andthe three electron guns in the neck of the
tube. The geometry of the tube is such that the beam
from any gun of a properly operated tube can landonly
on the phosphor dots for a single color.

The dot array is produced by a photographic system
which involves four major steps: application of phos-
phors, application of a photosensitive binder, exposure
to light, and developing.

The phosphors most widely used for color picture
tubes are blue-emitting, silver-activated, zinc sulfide;
green-emitting, manganese-activated, zinc orthosil-
icate; and red-emitting, manganese activated, zinc
orthophosphate. These phosphors are all white powders
and have about one-half the average particle size of
water-settling phosphors for black-and-white tubes.

Several different photobinders have been used in the
preparation of color-tube screens. These include ma-
terials such as: dichromated albumen, dichromated
polyvinylaleohol, Kodak photo resist (KPR), and Kodak
photolacquer (KPL). Dichromated polyvinyl alcohol is
a commonly used material. It is available as a water-
soluble material whichproduces a film when spread out
as a thin layer and allowed to dry. Thedried film may
be redissolved in water.

When 2t0 10 per cent by weight of a dichromate salt,



suchas ammonium dichromate (in older literature it is
often called bichromate), is addedtothe polyvinyl alco-
hol (PVA) while it is in solution, the resultant dried
film may be made insoluble in water by exposure of the
film to ultraviolet radiation. Actually, the photosensi-
tivity extends over quite a wide range as shownin Fig. 4.
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Figure 4. Photosensitivity of PVA-Amwmonium
Dichvomate Film

If only selected portions of the film are exposed to
ultraviolet radiation, only those areas become insoluble
(other terms are insolubulized, hardened, tanned); the
remaining unexposed areas are still water soluble and
may be removed by washing them away.

EXPOSURE SYSTEM

A high-pressure, mercury-capillary-type, quartz-
envelope lamp is a suitable source for anexposure unit
(lighthouse). Its spectrum is typical of that of a high-
pressure mercury arc. I a suitable orange filter is
placed over the light source, beam landing may be
checked with a screenedfaceplate panel without affecting
the photobinder. Although dichromated PVA has very
low photosentivity as compared to that of a silver
halide photographic emulsion, it mustbe handled under
a safety light which is yellow to orange. White incan-
descent lamps, fluorescent lamps, or natural daylight
are all capable of fogging dichromated PVA films.

DEVELOPING

Water is the developer for dichromated PVA. The
water is sprayed onto the screen uniformly with con-
siderable force (20 to 30 pounds per square inch). The
water pressure and duration of development are ad-
justed to give good clean-up, i.e., complete removal
of unexposedand unwantedareas with as little harm as
possible to the desired screen areas.

The basic elements of photodeposition, phosphor
application, photobinder application, exposure, and
developing, have been combined in many ways to yield
the following systems:

1. One-Step Slurry. Phosphor is mixed with phos-
phor binder and appliedto tube face panelasa slurry.
2. Two-Step Slurry, or Tacky Film. Clear photo-
binder is applied by spinning. Dried film is exposed
and developed. Phosphor slurry inunsensitized PVA
isapplied by spinning and is then dried andredevel-
oped.

3. Dusting. Clear photobinder is applied by spray-
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ing. Whilefilm is still wet, dry phosphor powder is
air-settled onto wet {film. After the phosphor-photo-
binder layer is dried, it is exposed and developed.
4. Water Settling. Phosphor powder is applied to
panel by conventional water settling. Clear photo-
binder is applied to dry screen by swirling. After
photobinder has soaked into settled screen and dried,
the screen is exposed and developed.

Allfour methods are capable of producing high-quality
screens. The one-step slurry method has reached the
highest degree of perfection. The two-step slurry
methodis capable of givingthe finest elemental screen
area definition (since exposure is made without the pres-
ence of light-scattering phosphor crystals). The dust-
ing method canyield screens with the optical character-
istics of water-settled screens (high contrast, low op-
tical contact). The water-settling methodis the easiest
way to make a few screens for experimental purposes.

ONE-STEP SLURRY PROCESS

The principal steps in screening faceplate panels by
the slurry process are given in Fig. 5. Each color
phosphor is made into a suitable slurry in its own special
way. In order to conserve space, only the preparation
of the green slurry will be presentedas representative
of a currently used typical procedure and compositions.
The phosphor powder is ball milled in water for oneand
one-half to three hours. Following the milling, PVA is
added from a 10 per cent stock solution to yield a con-
centration of 38 per cent phosphor, 3.6 per cent PVA,
58 per cent water. This mixture is rolled in the ball
mill anadditional one and one-~half hours to ensure good
mixing. After the millchargeis transferred to a port-
able mixing vat, a final adjustment of slurry viscosity
is made by adding more water. A few hours before the
slurry is to be used, it is sensitized with ammonium
dichromate from a 10 per cent stock solution.

The final slurry composition, as presently delivered
to the factory, is 38 per cent phosphor, 3.6 per cent
PVA, 6 per centammonium dichromate (based on weight
of PVA) and 58 per cent water. The slurry is kept in
constant agitation until used. It is applied to the face-
plate panel by a combination spinning and tilting cycle.
The panel is positioned at 15°, open end up. About 180
milliliters of slurryare addedtoform apuddle near the
center of the panel. The puddle is worked out to the
edge and spreadover the entire faceplate area by spin-
ning and tilting, The wet phosphor slurry film covering
the panel is kept in positionby additional spinning until
it is dry.

The amount of PVA used in the slurry controls the
viscosity, whichis adjusted to give the best application
characteristics. The amount of phosphor in the slurry
is essentially the greatest amount that can readily be
held in good suspension. This amount, in turn, is con-
trolled by the amount of PVA present. The concentra-
tion of ammonium dichromate is not critical. The expo-
sure time decreases with increasing dichromate con-
centration, but dot quality and slurry shelf-life are
poor at very high dichromate concentrations. The effect

of dichromate concentrationon exposure time is shown
in Fig. 6.
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Phosphor-dot size is dependent, not only on light-
source and mask-hole sizes, but also on exposure time.
Anempirical relationship of exposure time versus hole
size is shown in Fig. 7. Final dot size is also dependent
to some extent onthe pH of the developing water (low pH
produces small dots) and the vigor with which the screen
is developed. Due to the intensity distribution of light
withinthe light-spot image (see Fig. 8), the core of the
phosphor dot is more completely hardened thanthe edge.
In some instances the edge of the dot is not hardened all
the way through to the glass substrate and, as a result,
the edge, while still wet, is seen to float like a skirt



surrounding the central core. Very hard development
will completely break off this skirt, leaving an under-
sized dot, Prolonged exposure will result in good ad-
herence of this skirttothe glass, givinganoversize dot
with poorly defined edges.
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SCREEN DEFECTS

Cross-Contamination

One of the commonproblems in making the phosphor
screenfor a color picture tube is the presence of wrong-
color phosphor particles on dots of the desired color.
Because phosphor dots are coarse and rough on a mic-
roscopic scale, there is a tendency for the phosphors
thatare depositedondots already formed, to be trapped
mechanically. Insufficient development will result in a
high level of this kindof contamination, called "cross-
contamination. "

In addition to mechanical trapping, some phosphors
seem to have a natural affinity for one another. The
present sequence of depositing the phosphors, i. e., blue,
green, and red, results in the least cross-contamina-
tion,

White Nonuniformity

The production of a white field requires thatthe three
color fields be excited simultaneously by their respec-
tive guns, and that the beam current for each color be
adjusted to give the proper balance for white. If the
light output of any field varies over the field, the over-
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all color balance will also vary to produce different
whites. Thus, a section of the white field may appear
pink relative to the rest of the field.

The causes of white nonuniformity include: (1) me-
chanical causes (misregistry, dented masks, small
dots, overlapping dots, missing dots); (2) electrical
causes (stray electron excitation); (3) chemical causes
(phosphor deterioration or poisoning); (4) physical
causes (variation in screen weight per square centi-
meter).

Phosphor light output is a function of coating thick-
ness or screen weight per unit area as shown in Fig. 9.
As a result, screenweight per square centimeter with-
in a field must be held within a certain range if the
light output is to remain essentially constant. Although
variations in coating weight per square centimeter in
excess of twice this range will affect light output to the
extent of only 5 to 10 per cent, this variation may de-
grade white uniformity.
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Figure 9. Light Output as a Function of Scveen Weight

Blue-Phosphor Breakdown

No discussion of color tube screen defects would be
complete without a brief mention of the long-standing
problem of blue-phosphor breakdown. The blue phos-
phor, silver-activated zinc sulfide, is very susceptible
to contamination by copper (0.01 parts per million is
detectable.

If the blue-screen phosphor becomes contaminated
with copper before the screen-baking stage, the baking
will cause activation of the zinc sulfide by the copper
and a resultant color change from blue to green. Most
screens will have a few sections, perhaps only a dot or
two, where copper particles have affected the coating.
The principal source of copper is the atmosphere. Ac-
cordingly, elaborate filtering of the air is required in
the screen-processing areas.

FILMING AND ALUMINIZING OF COLOR-TUBE
SCREENS

Until very recently color screens were filmed in the
same general way as black-and-white screens. How-
ever, a new filming technique, knownas emulsion film-
ing is now available. The emulsion is similar in prin-
ciple to latex water-base paints wherein an organic film
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former is dispersed in water. After the emulsion is
applied by a slurry technique, it is allowed to dry while
spinning is continued. As the water evaporates, the
organic molecules get closertogether untilfinally they
coalesceand form a true organic film. Emulsionfilm-
ing, particularly for a separate faceplate panel, is
cheaper, safer, and more readily automated than con-
ventional spray filming,

The process of aluminizing color screens is similar
tothatemployedfor black-and-white screens. Because
the evaporator does not have to be inserted through the
neck of the color tube, four widely spaced evaporators
are used. The use of several evaporators is particu-
larly fortunate because they facilitate obtaining a thick
aluminum film. The aluminum thickness in the color
tube is in the range of 3000 to 4000 angstroms which is
about two times as great as that for black-and-white
tubes. This very thick aluminum is needed to absorb
low-velocity secondary electrons and to attenuate high-
velocity scattered primary electrons, which, if they
reachedthe phosphor screen, would degrade field purity
and white uniformity,

SCREEN BAKEOUT

The final step inthe processing of color-tube screens
is screen baking. The screened, filmed, and alumin-
ized panels are placed on a flat horizontal wire- mesh
conveyor belt which carries the panels through a six-
zone lehroven. Fig. 10 is a plot of a typical oven tem-
perature calibration run and shows the temperature in
each zone.
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Figuve 10. Typical Oven-Temperature
Calibration Chart

During the lehr-oven bakeout, the PVA and filming
lacquer are removed by decomposition, combustion,
evaporation, and sublimation, All ofthe organic mater-
ial must be removed if a good vacuum is to be main-
tained in the finished tube. Allof the organic material
removed by the baking must pass through the many pin-
holes normally present in the aluminum film. Filming
and aluminizing techniques which do not result in ade-
quate aluminum-film porosity result in blistering of the
aluminum.

Recent radiotracer studies give quantitative data,
Fig. 11, on the effectiveness of time and temperature in
removing the PVA.

PHOTOMETRY OF PHOSPHOR SCREENS
Seeing is such a subjective act that countless systems

of light units and definitions have come into existence.
It is helpfulto go back to the old concept of a single candle
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placed at the center of a sphere having a radius of one
foot. By agreement, let the candle have anintensity of
one candle.
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Figure 11.

Further assume that the candle emits uniformly in all
directions. It is then convenient to divide space sur-
rounding the candle into unit solid angles with their
apices at the candle. The unit solid angle used is the
steradian. The candle flame is surrounded by 4 7
lumens.

A one-square-foot sectionof the sphere witha radius
of one foot subtends a solid angle of exactly one ster-
adian. It followsthat the illuminationon the one square
foot is one lumen. By definition, one lumen per square
foot is equivalent to an illumination of one foot candle.
If the illuminated surface is fully diffusing without ab-
sorption or specular reflection, it will have a bright-
ness of one foot lambert. If the surface absorbs one-
half of the incident flux, its brightness will be one-half
foot lambert.

Anextended light source, suchasa cathode-ray-tube
screen, has a candle-power equivalent. A phosphor
screenis essentially a Lambertian emitter: its candle
power intensity varies with the cosine of the angle of
view. As a result, a one-candle extended source emits
a total of only 7 lumens on one side.

For example: In Fig. 12, S is a phosphor screen. Ig
is the candle power of the screen, measuredonits axis
at a distance from S.

D e

I,

S I

Figure 12. Devivation of Obsevved Brightness
of an Extended Souvce



Candle power at an angle 6 from the axis is:
Iop = Ip cos @

and the apparent brightness of S is:
1

B = g
but, I =1, cos ¥
and S = S5 cos 6
Therefore, B = lo €086 _ B,
Sy cos 6

and the observed screen brightness is independent of
direction of view.

The basic equations for the cathode-ray-tube-screen
light source are as follows:

One candlepower (Cp) (extended source) = 7 1
lumens (on one side)

One Cp/ft2 =7 lumens/ft2 = 7 foot lamberts (2)

The candlepower _ area (ftz) foot lamberts 3)

of a source T

or, foot lamberts :EPL-T (4)
area (ft<)

For example:

A color tube which has a screen area of 250 square
inches (1.735 square feet) with a brightness of 8 foot
lamberts, has a candle power equivalent of:

Cp — 1.7315r X 8 = 4,42

and emits 4.42 x 7 = 13. 9 lumens.

If the tube operates at a voltage of 25,000 volts and
400 microamperes (25,000 x400 x 1076 - 10 watts), the
efficiency of the screen itself as a light source under
these conditions is 13.9/10 = 1.39 lumens per watt.

MEASURING INSTRUMENTS

The most widely used device for measuring screen
brightness is a photovoltaic cell equipped with a cor-
rectionfilter to simulate the color sensitivity of anaver-
age eye. This type of instrument is usually calibrated
in terms of illumination from an incandescent lamp
which has been calibrated by the National Bureau of
Standards.

If the photocell unit is used at distances which are
large comparedtothe size of the phosphor screen, read-
ings are obtained in foot candles, and reliable values
for screen brightness may be calculated, The general
practice, however, is to place the cell on the tube face
and, under this condition, brightness is supposedly
measured directly. However, the large ac component
inthe photocell current due to raster scanning and light
losses resulting from rays reaching the photocell face
at oblique angles can introduce very large errors.

Application and Colorimetry of Phosphor Screens

An early subjective instrument used for illumination
measurements is the MacBeth illuminometer. This in-
strument requires matching the brightnessof a built-in
incandescent lamp with the brightness of the phosphor
screen. Because the color of the phosphor light and that
of the lamp are quite different in most cases, much ex-
perience is required for the proper use of this instru-
ment. Another instrument, known as the Spectra Spot
Brightness Meter, uses a lens system and a multiplier
phototube. It reads directly in foot lamberts and can
measure areas as small as 0.030 inch in diameter.
This instrument also presents problems in reading the
absolute brightness of a phosphor.

It is recommended that all photometers for measuring
color television screens be calibrated with the standard
diffuse sources available from the National Bureau of
Standards (NBS). NBS ispreparing a new diffuse source
for measurement of black-and-white screens to replace
the original standard which is no longer available.

Measurements made with an eye-corrected photo-
voltaic cell, Weston Model 759, calibrated on the NBS
colorprimary standards ata distance from the source
of three times the source diameter, gave the basic effi-
ciencies shown in Table III.

Table III
Screen o
Tube [Phosphor Efficiency
Type |Number Phosphor lumens/watt
Display P20 ZnCdS:Ag 60
Storage
Tube
21CEP4 | P4 ZnS:Ag + ZnCdS:Ag| 36
5ABP1 Pl ZnZSiO4:Mn 30
Blue—ZnS:Ag
21CYP22 P22 ||Green—ZnySi0,:Mn { e
Red—Zng(P0,)5:Mn ’
SWPIll1 P11 ZnS:Ag 27
5WP15 P15 Zn0:(Zn) 18
5ZP16 P16 CaMgSi0q:Ce 0.09
(ultravio%et)

*Corrected for mask loss.

COLOR MEASUREMENT AND SPECIFICATION

The basic instrument for measuring color of phosphor
screens is a spectroradiometer. This instrument de-
termines the emission intensity of a source as a func-
tion of wavelength over a certain wavelength interval.
It is often confused with a spectrophotometer which
usually can only measure the fraction of incident light
that is transmitted or is reflected by a substance.
Curves obtained with a spectroradiometer are called
spectral-energy-distribution curves (S.E.D. curves).

Because colors are not uniquely determinedby S.E. D.
curves, such curves have limited direct value. How-
ever, starting with the S.E.D. data, it is possible to
convertto an objective color specification system such
as the C.I.E. (Commission Internationale de L'Eclair-
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age) color system-formerlyl. C.I. (International Com-
mission on Illumination)., In this system, every color
is uniquely determined by a set of x, y, and z coordin-
ates, Because x, y, and z are coefficients which add
up to one (see below), only two are required to define a
color. By convention,x and y are used.

The C.1.E. color system cannot be discussed in de-
tail here; however, the following defining equations are
vital to the use of the system:

x=__ X (5)
X+Y+ 2

= Y 6

y X+Y+ 2 (6)
= 4 7

2T XTYTZ @

from the preceding equations

—3—5-=X+Y+Z (8a)
Y. X+Y+2Z (8b)
y
Z_X.:Y+2Z (8c)
V4

where X, y, and z are the trichromatic coefficients
X, Y, and Z are the tristimulus values

The conversion from the S.E.D. data to the xandy
coordinates is accomplished by a set of three integra-
tions where, in effect, the source is resolved into the
relative amounts of the C.I.E. primaries required to
color-match the source.

A plot of the xand y coordinates for the pure-spectrum
locus produces a horseshoe-shapedlocus in Cartesian
coordinates. This locus with a straight line joining the
ends is called the color mixture diagram. All colors
will have coordinates lying within this area.

A veryuseful characteristic whichapplies tothe mix-
ing of phosphor colors (a color-addition process) is the
fact that a straightline joining two phosphor points re-
presents all the intermediate colors that can be ob-
tained from mixtures of these two phosphors. For ex-
ample, it can be seen in Fig. 13 that combining a blue
phosphor and a yellow phosphor in the proper propor-
tions will produce white. It isthis principle that is used
in the making of screens for black-and-white picture
tubes. Color mixture problems may be solved by con-
sidering them as moment arms. The two colors have
a certain intrinsic colormetric weight, called stimula-
bility, which must balance around the mixture point as
a fulcrum. Stimulability is defined as luminous effi-
ciency Y (lumens per watt) divided by y. S =Y/y

It has been shown thatY/y is equaltoX +Y + Z which
arethe actualamounts of the C.I1.E. primaries required
to match the unknown source in color and intensity.
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APPLICATION OF C.ILE. COLORSYSTEMTOBLACK-
AND-WHITE SCREENS

The development of an all-sulfide black-and-white
screenrequires the making of a series of silver-activ-
ated zinc-cadmium sulfide phosphors. The series should
runfrom 100 per cent zinc to 30 per cent zinc (the balance
cadmium sulfide) in steps of approximately 10per cent.
The color of each phosphor is measured and plotted on
the C.I1.E, mixture diagram. A line through these points
is the color locus of the zinc-cadmium sulfide system
andis shownin Fig, 14. In additionto color, the visual
efficiency must be measured— at least on a relative
scale—andthe stimulabilities calculated. Plots of rela-
tive visual efficiency and relative stimulability are
shown in Figs. 15 and 16,

Neglecting certain secondary effects, such as the
body color of the yellow phosphor, it is nowpossible to
pick a pair of phosphors which producea given shade of
white with maximum light output. In referring to white
light, itis convenientto describe it interms of the near-
est equivalent black-body temperature. Charts are
available for the center section of the C.I.E, diagram
which show the black-body colorlocus, isothermal lines
across this screen, and a minimum perceptible color
difference scale (M, P. C. D.) along the isothermal lines.

Assuming the 10,000 degrees Kelvinat +20M.,P.C.D.'s
(above the black-body line) is a desirable white, it can
be seen from Fig. 17 that a number of straight lines
can be drawn through this point, each of which will in-
tersect the phosphor color locus at two places.

The choice of the phosphor pair depends simply on
which pair produces the greatest light output.

The screenbrightness Yse of a televisiontube is re-
latedto the intrinsic brightness of the phosphors by the
relationship:

Ysc = @ Yy + BYp 9

where Yy and Ypare the luminosities of the yellow and
blue phosphors, respectively, and a and Bare the rela-
tive amounts used inthe blend. Since Yy, is usually about
ten times as great as Y and @ and B ‘are nearly equal,
most of the visual efficiency of a television screen is
due to the yellow phosphor.

The approximate amounts of blue and yellow phos-
phor needed to make the 10,000-degree Kelvin white light
are given by the following equation:

, . (100- @) sp-Ly
Sy Ly

@ = per cent yellow to be used

Sy = relative stimulability of the yellow phosphor

Ly = linear distancefrom the 10, 000-degree Kel-
vin point to the yellow end of the color line

Sp = relative stimulability of the blue phosphor

Lp = linear distance from the 10, 000-degree Kel-
vin point to the blue end of the color line

(10)

where,
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Figure 13. Three Complementary Phosphov Paivs which will Produce White

A pair of phosphors for optimum efficiency may be
picked from among the three pairs shown in Fig. 17by
means of Egs. (9) and (10).

Table IV shows that phosphor pair number one will
produce a brighter10,000-degree Kelvin white than any
of the others.

Table IV
Phosphor | Per Cent Yellow to Make | Relative Screen
Pair 10,000° Kelvin White Brightness
1 61.80 100.00
2 30.53 57.90
3 26.27 41.60
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Figure 14. Phosphor Locus of the Zinc-Cadmium Sulfide Silvev-Activated System

Calculating a 10,000-degree Kelvin white on paper is
simpleanddirect. Achievingitina finishedtube is very
difficult. Factors such as body color, screen weight,
particle size, and operating conditions all affect the
final result.

APPLICATION OF C.I.E. COLOR SYSTEM TO COLOR
TELEVISION SCREENS

Much of what has been said about photometry, color-
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imetry, and the use of the C.I.E. system for screens
for black -and-white tubes also applies to color screens
for tubes. Earlyin the development of color television
the National Television Standard Committee (NTSC)
proposed the three phosphor primaries and described
them in terms of their C.I.E. coordinates. (See Table
v.)

The C.I.E. diagram hasbeenused often to show how
the fidelity of color television pictures compares with



other color media such as color photography and color
printing. Fig. 18 comparesthe color gamut of the color
television phosphors with the color gamut of printing
inks.

Table V
NTSC PROPOSAL
C.ILE Coordinates
1 « Lo .
Color % ¥
Red 0.670 0.330
Green 0.210 0.710
Blue 0.140 0.080

100 /—\
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Figure 15. Relative Efficiency of a Phosphor
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Figure 16. Relative Stimulability of a Phosphor

The laws of color addition may be used to determine
the ratios of beam current for the red, blue, and green
guns to produce any color, including white, within the
phosphor triangle. These same principles may be used
to determine the magnitude of color change when changes
are made inthe beam-current ratiosfor the three guns.

It isalsopossible to calculate the relative and absolute
currents for each gunto produce any color point within
the color triangle by means of Grassmann's equations.
Simply stated, these equations say that the X, Y, and
Z, which are the C.1.E. tristimulus values ofa color
mixture, are equal to the sum of X, Y, and Z of the
component colors.

Application and Colorimetry of Phosphor Screens

Applying these equations to the problem of finding the
gun currents which willyield 8500-degree Kelvin white
gives:

X8500 = IgXp + IgXp + I5X5 (11)
Y8500 = IRYR + IgYp + IgYg (12)
Zgs00 = IRZR + IBZB +1GZG (13)

where I, Ig, Ig are the relative red, blue, and green
gun currents

and, XR’ R ZR
Yp: Yp, Zp
Xg Yo Zg

are the C.I. E, tristimulus values of the red, blue, and
green phosphors.

and, Xg500, Y8500, 2nd Zgspg are the tristimulus val-
ues for the 8500-degree Kelvin white point.

The following datafor the three phosphors are suffi-
cient to make the calculation as outlined:

x* y* z* Xi e Z*
Red 0.670 { 0.330 (0.000| 4 |20
Blue 0.140 | 0.080 [0.780 | 3.5/ 2 |20
Green 0.210 | 0.710 {0.080| 2 8|1
8500° Kelvin White |0.287 | 0.316 {0.397 -|-1-

*Value calculated from the spectral-energy distribution
curves.

tValue measured with eye-corrected photocell.

tValue calculated from Eqgs. (5), (6), and (7).

Using these data:

41 3.51
x=0287-_R "°°B

+ ZIG

2Ig + 2Ig + 8Ig

y = 0316 =
GIR + 25.51B + IIIG
201, + I
z = 0.397 = B G
6l + 25.51 + 111

Solving these equations gives the following current re-
lationships:

Per Cent Per Cent

Calculated Measured
IG = 28 30
IB = 22 20
IR = 50 50

The final step is to calculate the absolute currents for
a given light level.
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8 footlamberts brightness required
= 250 sq. in.
= 25,000 volts

Screen area
Ultor voltage
Candle Power

Y3500
Beam Watts

and
Beam Current

= 4.4 [See Eq. (3)]
= 3.7 cp/w [See Eq. (12)]

4.4

3.

_4
25000

= 1.

2

4x10°%

480 pa

The principles of photometry and colorimetry are re-
latively simple and straightforward. However, the
practical difficulties of making precise measurements
are enormous and have yet to be fully resolved. An
accuracy of +10 per cent on measurement of absolute
screen brightness or gun current to produce a given
brightness is quite good.

Anaccuracy of+0.005in x- and y- C.I.E. units would

also be quite good; even this levelis reached with con-
siderable difficulty.
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Manufacture of Cathodoluminescent Materials

J. A. Markoski

Lancaster

SULFIDE PHOSPHORS

Until the second World War, luminescent materials
of the sulfide type were made in small amounts by lab-
oratory methods. The war created a heavy demandfor
radar phosphors and laboratory production methods
proved utterly inadequate. Asa result, RCA was asked
by the Navy to build the first commercial plant in the
United States for the production of radar phosphors.

The process chosen for the new plant was the so-called
"acid process'' in which zinc sulfide or a mixture of
zinc and cadmium sulfides is precipitated from an acid
solution of the corresponding salts. The Pyrex glass
apparatus used in the laboratory was replaced by glass-
lined steel reaction vessels of commercial design. In
addition, many special features were provided to meet
the very highpurity standards necessary for the manu-
facture of satisfactory phosphors.

Most of the radar screens manufactured in the Lan-
caster plant during the war were of the cascade (or layer)
type in which the layer next tothe glass wasphosphores-
cent zinc-cadmium sulfide. This phosphor was excited
by absorbing the light from a second layer of blue-emit-
ting zinc sulfide which was placed directly overit. After
the war, the composition and the characteristics of these
two phosphors were altered to make them suitable for
black -and-white television.

The reaction by which zinc sulfide is made is:

ZnSO4 + HZS - 7ZnS + stO4 (1)

The by-product, sulfuric acid, is neutralized with
zinc oxide and the resulting zinc sulfate is used to make
the next batch.

HZSO4 + ZnO == ZnSO4 + H20 (2)

Although the basic chemistry appears simple, the
actual production of high-grade phosphors is not. Un-
less many precautions are taken and rigid processing
techniques are observed, unsatisfactory phosphors
result, Even though some deviations may appear to be
trifling or insignificant, they oftenhave harmful effects
which persistently defy explanation, In order that some
ofthese pitfalls may be avoided, the essential features
of each step will be taken up in sequence.

Preparation of Stock Solutions

Although other soluble zinc salts can be used, the
sulfate is best suited for the method of manufacture
described here. The greater part of the zinc sulfate is
obtained by adding zinc oxide tothe by-product, sulfuric
acid, obtained from the reaction shownin Eq. (1). Some
handling losses inthe recovery of the acid are inevita-
ble; these losses are compensated for by the addition of
concentrated Chemically Pure (C.P.) grade sulfuric
acid. United Stated Pharmacopoeia (U.S. P.)grade zinc
oxide is added slowly with continuous stirring until a
methyl red indicator shows the alkaline color. At this
point, there is no free sulfuric acid, and the pH of the
solution is 5.5 to 5.9 at 25 C. This condition is impor-
tant because it assures anexcess of zinc oxide essential
for the removal of iron by the reaction:

2Fe " 132Zn0+3 H,0 > 2 Fe(OH), V+32zn™ (3

At one time ammonium hydroxide was addedto raise
the pH and precipitate iron, but it has since been found
that zinc oxide is superior, The addition of an oxidizing
agent such as hydrogen peroxide to oxidize any ferrous
iron which may be presenthas beenfound unnecessary.
Since the by -product, sulfuric acid, is nearly saturated
with hydrogen sulfide, the addition of hydrogen sulfide
is also unnecessary. A partial precipitation of zinc
sulfide is automatically obtained and carries down all
other less soluble sulfides. After the zinc sulfate solu-
tionhas beenallowedtocool and settle, the mixed sludge
of zinc sulfide andexcess zinc oxide is removed either
by filtration or by siphoning off the clear supernatant
solution. It is extremely important to avoid metallic
and organic contamination; all reactors, pipes and
valves used in the neutralization step must be made of
materials impervious to 1.5 to 2,0 normal (N) sulfuric
acid.

Cadmium sulfate stock solution is prepared by dis-
solving Analytical Reagent grade cadmium sulfate in
demineralized water and purifying the solution by two
partial precipitations. Thefirstprecipitate is cadmium
hydrexide which carries down all other less soluble
hydroxides. This precipitation is performed by adding
ammonium hydroxide until the pH is 5.8 to 6.0.

The second partial precipitation is performed by

adding hydrogen sulfide, which precipitates cadmium
sulfide and all other less soluble sulfides.
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Cadmium sulfate solution may also be prepared by the
reaction between cadmium oxide and sulfuric acid, This
method is cheaper and will probably be adopted in the
future. In this case, it is probable that an excess of
cadmium oxide will act in a manner analogous to that
of zinc oxide in the removal of Fe*** [Eq. (3)].

Precipitation

The principal problems encountered in precipitation
are safety, purity, and corrosion.

Hydrogen sulfide is sotoxic that noleaks inthe system
are permissible. Very slow seepage from the stuffing
box of the precipitation reactor is practically unavoid-
able but is not hazardous when proper venting is pro-
vided. Other leaks may be prevented by the use of pure
gum -rubber gaskets 1/4-inch thick. For seals against
liquids, 1/4-inch Neoprene gaskets are the most satis-
factory.

Purity and corrosion are interrelated because cor-~
rosion is capable of introducing harmful metallic im~
purities. It has been reported that the adverse effects
of the principal contaminants such as iron and copper
are detectable in concentrations as low as 1 part in 10
million.

Corrosion is controlled mainly by the use of glass-
coated steel. Supplementary construction materials
include rubber-lined steel, porcelain, polyvinyl chlo-
ride, Teflon, and Hastelloy C. Theoretically, such
parts as drive shafts and bearings are not exposed to
corrosive atmospheres; nevertheless, experience has
shown that gradual erosion takes place and ultimately
causes severe damage. Not all contaminationis metal-
lic. Greaseand oil or shreds of packing materialfrom
stuffing boxes can be disastrous to quality. All three
can be eliminated by the use of mechanical rotating seals
made of graphite and Hastelloy C. The advantages of
mechanical rotating seals are offset by high initial cost
and complexity. The complicated structure of the ro-
tating seal makes it difficult to repair. Stuffing-box
seals are relatively inexpensive and simple to maintain.
The best packing material for this type of seal is par-
affin-impregnated flax. Asthe packing material wears,
the shreds will fall into the reaction tank; this can be
prevented by placing a Lucite shaft cup on the agitator
stem inside the tank.

The entire precipitation reaction takes place on the
acidic side withthe acidity progressively rising as the
reaction proceeds. As the acidity increases, the rate
of reaction decreases; therefore, strong agitation is
neededto savetime and to assure 98 per cent complete
precipitation. Best results are obtained witha center-
agitated reactor equipped with athree-bladed impeller
and a baffle withtwo projecting side arms. The second
arm on the baffle is placed at the surface of the liquid
to provide the swirling and tumbling which promote gas
absorption. A dip pipe made of Hastelloy C will also
provide additional effectiveness. Hydrogen sulfide is
delivered to the reactor through a pipeline filter con-
taining a disposable filter cartridge. No other purifica-
tion is necessary.

For the sake of economy, the rate of reaction must
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be establishedfor each reactor of a given design. The
rate was first determined for a 100-gallon reactor of
the type described with no dip pipe. The zinc sulfate
solution was a 1.6 N andthe pH was 5.9. The air inthe
reactor was swept out with hydrogen sulfide until an
initial absorption of two pounds per hour was assured.
This rate of flow was maintained until it was no longer
possible to precipitate any more zinc sulfide. Atmos-
pheric pressure was maintained in the reactor by allow-
ing the excess hydrogen sulfide to escape toa fume
scrubber. Samples of solution were removed at inter-
vals and analyzed for unprecipitated zinc. The results
were used tocalculate the data requiredto plotthe curve
in Fig. 1, which shows the total amount of zinc sulfide
precipitated at any giventime. The slope of this curve
gives the rate of precipitation at any instant provided
the proper scale correctionis applied. By calculation,
pounds of zinc sulfide precipitated per hour can be con-
verted into equivalent pounds of hydrogen sulfide ab-
sorbed per hour. When these results are plotted as a
function of time, asin Fig. 2, a curve is obtained which
shows what the rate of flow of hydrogen sulfide should
be at any time during the precipitation.
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Figure 1. Rate of Precipitation of Zinc Sulfide

Physical properties of the zinc sulfide precipitate are
controlled by the rate of precipitation and by the hy-
drogen ion concentration. Zinc sulfide that has been
precipitated very rapidly from an alkaline solution is
extremely fine and difficult to wash, When this mate-
rial dries, it forms hard of glassy lumps which must
be crushed and ground. On the other hand, if zinc sul-
fide is precipitated slowly from an acid solution, a
coarser product is obtained which can be washed easily,
and while drying, forms a dense free-flowing powder.

Ninety -eight per cent of the zinc can be precipitated
from 1.0 to 2.0 N zinc sulfate solution if the initial pH
is 5.9 and agitationis continued until no more hydrogen
sulfide is absorbed. If it is assumed that the solubility
product for zinc sulfide and the ionization constants for
hydrogen sulfide are correct, it is impossible to show
theoretically that such high yields are obtainable.
Therefore, it is evident that the simple equation
Zntt + 8% —> ZnS does not adequately describe the
precipitation of zinc sulfide.

The ionization constants K1 and Kgfor aqueous solu-
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tions of hydrogen sulfide are:

Cu+ « Cyua-
B x WS gy -91x108 (4)
HoS
and
Cor+ Cq=
H xS = Ky = 1.2x 10719 (4a)
Cus-

At 25 C and atmospheric pressure, a saturated solu-
tion of H9S is approximately 0.1 molar (M). By using
this concentrationand the values given above for K and
K3, it canbe calculated that Cgg- = 9.5x10-9and Cg™ =
1.2x 10-15, Thus, it can be seen that the concentration
of the HS™ ions is more than 1010 times greater than
that of the ST ions. In strong acid solutions, the com-
mon-ion effect will decrease the concentration of the
§™ ions to an extremely low level, and though the HS~
ions will also be repressed, their concentration will
still be very much greater than that of the S~ ions. This
suggests the possibility that zinc sulfide is not entirely
precipitated by the reaction:

Zn*t + 8 — 7ZnS (5)
but the two-stage reaction
Zn** + 2 HS- — Zn(HS), (5a)

Zn(HS)s  — ZnS + HaS (5b)

also takes place near the end of the precipitation. The

Manufacture of Cathodoluminescent Materials

existence of Zn(HS)2 is controversial, butthere is good
evidence to show that it is present in zinc sulfide to the
extent of approximately twoper centand decomposes
sharply at 390 C. This subject is discussed in greater
detail under '"Neutralization and Washing, "

If it is desired to shift the emission color from the
blue emission color of silver-activated zinc sulfide to
some longer wave length, zinc sulfide is precipitated
almost completely to buildup the acidity, thencadmium
sulfate is added andthe precipitation is continued until
absorption of hydrogen sulfide ceases. Precipitation
from a mixture of zinc sulfate and cadmium sulfate
should be avoided because this method produces a pre-
cipitate which is difficult to wash and is too light and
fluffy after drying. Such material is difficult to pack
into crucibles and greatly reduces firing capacity.

The shift of emission color is precisely governed by
the zinc-cadmium ratio, therefore accurate control of
all concentrations, pH's, and yields is essential.

Neutralization and Washing

After the zinc or zinc~cadmium precipitationhas been
completed, the precipitate is allowed to settle out and
the supernatant sulfuric acid is removed and neutralized
with zinc oxide. This step constitutes the preparation
of zinc sulfate stock solution,

The settling time of the precipitate depends upon the
particle size; two or three hours is usually sufficient.
The by-product, sulfuric acid, should be removed;
washing of the precipitate should be started as soonas
possible to minimize the reverse reaction, Inthe pres-
ence of 1 N sulfuric acid, the zinc sulfide not only begins
to redissolve, but also forms lumps which eventually
cement together into one large mass that cannot be
broken up by ordinary stirring. Zinc-cadmium sulfide
is not subject to this lumping tendency, but may change
in composition because of the tendency of the more
soluble component (ZnS) to redissolve.

Sulfide precipitates are washed until the wash water
has a pH of 2.5 to 3.0. The remaining acidity is then
neutralized by adding ammonium hydroxide. It has been
found that this step is indispensable in making ZnS:CdS:
Cu phosphors for the P-7 type of radar screen. If
omitted, very poor build-up characteristics will result.
In the case of the ZnS:Ag phosphor, G.E. Crosby has
found that neutralization of the small amount of residual
acidity prevents the sudden and troublesome evolution
of large volumes of hydrogen sulfide during the subse-
quent firing operation. Itisimportant to note that lower
temperatures are ineffective and hydrogen sulfide is
not evolved gradually as would be expected if it were
merely absorbed on the surface of the zinc sulfide.
These facts indicate the existence of Zn{HS)g (zinc hy-
drosulfide) or perhaps an addition compound such as
ZnS.HoS. The amount presentis determined by drying
10-gram samples of zinc sulfide at 175 C for 48 hours,
then baking for 2 hours at 450 C. The loss of weight
at 450 C is 0.5 per cent and is due to the evolution of
hydrogen sulfide, presumably from the decomposition
of zinc hydrosulfide. One gram of hydrogen sulfide is
equivalent to 3.86 grams of Zn(HS)2; therefore, the
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amount of Zn(HS)z inthis case is slightly more than 1.9
per cent. This phenomenon of gas evolution at 390 C
is unnoticed in batches of one kilogram or less, but it
becomes a major problem whenthe operation is scaled

up.

From a manufacturing point of view, sodium bicar-
bonate is superior to ammonium hydroxide for neutral-
izing residual amounts of sulfuric acid in washed pre-
cipitates because it removes all traces of hydrogen
sulfide which is both obnoxious and hazardous. This
substitution has not yet been adopted because there is
a possibility that it may have an adverse effect on the
application properties of the finished phosphor.

Although washing by decantationis simple and effec-
tive, it has the disadvantage of being excessively time
consuming. Essentially the same result has been ob-
tained experimentally in a much shorter time by the
use of a rubber-lined centrifuge equipped withan Orlon
filter bag. This method is satisfactory except for the
fact that hydrogen sulfide is practically impossible to
remove unless sodium bicarbonate is used for neutral-
ization of the filter cake.

Drying

There are many ways in which unfired zinc sulfide
canbe dried. Itis notlikely that any particular method
has a significant effect on quality, as long as care is
takentoprevent metallic contamination. Inthe ordinary
batch-drying process, wet zinc sulfide or zinc -cadmium
sulfide is placed in 10-liter Pyrex evaporating dishes
covered with aluminum lids. These dishes are placed
in a hot-air drying oven and heated at 175 C until all
water has been removed from the batch.

Activation and Fluxing

Activators may be added either before or after a sul-
fide is precipitated. In the first case, a soluble salt
containing the activator is added to the solution of zinc
sulfate and the activator is then co-precipitated with the
base material. In the second case, the activator solu-
tion is added to a slurry of zinc or zinc-cadmium sul-
fide which has been previously washed and neutralized.

The subject of fluxes is complex and is treated thor-
oughly in the literature. For this reason, only those
techniques which are specific to the manufacture of
cathode-ray tube phosphors will be discussed.

Inthe preparation of radar phosphors orthose which
are tobefired above 1000 C, it is extremely important
to use very pure fluxes. Sufficient purity can be ob-
tained by dissolving Reagent Grade salts such as sodium,
ammonium, or calcium chloride inpure water, and then
adding ammonium hydroxide and unfired zinc sulfide.
The ammonium hydroxide serves to remove those im-
purities which have insoluble hydroxides, and the zinc
sulfide removes impurities which _have sulfides with
solubility products below 1.2 x 10"23.

Fluxes and activators can be added atthe same time

toslurries of base material, or a system of "'dry’’ flux~
ing and activation can be used. In the latter case, all
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of the activator is addedtoa water suspension of a rela-
tively small portion of the entire batch. The small
portion is dried and then ball milled with the required
amount of flux to provide a combination activator -flux
mixture which can be dry blended with many times its
own weight of dry base material. The merit of this
method is that large quantities of base material can be
fluxed and activated in a short time with very good ac-
curacy.

Although it was well known that activators introduce
strong absorption bands which extend into the visible
spectrum, this knowledge was not put to practical use
until 1952, It has beenfound that the absorption of light
by a ZnS:CdS:Ag phosphor could be reduced by mini-
mizing the activator content. This effect, which pro-
duces light-body coloredphosphors, is especially nota-
ble in P-4 screens where it simultaneously improves
light output and decreases screencolor nonuniformity.

Firing and Coating

Some inorganic phosphors, such as precipitated cal-
cium tungstate, have a feeble luminescence before they
are fired. In general, such luminescence is too weak
to be of any practical value, and must be improved by
firing at some elevated temperature which may range
from 800 to 1250 C. The firing temperature depends
on the following factors:

1. Composition of the phosphor

2. The particle size desired

3. The degree of phosphorescence which is desired
or tolerable

4. The melting point of the phosphor

5. Such phenomena as solid solution, activation,
crystallization, phase change, and solid-state re-
action

Phosphors, suchas ZnS:Ag or ZnS:CdS:Ag, for black-
and-white televisioncanbe fired infused silica boats or
crucibles with close-fitting covers to minimize oxida-
tion. This precautionis not sufficient for copper-acti-
vated ZnS or ZnS:CdS phosphors which are usually fired
at 1200 to 1250 C. These phosphors are fired with
blocks of graphite in the small air space between the
material and the cover. The graphite prevents exces-
sive oxidation and provides an atmosphere which im-
proves the peak efficiency of the phosphor. This im-
proved result is particulary notable in the case of
copper-activated sulfides. Silver-activated ZnS phos-
phors fired at high temperatures are also improved
with a simultaneous narrowing of the emission band.
ZnS:CdS:Ag phosphors containing approximately 50 per
cent CdS donot seem to be affected at all by the ""carbon-
firing' technique just described.

The conversion of inert materials or mixtures into
phosphors which may be solid solutions or chemical
compounds is a solid-state reaction involving time as
well as temperature. The controlling factors are the
size of the batch, the shape of the charge, and the char-
acteristics of the material being fired. For the sake of
homogeneity andto avoid long firing periods, the thick-
ness of the charge should not exceed four inches. The
optimum time for a specific result can only be deter-



mined by trial and error.

Inadditiontothe properties controlled by firing, there
are several other properties controlled by coating and
washing. For ease of handling and blending, a phosphor
should be free flowing. It shouldalso have good adher-
ence andresistance toion burn and photolysis. Unfor-
tunately, at this stage of development, a coating which
simultaneously combines maximum adherence with ion-
burn resistance is not currently available. For this
reason, two coatings have been developed. The first
of these is a mixture of hydroxy apatites of the general
formula M1 (P O4)g(OH)2(where M is calcium,cadmium,
or amixture of both) plus some zinc. This coating pro-
vides the phosphor with good wet adherence in the set-
tling process and is satisfactory in tube types where
ion burn is not a severe problem. Good burn resis-
tance is obtained by applying what is loosely called a
"magnesium silicate” coating. The actual composition
of this coating has not been determined, but initially
it is probably a mixture of magnesium hydroxide and
hydrated silicon dioxide.

The beneficial effects of phosphate coatings were first
observed by G. E. Crosby and the author. Later, the
phosphate coating was improved, and anion-burn resis-
tant coating was developed by T. W. Edwards and G. E.
Crosby. Their work indicates thatthe method by which
a coating is applied is just as important as the coating
material itself.

Soluble chlorides which remainafter coating are re-
moved by washing with demineralized water. An ar-
bitrary limit of 0.006 per cent chloride in the finished
preoduct has been adopted as standard practice. In the
preferred method of washing, a stainless-steel rotary
drum filter is used. Washing is followed by air drying
at 175 C in a forced-circulation drying oven. Unfired
sulfides or any other materials which may evolve hy-
drogen sulfide should not be driedin the same oven be-
cause this gas may react with the coating of the phosphor.

The final step inthe manufacture of a sulfide phosphor
consists of sifting it through a 250-mesh stainless-steel
screenand then storing it in moisture-tight opaque con-
tainers until the phosphor has been tested and is ready
for use.

OXYGEN-DOMINATED PHOSPHORS

Zinc Orthosilicate: Manganese Activated

For many years zinc orthosilicate (commonly known
as willemite) was made without any change of formula.
In recent years, its newly acquired importance as the
green phosphor for color television has necessitated
some changes inits composition and method of prepar-
ation.

The formula of one of the materials currently in use
is given below:

44,000 grams
20,420 grams

Zinc oxide
Silicic anhydride

(Special luminescent grade)
Manganous carbonate
Demineralized water

382 grams
120 liters

Manufacture of Cathodoluminescent Materials

The above mixture is milled, dried, crushed, and
fired for two hours at 1200 C. After firing, this phos-
phor is quite soft; it can be easily milled to an average
particle size of less than 1 micronand has a peak emis-
sion loss of only 10 per cent.

During firing, the solid-state reaction 2 ZnO + SiOg
—— ZnySi0y4 takes place. As in any chemical re-
action, it is desirable to have the reactants as finely
divided as possible, Wet milling with 1/2- to 3/4-inch
flint pebbles has always been favored as a means of
attaining this condition. Manufacturers of ball-milling
equipment are expertsin establishing the critical fact-
ors of mill charge, viscosity, pebble charge, and speed
of rotation, and can be very helpful. The milling time
isalso very important but, for a given set of conditions,
the time can be optimized by trial and error. Under-
milling does not comminute the ingredients sufficiently
to assure efficient compound formation; overmilling
tends tocontaminate the product with the relatively low-
grade silica which abrades fromthe pebbles. Low peak
efficiency caused by incomplete reaction can be correct-
ed by remilling and refiring at 1000 C.

Some applications require a shorter decay than that
obtained with the formula given. By means of an eightfold
increase in activator concentration, the persistence of
Zn2Si04:Mn canbe reducedto 25 per cent of its normal
value with an attendant decrease of 25 per centin peak
efficiency.

Zinc Orthophosphate: Manganese Activated

Zinc orthophosphate:Mn was first used as the red
phosphor in color television tubes by RCA. Originally
it was made by the reaction:

3 ZnSO4 + 2 NaHPOg—»Zn3(POy)y + 2 NaSOy + HoSO4
(6)

A. L. Smithlfoundthat zinc orthophosphate:Mn exists
in three distinct crystalline forms: the alpha form,
which is a light-yellow-green phosphor; the beta or the
red form, which peaks at 6380 angstroms; and finally,
the orange-red gamma form which peaks at 6320 ang-
stroms. Of these, only the betaform is useful for color
television,

S. A. Harper made zinc orthophosphate by the re-
action betweenammoniacal diammonium phosphate and
zinc chloride. He found that the crystal size could be
controlled by adjusting the pH of the reaction and he
greatly improved the water stability of the phosphor by
adding zinc oxide before firing. The original material
had a tendency to cake in water suspensions. Caking
was due perhaps to the tendency of anhydrous zinc
orthophosphate toreverttothe tetrahydrate Zng(POyg)s.
4H50. It is not understood how zinc oxide improves the
stability of Zng(POy)9 in water suspensions.

Both of the foregoing methods have been superseded
by H. E, McCreary's method which involves the direct
reaction between National Formulary (N. F.) grade
phosphoric acid and U. S. P. zinc oxide. In McCreary's
method, dilute phosphoric acid (specific gravity 1.18)
is added at a controlled rate toan aqueous suspension of

157



ELECTRON TUBE DESIGN

zinc oxide containing dissolved manganous chloride. At
the end of the reaction the pH should be 2.9 to 3.0. At
this point, a stoichiometric excess of 1.93 per cent
zinc oxide is added. The reaction produces a mixture
of zinc orthophosphate, zinc metaphosphate, and zinc
oxide. Firing at 960 C converts the mixture to zinc
orthophosphate. The conversion can be attributed to
the reaction betweenzinc metaphosphate andzinc oxide
as follows:

Zn(PO3)g + 2 ZnO -> Zn3g(POy)s (n

Apparently an excess of zinc oxide is indispensable
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for the stability of the phosphor in water suspensions.

An activator concentration of 8.8 mol per cent and a
firing of at least 900 C are necessary to form the short-
persistence, beta form of zinc orthophosphate:Mn.
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Calculation of Fields and Currents

L. C. Scholz

Harrison

ELECTROSTATIC FIELDS

This chapter discusses the basic relations and laws
governing electrostatic fields and currents. The laws
are presented axiomatically; for rigor and further clar-
ification, the standard literaturel, 2,3 should be con-
sulted.

In a static field, the electric field intensity E (a
vector quantity) may be expressed as the gradient of a
scalar potential as follows:

E = -grad V = - AV, (1)
or

E

(1a)

i —+j] — + Kk —

L 6V - &6V > 06V
0x by bz
Wherei, 3, and k are unit vectors in the X,y,and z
directions, respectively. The gradient at a point in
space is the maximum space variation of the potential
and is defined at that point.

Gauss's law, which expresses a further relation be-
tween the electric flux and its source charge, states
thatthe total flux through the surface of a body is equal
to the total charge enclosed. This relationship may be
written interms of the flux density D (known as the dis-
placement) and the charge density p as follows:

fff)dE:fffpdo, (2)

or rephrased in differential form.

6Dx . 6Dy . 6D _ o (3)
0 x Oy 0z

From the identity D= € Eand a combination of Egs.
(1) and (3), Poisson's equation (in rectangular coordi-
nates) is obtained as follows:

’v oy 52V _

2 2

-p/e (4)
5x2 &y 5z

This equation is the basis of the present analysis of
electrostatic problems.

A similar result, for cylindrical coordinates, is ex-
pressed as follows:

LR o

- +
r or \or) r2\eg?) &2 €

SOLUTIONS FOR SIMPLE GEOMETRIES

In the absence of space charge, Eq. (4) has the form
known as LaPlace's equation and may be used for ana-
lytic solutions of simple geometries. Although two
cases presented below are extremely simple, they pro-
vide basic required analysis information.

Infinite Parallel Planes

The potential V at any point z between two parallel
planes held at potentials Vi and Vy, anddistanced apart
is given as:

Vo -Vy

V=V +
1 d

z, (6)

a linear variation E, is expressed as:

V-1
E, = -grad V = - (7
d

Concentric Cylinders

For concentric cylindricalplanes, the basic equation
has the following form:

In r/Ryq

V=V + (%-V1) iRy /R, ? ®)

and the linear variation is written as

Vo -V
o2 1 @)

¥ rinRy/Ry

Although analytic solutions are possible for certain
other simple geometric configurations, theapproxima-
tion methods discussed below are generally used.

THE THERMIONIC DIODE

The analysis of the electrical field of a diode differs
from the previous problems in electrostatics only in
that electrons flow through the interelectrode space.
The presence of these electrons results in a charge
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(treated as being continuous) which interacts with the
total field distribution. 1In the analysis procedure,
Poisson's equation, written with the charge expressed
interms of the current and tube geometry, is integrated
over the proper limits.

Before attempting the solution of the equation, how-
ever, the more general problem of a current injected
intothe region betweentwo infinite parallel planes4, 5, 6
(these planes may be physical electrodes or imaginary
in space) must be considered briefly. In the absence
of charge, the potential variation, plotted from Eq. (6),
isastraightline. Aselectrons enter the interelectrode
space, the potential is everywhere depressed by the
field resulting from the charge.

Two possible conditions may exist as the electrons
enter the interelectrode space:

(1) an accelerating field may be present as a result
of a higher potential on the second plane, as shown
in Fig. 1, or, of current.

(2) aretardingfield may existas a result of a higher
potential on the first plane, as shown in Fig. 2.

PLANE | PLANE 2

POTENTIAL MINIMUM
MOVES TOWARD

PLANE | AS INJECTED
CURRENT IS INCREASED

ov

Figure 1. Typical Accelevating Potential Distvibutions

As the current is increased, a potential minimum is
formed; as the current is further increased, the poten-
tial at the minimum is lowered to a criticalcurrent
value at which a transition takes place and a virtual
cathode is formed.

In Figs. 1 and 2, curves (A) show the charge-free
variation, curves (B) show the effect of a small charge,
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and curves (C) show the formation of potential' minimum.

The concept of self regulation of current, the so-
called space-charge-limited current flow, is essential
to a clear understanding of the physical processes
within an electron tube. Althoughthe idea of a potential
minimum is also fundamentaland has a physical basis,
the sudden transition of potential distribution is less
easily visualizedand is best explained mathematically.
The following analysis of the current flow between two
infinite-paraliel planes provides abasis for the solution
of some of the more important problems of electron-
tube design.

PLANE PLANE 2

Vo< V)
FOR CURVE B,Vm IS AT
PLANE 2

Vi

Vm

Figure 2. Typical Retarding Potential Distributions

In an infinite-parallel plane geometry,* when a cur-
rent which has originated at a point of zero potential
flowsina Z direction, the velocity in any plane perpen-
dicular to the Z axis is a constant. This condition de-
fines a single-velocity beam. The total current flow-
ing J is the sum of the conduction and displacement
currents.

o pu, wOF (10)
J = u +
P ot
It can be shown that
c dE (11
° I )

and this expression leads to the following three equa-
tions:

*The assumptions inherent in an ideal infinite-parallel plane
configuration are outlined in the following section.
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E:iT+E0 (12)
€o
2
e J T e
- 13
meOz+mEOT+Uo (13)

Z=— ——+ —E;— +U,T (14)
2

where E, and U, are the values at Z = 0, and T is the
time of flight of the electrons. These equations may
be solved for T by assuming that the value of U, is

known.
3fe J U+
T (m 6012> i T+Z=0 (15)

Physically realizable solutions for T are positive real
values. At most, T has two such roots if the following
condition holds true:

1l ed =1
12me, 54 72

Therefore, the current may have a maximum value

2 m (U+ U0)3
Imax = — €0 — D) (16)
9 e A

and for this value of current

- 3 27 (1)
2 \U+T1,
The transit time for zero current is given as:
T 2Z (18)
° U+,
and 3
T = 5 Ty (19)

Values of current greater than J result in negative
solutions for T because above the value Jy,5, current
flow is not stable. Therefore, the equation does not
apply above this value. Attempts to increase the cur-
rent result in changes in the field that turn part of the
current back to the source. This effect and related
phenomena are observed in pentodes and beam power
tubes.

Further discussion of the thermionic diode requires
an investigation of the effects of velocity distribution
on the equation for space-charge flow. In practical
electron tubes, the electrons are initially derived from
a heated cathode of metal or some oxide mixture.
Thermally emitted electrons travel in a direction per-
pendicular to the emitting plane at velocities ranging
from zero to infinity according to the following Max-
wellian distribution function.

muj

dNy = N - exp (-mu;/2KT)du (20)

Where dN; is the number of electrons emitted per sec-
ond having velocities between u and u+dy, and N is the
total number of electrons emitted. This plot of distri-
bution, which has the form shown in Fig. 3, applies to
metal emitters as wellas the more usual oxide-coated
emitter. This spread in velocities contradicts the as-
sumption of a single velocity made above, but for the
diode (or grid-cathode region of other tubes), it is pos-
sible to compensate for this change by deducing the
type of potential distribution that exists in the real di-
ode.

o
o
T

T=1000K

1%
H
T

N(u)= NUMBER OF PARTICLES
WITH VELOCITY u

Ne = NUMBER OF EMITTED
2500K PARTICLES

N(y)/Ne-PER CENT
o o
n (]
T

o

1 I |

100 200 300 400 500 600 700
VELOCITY-KILOMETERS PER SECOND

Figure 3. Fovm of the Normally-Divected
Maxwellian Velocity Distribution

Inthe presence of an accelerating field, a large cur-
rent can flow in a charge-free tube. The current de-
presses the potential until a retarding field is formed
at the cathode. The retarding field, in turn, limits the
currentbecause only electrons having sufficient energy
can pass the potential minimum. If enough electrons
are available, a limiting condition is established and
only a portion of the available electrons reach the
anode. This condition is known as space-charge-
limited operation. If the current is not sufficient to
form a potential minimum, all the available electrons
reach the plate, as shown in curve A of Fig. 4. This
condition is known as temperature-limited operation.
Because all the electrons have energies greater than
zero, even zero field at the cathode surface (potential
minimum at the cathode surface) permits all the avail-
able electrons to flow. These conditions distinguish
the boundary between temperature-limited and space-
charge limited operation. Asthe anode potential is re-
duced, the current is reduced, and the potential mini-
mum moves towards the anode, as shown in curve B of
Fig. 4. At some given current, the potential minimum
is at the anode surface, as shown in curve C of Fig. 4.
Alower current level results in operation in the region
of the retarding field. One additional case must be
considered: that of electrons emitted with zero energy.
If the electrons emitted have zero velocity (energy), the
potential minimum must fall on the cathode surface.
Anaccelerating field would cause full current flow and
a retarding field would permit no current flow.

THE IDEAL INFINITE PARALLEL-PLANE DIODE

The preceding section presented some of the general
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concepts and theory pertaining to the flow of charge
between two electrodes. The following is a specific
solution for theidealinfinite parallel-plane diode. Be-
cause of mathematical complexity, this discussion is
restricted to ideal cases. However, experience has
shownthat these solutions are generally applicable and
may be used as a basis for most design problems.

CATHODE ANODE
Vo

o TYPICAL SPACE

b, CHARGE LIMITED
CURVE
SPACE-CHARGE LIMITED
RETARDING FIELD:

oo
dx

Figure 4. Boundary Potlentials Defining
Mode of Operation in Diode

The configuration treated here consists of two per-
fectly parallel uniformly spaced planes infinite in extent.
This configuration eliminates the field variation in the
directions along the plane and permits a mathematically
simple solution. 1In actual tubes, that are of course
finite in extent, end effects must be neglected or some
empirical correction must be made. Tubes that have
small interelectrode spacing compared to the other di-
mensions have very small fringe effects. Curved elec-
trode systems may be treated as planes if the spacing
is small compared to the curvature.

The method described here is annotated derivation
whichprovides, at each step, the reasons and justifica-
tion for all assumptions. Thediscussion is maintained
on a general level so that the results may be used as
take-off points for less restrictive analyses. Itis also
very important that the designer realize the limitations
and assumptions inherent in the analysis.

Poisson's equation in one rectangular coordinate z
is used as the starting point of the analysis.

2
P/ e ey
z

where (z) is a function of z.

Because there are no sources of current in the tube
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except the cathode, the current mustbe constant through
the tube; the current and space charge density may be
related as follows:

p=3J/u (22)

When the principle of conservation of energy is ap-
plied to the electrons in an electrostatic field the fol-
lowing relationship between velocity and potential is ob-

tained:
1/2
U= (UO V) (23)

where U, is the initial z-directed velocity of the elec-
trons asthey leave the cathode. Because a distribution
function for U, leads to a multivalued U (z) that is dif-
ficult to manipulate, that case must be treated differ-
ently. However, if is is assumed that U, is single-
valued (zero) and the equation is solved for J, the re-
sult is generally useful.

2 2e

4+ —
m

Initial Velocity - Zero

In the most direct analysis procedure, J/u is sub-
stituted for p in Eq. (21).
v g [ m\V/2 -1/2
~5 = —{- A% (24)
dz €.\ 2e

Integration from 0 to z yields
1/2
47 ( m /2 1/2
2_ 2_ el -
E2- E2- €0<2e> (V Vo (25)

The boundary conditions must also be defined: E, is
zero because it has been assumed that U, is zero, and
the cathode potential V, can also be assigned a zero
value with no loss in generality. Therefore,

1/2 1/2 1/2
E:ﬂ—(ﬂ) (%) v (25a)

dz €

A second integration from 0 to d and 0 to V,, yields

3/4 1/2, \1/4
IO

The significant results, first derived by La.ngmuir8

and Childsg, are as follows:

3/2
J=2.336x 106 V_za amp per square meter  (27)

d
V = 5.68 x 104 J2/3 2 4/3 yolts (28)
E = 131~x 5.68 x 104 Jz/3 z1/3 volts per meter  (29)

by simple substitution,
4 Va
E/anode = — —— (30
/ s d )
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This result shows that the electric-field intensity is
increased at the anode under space charge conditions
because the negative electrons depress the potential
{except at the electrodes) and increase the gradient.

The simple relationship shown in Egs. (27), (28),
and (29) isthe basis of all tube design. Although a more
sophisticated analysis is presented below, much of the
work rests onthese equations. The three-halves power
lawis quite general and holds for all geometries (Lang-
muir8 and Ivey10). The equations may be used to initiate
changes in existing tube design or to give a first ap-
proximate answer before proceeding with a more re-
fined design.

Initial Velocities - Maxwellian

The distribution of the normally-directed velocities
of the emitted electrons is given by the following Max-
wellian distribution function:

dNu = Nmujg exp (-muy/2KT) du
KT

A distribution of velocities results in the formation
of a potential in front of the cathode, whichhas a posi-
tion dm and a magnitude Vm, a negative number. On
the anode side of the potential minimum, all electrons
move towards the anode and have energies greater than
Vm electron volts; on the cathode side, electrons move
in both directions. The total emitted electrons (N)
move towards the minimum; those with energies less
than Vm are returned to the cathode. However, the
total current through any plane in the interelectrode
space must be a constant. As the electron stream ap-
proaches the minimum, the slower electrons are con-
tinuously returned, and the faster electrons slowed
down. Becausethe average velocity is constant (Lang-
muir 12 p. 423), the following expressions may be used
to define the space charge.

On the cathode side of the potential minimum,
0<z <dm.

1/2
(-2 %Vm)

ane] o

0

p(z) = —e[f

(-2 %le)

dNu1L2

1/2T @ %V)Uz

where V is the potential at z, and u the velocity at z is
defined by

2 2

U® =U1° +2eV/m (32)

On the anode side of the potential minimum, dm <
z<d

p@=-c/ dNu (33)
(-2 EVm)l/2 v
m

Under these conditions, the current is determined by
the value of the potential minimum and is given by the
following expression:

J=J, e+ ¥ (34)

where J, is the total thermionic current available and
the exponential e is the electronic charge. This equa-
tionis generally used to determine Vm by assuming the
values of J, and J to be known.

A single integration of Poisson's equation gives the
following relationship:

2 2
avy . (ﬂ)
dz dz dm

where V equals Vm and dV/dz is equal to 0 when z is
equal to dm.

A\
.2
- E/ p(2)dv (35

O Vm

The integration of p (z)dV results in the combination
of some error functions, but a second integration is
required to complete the solution. This procedure re-
quires the numerical integration of a new function.
Langmuir simplified this evaluation by introducing the
following normalizations to give pure numbers.

_ e(V - Vm) 11,605 (V- Vm)

= T - (36)

£ = (zm_77)1/f<.§i)%z/2-dm)=9.186x 1057-3/4512 (5 _am)
(2KT)3/4 €0 (37)

Then

(3_27)2:(%5 el-1+eMerf( g 1/2)12(%>1/2 (38)

The upper signs apply in the cathode region, and the
lower signs in the anode region;

1/2
1/2:_2_ n1/
v/

o

-1

erf [n e du

this expression may be integrated to yield

: :o [en-lien erf(771/2>1 2(%)1/2] (39)

This exgression has been evaluated numerically by
Kleynen. 1

Discussion

The preceding analysis is applied to actual design
problems through the use of implicit solutions for J.
Graphical solutions further facilitate design procedures
and aid in the visualization of the effect of the initial
velocity on the current.
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Under the assumption of zero initial velocity, the cur-
rent depends on the voltage and spacing only. In the
actual case, current is a function of voltage, spacing,
cathode temperature, and available cathode current be-
cause the positionand magnitude of the potential mini-
mum are functions of these variables. Therefore, an
adequate analysis must define the effects of these para-
meters on the current so that a tube may be designed
for a given current under a given set of conditions for
the greatestutility; this information shouldbe in graph-
ical or tabular form.

The definition of the three important variables g ,
¢ , and Vm:

n= y% 11,605 (40)

£-9.186 x 10° (41)
kT Js Js

Vm = — In =— = == 49

e g ST (42)

By insertion of the proper values for Z and V, the
following results are obtained for the cathode and plate:

Ng= — Vm=1n 2% (43)
KT J
Vm - Ve 7 T (44)
TK VT K 11,605
Va +Vm \
n - -2 g (45)
T
Vyo=(ng- ng (46)
2 a2 'K 17605
gK:9.186x105 T -3/4 51/2 4 (47)
dm = Ep 3/4/9.186 x 105 5 1/2 (48)
£, =9.186 x 10° 1-3/4 51/2 (4 _ dm) (49)
g -9186x 10° TS 2 b o)

Figs. 5, 6, and 7 may be used to determine U %’K
and & a directly.

These formulas areused, as follows, to design a di-
ode with current density J and voltage drop V:

(1) Assume values for Jg and Tg. (1 to 10 amperes
s K

per square centimeter for Jg and 1100 deg K for

Tk are practical values for the oxide cathode.)

(2) Calculate (in order) 7, Vm, and7n,.
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(3) Determine from tables or graphs § g and £ ,.
(4) Calculate d from Eq. (49a).

For example, if J = 40 ma/cm? and V = 1.0 volts
(Jg = 1000 ma/cm2).
1000

1. Mg =ln—5—=3.22

1

Vm = In 25 (1.1/11.6) = 0.306 volts

i.0
Ma- gogy +3-22 - 13.72
2. £K, =2.26, £, = 18 (from Fig. 6)

3. d-(£,+ &g T3/4/9.186 x 10° J1/220.2 mil-
limeters or 0.008 inch
(note that J must be in amperes)

This procedure may be varied to accomodate various
combinations of given and desired tube parameters.
Some of the actual calculations required in this solution
may be eliminated by using the plot of position and mag-
nitude of the potential minimum given in Figs. 8 and 9.

A completely explicit design procedure would pro-
vide the current density directly as a function of volt-
age and spacing; such a plot may be found in Lieber-
mann. !5 A more useful form results through the fol-
lowing normalization.16 If the current density equals
J1 when the potential minimum falls on the anode sur-
face, J; is the transition value as the current density
changes from the retarding-fieldtospace-charge-lim-
ited mode. If V{ is that value of anode voltage that
gives Jy, J1 and V4 are functions of cathode tempera-
ture (T1c) and saturation-current density (Jg), but are
only slightly dependent on Jg if the ratio Jg/Jy is very
large. Because the ratioisusually large, Jgis assumed
infinite and Jy is designated J » . The purpose of this
normalizationis evident froman examination of a com-
plete potential cross section of a diode, as shown in
Fig. 10. The diagram shows that the effective poten-
tials include the work functions of the surfaces. How-
ever, becausethese work functions are not known until
after the tube is made, it is necessary to measure or
eliminate them. Therefore, after a tube is designed
and constructed, Jj and Vy are measuredand the values
are used as a basis for other measurements. If Jy is
not within design limits, something is wrong with the
tube. Because the measured values of V; include the
effect of contact potential, J« is introduced to elimi-
nate contact potential voltages from the measurements.
The value of J; may be determined from Fig. 11 by

letting dm equal d.

An equation for one additional tube parameter, the
conductance, is required.

Differentiation of Eq. (27) provides

1/2
G:—3-x2.336 ) micromhos per square centimeter
2 d (50)
and
G_3 mhos
J 2 v ampere (51)
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for the case of zero initial velocity. In the exact case, Therefore,

graphical differentiation of the J-V plot is the simplest _ e

method, but in the retarding field region G = KT Js exp (eVr/KT) (53)

J = Jg exp (eVr/KT) (52) and
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G _ e (53a) is a plot of dm as a function of J and set (3) is G as a
J KT functionof J, when J is greater than J; and hasthe spe-
cific value of 2 mils.
Fig. 12 shows the relationship of J, G, and dm at The figure is used as follows: If a diode hasa spacing

various temperatures and current densities. The set of X mils, Jj is found by letting dm equal X. The in-
of lines marked (1) is a plot of G as a function of J, tersection of line 2 and dm = X yields J{. Project this
when J is less than Jj (retarding field mode). Set (2) to line 1. Totheleft(J < J1), G = RJ/KT may be found
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from line 1; to the right (J > Jj), it may be found by The term £ can be series expanded as shown by
graphical differentiation, but the construction of a line Beck,7 and approximate solutions for J can be obtained.
parallel to 3 is usually sufficient. Theresultisa com-

plete plot of G as a function of J; J as a function of V When only the first term is used,

may be calculated. (The designer will probably find it -6 3/2

convenient to use universal plots for actual design J = 2.336 x 10" (V - Vm) a/m2 (54)
work. ) d - dm)2
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When the first two terms are used,

[1 + ] (55)

The potentials used must include the effects of con-
tact potential.

2.336 x 1076 (v - vm)3/2
@ - dm)?

2.66
n

J:

THE IDEAL CYLINDRICAL DIODE

The following discussion covers only the basic for-
mulationand the results inthe analysis of an ideal cylin-
dricaldiode because more rigorous examination is not
required for the present analysis.

Initial Velocities - Zero

For a given cathode length L,

5 1/2

2 (r 8V mv (56)
or 2e

_ I
5T>_ 27r €g L
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The solution found by Langmuir& 13, 17 i

_14.66 x 1076 1, v3/2

I
ry Bz

(67

2.336 x 106 A v3/2
ry T B 2

or I = (57a)

where [32 is a function of ra/rK or rK/ra only.

Similar solutions are available for the spherical
diode. A sphericaldiode forms the basis of many con-
vergent electron-gun designs.

Initial Velocity - Maxwellian

The solution to this problem is complicated by the
effects of the nonnormal velocities (tangential veloci-
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ties) onthe space-charge distribution, although various _ 14.66 x 10—6 1 Vo v 2q3/2 8
approximations have been found. 13, 17 The correction I= Y V-Vm+— | In W (58)
tothe three-halves power law is smaller for cylindrical B~ ra o

geometry than for the parallel planes. The approxi- h

mate solution found by including the change in space- where

charge near the anode is as follows: V = the effective voltage
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(The average radial component of initial veloc-
ity due to actual radial velocity KT and tan-
gential velocity 1/2 KT.)

Vm = the value of the potential minimum
ra = anode radius
2 = a number between 1 and 2

The position of the minimum does not enter into the
equation because it effects only the effective cathode
radius which does not enter the equation. Although beta
should be determined on the basis of the radius of the
potential minimum, sucha refinement is not warranted
by this approximate solution.

CATHODE ANODE
— dm
Vm
¢ REFERENCE POTENTIAL
¢k
I —
Va
-
$q
FERMI LEVEL
Figure 10. Potential Cross Section

of a Thermionic Diode

Discussion

Little need has been found for these formulas, be-
cause most close-spaced tubes approximate parallel-
plane geometry sufficiently well to justify their use.
However, these results canprovide the initial steps for
the design of electron gun or other such specialized
configurations. Fig. 12 shows a graphic solution of
Eqg. (b7) supplied by A. Kauzmann.

THE EXTENSION OF DIODE THEORY TO TRIODES

An analytic solution for the field distribution in a
triode is complex, but not impossible if the geometry
meets the right criteria. Such a solution is not at-
tempted herebecause it is not generally useful, but the
principle involvedinarriving at such a solution will be
discussed.
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The field distribution around an array of very fine
wire was first described by Maxwelll8 (p.310). If the
anode and cathode are not close to the grid, and if the
wires are small, this solution may be used for the
triode. More involved methods are required to com-
putethefield distribution of a real grid which has wires
that are large in diameter compared to their spacing
and is close to the cathode and/or anode. In general,
these methods involve the replacement of the grid wire
by aninfinite set of charges, usually a set of multipoles
(see Stratton,3 p. 176). Because of the difficulty in
summing the contributions of an infinity of charges,
approximations must be used and the solution for the
field distribution used indirectly. The quantity wanted
isa solution for current flow through the tube with given
electrode potentials and geometry. The '"equivalent
diode" method used is simple, direct, and yields the
correct value for the current. It consists of replacing
the values of the triode with those of a diode in which
anode-cathode voltage and spacing are functions of the
geometry and electrode voltages of the triode. The
current calculated for the diode is the current for the
triode. This method requires that the potential minima
(in volts) be the same in each case. Through a unique
theorem this may be related to the field intensity (grad-
ient) at various points in the tube.

The Shielding Effect of a Grid

The properties of the field between two electrodes
have been discussed in some detail for various geom-
etries, but whatare the effects of an array of wires (a
grid) placed between the two electrodes? Although a
quantitative answer can not be given without reference
to a particular geometry, some general results can be
discussed by first defining the following parameters:

a - the spacing of the grid wires (for a helical grid
the spacing is equal to the pitch)

b - the spacing from the grid to the cathode

¢ - the spacing from the grid to the plate

r - the radius of the wire

All spacings are measured to the center of the grid
wires. The following terms are also used: coverage
ratio (2r/a) and window factor (a/b and a/c).

If the cathode and plate are arranged in some arbi-
trary geometry and have a potential difference of V
volts, a flux ¢ exists between them, and field inten-
sities Ej and E9 are presentatthe surface of the cath-
ode and plate, respectively. The potential, flux den-
sity, andfield intensity at each point in space are known,
or can be calculated, and a capacitance coefficient is
assigned to the two electrodes. If a third electrode
(say a grid) is placed in the field, it intercepts some
of the flux and alters the field distribution. If it is ini-
tially charged, its field interacts with the field of the
other electrodes, and the gradient, flux density, and
potential at each point inspaceare no longer the same.
The magnitude of the change depends on the shape of
the third electrode and howand where it is placed in the
field. An interposed electrode that physically shields
one element from the other has a greater effect than
one placed near the edge of the field. The quantity mu
defines the shielding effect of a grid in an electron tube.
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The following definitions of mu represent two separate
points of view, but give the same result.

Fromthe user's viewpoint, the tube is considered as
adevice (a three-terminal network), of whichthe inter-
nal workings are not known, and mu is defined as "the
limit of the ratio of the change in anode voltage to the
changeingrid voltage with the anode current held con-

stant.” This relationship is expressed as follows:
oVa
= (59)
6Vg | Ia = constant

From the designer's point of view, the tube is con-
sidered as a problem in electrostatics. The fields due
to the three electrodes are considered, and mu is de-
fined as "the limit of the change in the cathode-surface
charge density due to a change in grid voltage to the
change in cathode-surface charge density due to a change
in anode voltage. ' This relationship may be expressed
mathematically as follows:

A0K/ A Vg

LIMIT

60
A—0 (60)
At the boundary of a conductor

] K= E normal

This term may be substituted in Eq. (60) as follows:

LIMIT
A—0

AENK/ A Vg _
AENK/ AVa ~

(60a)
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and reduced to

gVa
= (60b)
oVg 0K = Eygg = constant
Although this is an electrostatic definition, it can
also be applied when space charge is present. The

equivalency of the two definitions may be shown from
an examination of the field in a diode having a flow of
electrons which have initial velocities; a discrete value
for the gradient is present at the cathode surface for
each value of current. Hence, the current is main-
tained constant by maintaining the off-cathode field con-
stant. It should be understoodthat in defining mu (elec-
trostatically) it is not necessary to refer to the cathode
surface; any point in space may be used. The cathode
was used in this case to illustrate the equivalency of
the two definitions. In addition, it is not necessary to
take the limit in the electrostatic case, because the
mathematics is linear and finite deviations may be used.
Inthe space-charge-considered case, because the cur-
rent is not a linear function of voltage, the limiting
value must be used.

The two charts shown in Figs. 13 and 14 may be used
to calculate the penetration factor (Durchgriff) of any
gridinaplane parallel geometry. Penetration factor is
the inverse of muand is sometimes given as a percent-
age. These charts are from an article by Kleijnen.
An additional chart with somewhat more limited range
is shown in Figs. 15 and 16. This chart is useful in
calculating mu for tubes having cylindrical geometry.
Various methods are discussed below for measuring
mu of odd structures by analog methods. The results
of a set of such measurements made by Hsuand Horton20
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Figuve 13. Design Data for Cylindrvical Diodes

are shown in Fig. 17. These measurements may be
used to determine the mu of various mesh grids.

Various calculations have been made of mu; Max-
welll8 probably made the first such calculation. His
results may be used for grids which have small wires
and are placed far from any other electrode. The
method replacesthe grid with an array of infinitesimal
line charges whichhave potential lines that are circles
near the charge. Thecharges are chosen such that the
resultant potential lines fit the grid wires. Farther
fromthe charges, the potential contours become cardi-
oidal and can no longer be fitted to a round grid wire.

Vodges and Elder2! overcame this difficulty by replac-
ing the simple line charge with a dipole. This method
resultedin a better fit for wire diameters up to 16 per
cent of the grid to cathode spacing. Herne22 replaced
the round grid wire with a wire having a polygon cross
section and useda Schwartz-Christofel transformation
to obtain results that are valid for cases in which the
anode is closeto the grid plane. Ollendorf23 proceeded
further, and he obtained a multiplicity of charges by
taking successive approximations that included more
and more terms. His third and fourth approximations
areuseful for large grid wires up to 0.72 2r/a, but not
for closely-spaced anodes. Kleijnenreplaced each grid
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Figure 14. Penetration Factor (Kleijnen)
wireby a series of n-pole charges where n varies from and, as a result, the current density is not uniformly
one to infinity. His results, presented below, are the- distributed. The present discussion is restricted to
oretically goodforall coverage ratios and for all grid- the case in which the grid-cathode spacing is larger
anode spacings up to the limiting values of 2r = a and than the pitch.
s = a; s is the grid-anode spacing. The results dis-
cussed above are not valid for tubes in which the pitch Calculation of Equivalent Potentials
is large compared to the grid-cathode spacing. This
mathematically special case (which includes most mod- The importance of a unified approach to the elec-
ernhigh-performance tubes) is discussed below. Under tronics of a vacuum tube is most important at high fre-
these conditions, thefield at the cathode surface is not quencies when the tube capacitance and inductance are
smooth (i. e., itvaries froma minimum at a point under a significant part of the circuit. The interelectrode
agrid wire toa maximumat a point between grid wires) capacitances of a tube, however, are not constant, but
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vary with the amount of space charge present. At high
frequencies, electrons take an appreciable part of a
cycle to cross the grid-cathode spaceand hence do not
encounter a static conservative field. At these high
frequencies, the electrons absorb energy, manifested
as a power requirement for the grid drive. An effec-
tive design procedure for these tubes must treat the
tube and circuit together as has been done in more re-
cent years by Llewellyn and Peterson.2” The earlier
approach is more simple, but less accurate.

The most simé)le aé)proachto the calculation of equiv-
alent diodes24; 29,26 ig purely electrostatic and only
charge-free regions are considered. The first refine-
ment, a correction for space charge in the grid-cath-
ode region, is commonly used. Space charge in the
grid anode region is very rarely considered because
it leads to undue difficulty. However, because even
smallamounts of space charge may have large effects,
an analysis has been made, as a second order correc-
tion, that includes some effects of space charge in the
anode region, but not the space charge itself. This
approach, although similar to the Llewellyn-Peterson
approach, includes only the dc terms.

The Simple Charge-Free Model is a basic analysis
approachwhich leads tothe standard form for the equiv-
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alent-diode voltage. Althoughthe result is widely used,
it is not accurate for high-frequency or low-voltage
tubes (i.e., those having a large transit time).

The tube is replaced by the electrostatic capacitances
between elements (these capacitances cannot be meas-
uredbecause they include only those active portions of
the electrodes that actually carry current), see Fig.

18. This delta or pi network is transformed to a tee,
by the ordinary rules of circuit analysis. The trans-
formation equations are as follows:
Ca = P/CGK (61a)
Ck = P/Cga (61c)

where P = Cgk CaK + CcA Cak +Cga Cgk

It is assumedthat there is an imaginary plane in the
tube at the mode (n) for which potential v is determined.

The equation VC = Q relates the charge on the elec-
trodes tothe potential difference between them. In ad-
dition, because the plane at n is in space and no real
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net charge may existthere, thecharge at n has the fol-
lowing identity:

0= (Vg -V) Cg+(Va -V)Cy + (Vg -V) Cx,
V may be found to be

Vo Co + V; Cy + Ve C
V:gg a “va K*~K (62)

(63)

o]
Qlal Ol o
W|W“|WW

From Eq. (61),
Ca/cg = CaK/CgK’ and CK/Cg = CaK/Cga

This relationship indicates that the imaginary plane
is situated in the plane of the actual grid. From our
definition of mu, Eq. (60), the relationship between the
capacitances is expressed as follows:

Co/Cy= Mga (64)
and
Cy/Cr= i gx (65)
Eq. (63) may be rewritten as follows:
Vg Vg
g 7 Ue-a) T u@-K
VvV = H(g‘a) IJ’(g-K, (663.)
L. L, L
u(g-a) u(g-K)

The mu of a helical grid is a function of wire size,
pitch, and spacing to the plane under consideration.
For a grid between two planes, as in a triode (with

Vg = 0), the relationship is expressed as follows:
A%
Vg s -2
vV = . L (66b)
S
1+ I (l + F)

where p= “ag’ b = g-K spacing, and s = g-a spacing.

The preceding discussion has been limited to the
charge-free case. The following correction considers
the charge in the cathode-grid region (called space 1),
but neglects the grid-anode region (space 2). If it is
again assumed that the simplified case is based on a
cathode that emits an infinity of electrons at zero veloc-
ity, we may express the gradient on the cathode side
of the grid plane as follows:

4 Vv

35 (67)

Eg1

This value is 4/3 of the gradient in the charge-free
model. The same gradient is achieved in the model

and the actualtube by reducing the spacing in the model
to 3/4b. This reduces the gradients the same but also
reduces the reverse mu to 3/4 of its calculated value.
Therefore, Eq. (66) may be rewritten as follows:

(68)

This equation represents the charge-free model with
afirst-order correctionfor charge in the cathode space.

The simplified two-space analysis of a triode attempts
to include the effects of space charge in both spaces.
The final result includes the effect of the finite transit
time, but neglects the space charge itself. First, an
expression for the field in a gap with current flowing
is obtained which is then applied to the various regions
in the triode. The essential steps of the procedure are
presented below. Space 1 is the grid-cathode region
and space 2 is the grid-anode region. A zero subscript
refers to charge-free values. The analysis applies to
a single-velocity current flow.

The electric-field intensity at the entrance plane is
expressed as follows:
Vo -V T J
Elzu.—g——T (69)
Z9-Zy T 2,

and at the exit plane is expressed as:

Vo -V T J
i—l A —O+_ T (70)
Z9- Z4 T 2¢,

E2 =
These values are the linear gradients modified by a
space-charge factor.

This general result may be applied to a triode by
evaluating the gradients at each electrode in each space.
Space lis the g-K gap and space 2 is the g-a gap. The
grid is a common element and has a gradient on each
side. The numerical subscripts refer to the space and
the zero indicates no space charge.

In the grid-cathode space:

Eg -0 (1)
4 Vv
E T e——— —
gl 3 p (72)
4 € V
T, =— A (73)
3 J b

These expressions have been previously derived.

In the grid-anode space:

Vo -V T 2V T T
E,-—2 — 20,2 220 -2 (14)
s Ty 3 b Tg " T30
E,-va-V T 2V T Tz (75)

g2 s Tg 3 b Ty Ty
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Figure 17. Relations between Helical and Mesh Grids:
(A) Round-wirve mesh grvid; (B) Hovizontal pitch (d);
(C) Pavallel-wive screening factor (2v/a)

These expressions can be used by evaluating the
transit time ratios as follows:

Tog_ 2 s yl/2
T 3 b y U2, yl2 (76)
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To

4 J
Ty T T

(77)

An expression for the equivalent voltage V is ob-
tained from these equations as follows:

V V
78
1 4 s T2 1 Ty (8)
BTN I T‘—(l t2 T1>
where
1 Tz
ll = IJ__.——-
Ta0
G 3} /A
Cgk Cak
K
(A)
C c
M N 4?
GO 1l OA
= Ck
o
K
(B)

Figure 18. Electrostatic (Capacitance) Representation

of a Triode: (A) Delta representation of intevelectrode

capacitances; (B) Tee vepresentation of intevelectrode
capacitances (transformed from Delta)

If Ty is zero and T2/T20 approaches 1, the expres-
sion can be reduced to the previous result [Eq. (68)].
However, if T2/T20 approaches 1 when T is not zero,
the result isa solution which may be said to be a f1rst-
order correction for space charge in the anode space.
It simply takes into account the finite transit times of
the electrons and adds a small correction to the field
due to the accumulated charge.

As a final result,

_— Vg+Va/u

1 4s( ,1 T2
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and

G

: [1+ 4 s<2+;1 Tao y¥2.,3/2v,12
4 et
3D\372 T Y172, 172

(80)

The ratio T/ Ty may be evaluated from Eq. (81) by
assuming some small value for V consistent with the
known requirements of the design.

Interpretation

This quasi-static representation for an ideal triode,
which includes at least first order corrections for the
space charge inboth the cathode and anode spaces, can
be used for design or analysis. For accurate calcula-
tions, the contact potentials, potential minimum, and
the electrode potentials must be included. Because
the determination of the contact potential is difficult
and accurate prediction of current is almost impossible,
the design of electron tubes is somewhat empirical.
Any methods of analysis should consider information
on the accuracy of design, an estimate of degradation
in performance from imperfect grids and parts, and
information about the contact potential. This informa-
tion may be used to determine: (1) errors in parts and
spacing, (2) the actual electrode voltages required to
obtaina desired current level, and (3) any improvements
which may be effected by changes in grid design.

An analysis procedure for triodes (and multigrid
tubes) is derived fromthat previously discussed for the
diode. The following tests® may be performed on a
General Radio vacuum-tube parameter bridge.

Normally, for any finite grid-wire size, the cathode
current is bunched toward the center of the grid aper-
ture (see Fig. 19);a diode of similar dimensions would
have laminar flow. Diode conditions may be duplicated
by adjusting the electrode voltages until laminar flow
results. Under these conditions, the grid intercepts
2r/a per cent of the cathode current and the space
around it must be at the same potential;** no change
would result if the grid were removed. The grid is
said to be at natural or space-charge potential.

In the actual case, shown in Fig. 19D, the potential
linethat is at grid potential just grazes the lower edge
of the grid wires. The diode spacing in this case is
(b-r) rather than b.

*This procedure was first described by O. H. Schade, Sr.

**This statement is not strictly true. For any wire of finite
radius, the equipotential lines must bend around the wires
in the vicinity of the wires. Laminar flow is probably es-
tablished when the field has the shape shown in Fig. 17D,
rather than in Fig. 17C.

O @,

K
BEAM FORMATION IN
ORDINARY NEGATIVE—
GRID TRIODE
(A)
K
LAMINAR FLOW IN DIODE
(B)
V3
Vg /}
J V2
Vi
K

IDEALIZED LAMINAR FLOW IN TRIODE
GRID AT SPACE-CHARGE POTENTIAL

(C)

N %

Vg

K
PROBABLE ACTUAL LAMINAR FLOW IN TRIODE,
GRID AT SPACE-CHARGE POTENTIAL

(D)

Figure 19. Electron Flow Patterns
in Diodes and Triodes
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Procedure for Analysis*

(1) Read Igand gA as a function of V., with the ratio
Ig/IK equal to Zr}g. The term gm iS defined as the
transconductance read with the grid at space charge
potential and should be read at the cathode lead to in-
clude all the current, Ik = Ig + 1.

(2) At a constant bias (e.g., -0.6 to -1.0 volts) or
congtant grid current (e.g., 0.1 microamp) read gm
as a function of I, by varying Ej,.

(3) Plot log Ix and g?n as functions of V. On the
same graph plot g as a function of Vg. ~The diode
conductance g may be obtained by graphical differen-
tiation of the Ig curve. On the same sheet plot gm
as a function of I; use the Ix curve as an axis, as
shown in Fig. 20. The diode conductance g is the
theoretically obtainable conductance for the tube
. A .
structure under analysis. The term gm, the maxi-
mum transconductance obtainable for the triode
structure, is less than g by the factor of the denom-
inator of Eq. (80). The term gm, the actual trans-
conductance available, whichis less than g'}n because
of field nonuniformities may be increased (theoretic-
ally up to the value of g?n) by using more ideal grids.
Thebreak point of the Ig curve is used to determine
Teo .

The design of triodes is similar to the design of di-
odes except that the design G must be greater than the
desired gm by two factors: (1) the denominator of
Eq. (80) and (2) a factor of 2 or 3 for field roughness.

The capacitances may be estimated from field plots
for the active portion of the structure. Thetotalcapaci-
tance is the sum of these estimates plus the capaci-
tances of the stem, support members, etc. The opti-
mum triodes require the finest wire and highest pitch
grids commensurate with the attainable interelectrode
spacings, manufacturing techniques, and tolerances.
The capacitances of the nonactive structure must be
kept to a minimum.

TETRODES AND PENTODES

This section discusses multigrid tubes, especially
the tetrode and pentode; the analysis may be extended
to other multigrid tubes. 28, 29, 30, 34 In this basic ap-
proach, equivalent potentials for the various grids are
calculated, and ultimately, the structure is reduced to
an equivalent diode. Because of the additional elec-
trodes at positive potentials, anadditionalfactor, cur-
rent distribution, must be examined. It has been shown
that the space charge has a marked effect on the cur-
rent distribution, plate resistance, andoverall simpli-
fication factor.

* This analysis is an attempt to provide a more exact and
scientific means of evaluating tubes, but does not include a
good deal of subsequent work. The author suggests refer-
ring to Dingwa1167 and the article in this book by O. H.
Schade, Sr. for adescription of the latest work on this sub-
ject.
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Figure 20. Typical Plot g, gm, gm, and Iy vs. Ve

The tetrode, which was originally designed to reduce
the grid-anode capacitance of the triode, has found wide
use because of the form of the plate current-anode volt-
age characteristic. Although the triode is limited in
thatthe voltage available for accelerating the electrons
varies with the plate voltage swing, the tetrode has a
fixed voltage available (the screen-grid voltage) which
makes it especially useful when power output or a large
voltage swing is required. However, the tetrode still
finds widest use when low grid-anode capacitance is a
requirement.

Early tetrodes were limited by the characteristic dip
resulting from secondary emission from the plate. In
the pentode, a third grid was introducedto suppress
these secondary emissions. However, other means of
suppression are used, and many tetrodes are still de-
signed. The beam power tetrode, an important sub-
group, is discussed separately in the article, '""Beam
Power Tube Design Considerations” by O. H. Shade, Jr.,
in this book. The design of pentodes and tetrodes de-
pends mainly on the proper designing of the suppression
mechanism (sometimes referred toasback-end design).
The front end (cathode, grid No. 1, and grid No. 2)
may be designed using triode principles. Many mod-
ern pentodes for wide-band amplifier service are es-
sentially tetrodes whichuse a suppressor grid or beam
plate only to reduce interelectrode capacitances.

Equivalent Potentials

The equivalent potentials for the pentode Veqv (see
Fig. 21) are derived from the basic equation

Veqv = J1D12 + Vg + V3 D3p

Dig + 1 + Dgg
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From this equation, the equivalent potentials for each
of the grids may be written directly as follows:

Doy Vg + Vg

Vi = D (81)
+ Dot + DOi
Vz Dijg V1 + Vg + Dgg Vg (82)
1 + Dyg+ D39
Doq Vo + Vo, + Dga V
V3 = 23 Y2 sp 43 'p (83)

1 + D23 + D43

Djj is the penetration factor element i to element j.

V; is the equivalent voltage of element i (numbered
outward from K; K = 0)

where
Vp = plate voltage (applied)
Vg = grid voltage (applied)
Vg = screen voltage (applied)
Vsp = suppressor voltage (applied)

These equations could be combined to give a single
expression for Vi. A more sensible approach is to
eliminate the negligible factorsand compute Vg and Vg
and then V. These equations may be used for tetrodes
by setting Vg equalto Vp. The following procedure may
be used:

(1) Calculate V3, let Vg = Vg.

(2) Calculate Vg,
above.

let V{ = 0; use Vg as calculated

(3) Calculate V{; use Vo as calculated above.

In the tetrode, the situation is more complex. There
is generally a potential minimum between screen and
plate, but the calculation of its position and magnitude
is among the more difficult problems. In beam power
tubes, it is generally assumed that the potential in the
plane of the beam plate is zero. Just how important
these inaccuracies are is a matter of conjecture. Usually
the results will be close encugh for the first trial and a
small amount of empirical work will finish the design.
When the equivalent diode has been determined, the
cathode current and triode gm may be calculated. Be-
cause notall of the current reaches the plate, the front
end must be over-designed. Because the screenis a
grid, thefield is not uniform in the plane of the screen.
This condition contributes to the degradation of the
theoretical transconductance (gm) in the same manner
as controlgridfield roughness. When the cathode cur-
rent and triode gm have been calculated, the ratio
Ia/IS, the plate resistance rp, and the knee voltage
(and suppression which is intimately connected with the
knee voltage) may be determined as discussed below.
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ay= PITCH OF NTH ELECTRODE
ra = RADIUS OF GRID WIRE OF NTH GRID
b = GRID | - CATHODE SPACING
S = GRID | — ANODE SPACING
¢ = GRID 1 — GRID | SPACING
d = CATHODE - ANODE SPACING
Figure 21. Cross Section of Multigvid Tube Giving

Nomenclature for the Various Spacings

The Effect of Space Charge in the Anode Region

Becausea mathematicalanalysis of the space-charge
effects has been described elsewhere and is somewhat
involved, this section is restricted to adiscussion of
some of the ramifications of the analysis.

Qualitative Discussion. Itis assumed that the initial
velocity for the emitted electrons is zero and that any
point in the beam up to the screen grid has a single
velocity. The electrons are assumed to travel in
straight parallel paths as they approach the screen.
These assumptions are also generally used in mathe-
matical treatments. Based on the above assumptions,
as the beam passes through the screen, a small por-
tion of the current is directly intercepted, and the re-
mainder continues ontowards the plate. If space charge
is neglected (or is very small) the electrons reach the
plate even if the plate potential is zero because they
originated at zero potential. However, we know that
for reasonable current densities the space charge be-
comes important, and the potential variation is such
that, for low plate voltages, some of the current is
turned back (thermal velocity spread must then be con-
sidered). Thereisacritical value of plate voltage, the
knee voltage, above which all the injected current is
collected. Theknee voltage is not generally precise or
sharply defined because the electrons passing near the
wires of the screen grid are deflected laterally. This
effect givesthe beam a lateral spread and introduces a
velocity spread. The electrons having the greatest en-
trance angles require the highest voltages to be col-
lected and, as a result, the knee is rounded. In an ac-
tual tube, the electrons approaching the screen usually
have a considerable angular spread which causes fur-
ther rounding of the knee.
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Mathematical Solution-References. The mathema-
tical analysis of the problem has been carried out in
great detail by Fay, etald and Salzberg and Haeff. 4
Both papers give graphical data that may be used to
compute the formand magnitude of the potential distri-
bution. Such factors as the knee voltage, the voltage
available for suppression, and maximum current may
be calculated. Such anomalies must be expected; the
mathematics is not always single-valued and hyster-
isis effects have been predicted and observed. The
geometry in a real tube deviates widely from the ideal
and this, of course, gives additional errors.

Screen~-Grid Current. The calculation of screen-
grid current is always difficult. The directly inter-
cepted current may be estimated, but the current re-
turned from the plate space may make many excursions
through the screen plane before it is collected. This
makes accurate calculation of screen current difficult.
Some work has been done onthis problem. 31, 32, 33, 35
Low screencurrent is important in power output tubes
to provide high efficiency and safe screen tempera-
tures. In rf amplifier tubes, screen current causes
noise (partition noise) and low screen current is de-
sirable. For power outputtubes, the control and screen
grids are aligned to provide focusing. Because wide-
band amplifiers have low-pitch control grids and higher
values of mu, itis not generally possible to line up the
grids. Low screen current may be achieved by care-
ful design of the back end or by special construction
(i.e., shielding the screen grid with a third grid run
at zero potential). This has been used in the past, but
generally requires high voltages or complicated struc-
turesand is only economical in extraordinary circum-
stances.

Plate Resistance.36 Very little canbe said about this
calculation of plate resistance, other than that it is
largely controlled by the space charge in the anode re-
gion. We know that the mu is affected by space charge
(the cathode space in the triode analysis), but there are
alsofurther complications such as secondary emission
and reflected electrons returned to the screen grid.

VARIABLE MU EFFECTS

The Concept of Variable Mu

The preceding sections considered only ideal tube
structures; this sectiondiscusses some deviations from
the ideal. The ideal triode is assumed to have a per-
fect grid that controls the field at the cathode without
intercepting or deflecting the electrons. The electric
field intensity at the cathode will then be a constant
along the cathode in either of the twodimensions. Such
anideal structure has a constant mu that is not attain-
able in practice. Nonconstant or variable mu intro-
duces nonlinearity into the characteristics of the tube
(over and above the basic nonlinear 3/2-power rela-
tion). This additional variation may or may not be de-
sirable. For radio and television systems, a wide
range of signal amplitudes is handled without distortion
by tubes having a remote cutoff characteristic. On the
other hand, because variable-mutubes suffer some de-
gradation in gm and performance, it is desirable to
eliminate any unwanted variation to maximize gain.

182

Variable mu effects may be categorized as (1) de-
signed effects, which result from variable-pitch grids
and other methods, and (2) accidental effects, which
result from nonideal grids, variable spacing, or statis-
tical variations (in electrode dimensions). This sec-
tion describes an approximate method of design for
variable pitch grids and discusses the accidental var-
iations.

Design of Variable-Mu Tubes

A mu variation is used to extend the grid base (re-
mote cutoff) and provide large signal handling capacity.

In an ideal tube, having a grid voltage for cutoff of
Epp/ 1, the cutoff may be extended by winding the grid
sothat the mainsection has low pitch and high mu, and
one or more sections of lower mu. The various sec-
tions of the grid cut off atdifferent values of grid volt-
tage, and, at low bias, the characteristic is a compos-
ite (see Fig.22). If the characteristics of the individual
sections could be computed, the overall characteristics
could be drawn. Fig. 22 shows idealized linear ap-
proximations; before attempting to calculate actual
characteristics, some general aspects of the problem
will be discussed.

CURVE |GRID SECTION

l.  |HIGH-Mu
2. |MEDUM-Mu
3. |LOW-Mu

CURRENT (I4)

COMPOSITE CHARACTERISTIC -

Ebb Ebb Ebb
M3 ¥ I
GRID VOLTAGE (Vg)

Figure 22. Composite Transfer Chavacteristic
for Variable Mu Tube

The lowest value of mu is governed by the cutoff bias
desired for the tube. The area of this section (i.e.,
number of turns) is, in turn, governed by the gm and/or
current desiredat some bias less than the cutoff value.
The intermediate sections are determined by the curva-
ture desired in the transfer characteristic. The main
section is determined by the gm and current required
near zero bias. In practice, the various sections of
thegridare chosen and the composite curve computed.
The design is varied until the desired composite curve
is achieved.
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This section describes how the contribution of the
individual sections may be combined to give the com-
posite characteristic. It should be realized that the
following discussion is general and does not refer to
variable-pitch-grid tubes only, but to any combination
of nonuniform tubes. In fact, it applies to the present
case only insofar as the sections are separate and
distinct. Any interactionbetween sections would some-
what invalidate these results.*

The total plate current I is the sum of the currents
through each section of the grid.

I=ij +ig+ig+.... +1ip (84)
Differentiation with respect to Vg gives
61 oi1 big 6ig oin
= s 2 2+ 2 (85)
6Vg 6Vg éVg OVg GVg
or
Gm = glm + g2m + g3m + .... + gnm (85a)
Differentiation with respect to V, gives
61 0i oi oi i
——=—1Vl+ 12, ﬁ+....+6—1n~ (86)
o0vy, o6V, oV, oV, oV,
or
Ga=gla+g2a+g3a+.... +gna (86a)

The composite transconductance and plate conduc-
tance are the sums of the individual conductances be-
cause the tubes are in parallel. The composite mu
is determined from the following expression for cur-
rent:

_ KA 3/2
1-—2(Dva+vg) . F (87)

B

o}
I

b-dm, Va=V,-Vpy-6g+6,

F

(), Vg=Vg-Vpp- g+ 9,

Ifthis expression holds, withthe appropriate values,
for both the composite tube and the individual sections,
the expression may be written as follows:

N KA
KA 1 3/2

== (DVy+V, F= —5 (DjV A% F;
g2 Va El g2 DPiVa+ g) i

3/2
o)
(88)
The values for the composite tube are average val-

ues, as discussed below. This equation may be solved
for the composite Durchgriff D as follows:

*The mu of individual sections of a variable pitch grid may be
difficult to determine accurately. The formulas presented
apply toan infinite array of wires equally spaced. For short
sections of the grid where the wire spacing changes abruptly
the calculation is likely to be in error.

1§ X2 3/212/3
D=va§[2—,§ f; O}V, + V™ ° ] -Vg§
1 i (89)
A .2 B F
wherea;=—1, b" =—L , f, - —1
A g2 ! F

Some approximations must be made when applying
these results.

The grid-cathode spacing may vary if the actual
geometry varies or if the potential minimum position
varies because of varying current density. The aver-
age value used to compute the composite current is
taken as the mean-square average of the individual

spacings.
2
B . |&Bi
n

The values of F, Vy,, ¢, ¢4, and ¢ should be
average values for the composite structureé. Eq. {(89)
may be used to compute the Durchgriff for variable pitch
grid, variable spacing, or evenvarying work functions.
For a quick check on variable-pitch tubes, the refine-
ments may be dropped and the simpler Child's formula
may be used as in the following example of the 6FW8
variable-pitch grid tube shown in Table I.

Mu Variations from Nonideal Grids

There are many mathematical formulations for the
mu of a helical grid between two plane electrodes. This
calculated mu and its subsequent application in the cal-
culation of equivalent diodes is usually limited to the
case where b>a and r<< a. Very few modern tubes
meet these criteria and most are characterized by the
existence of a phenomenon known as inselbildung or
shadow effect (see Fig. 23). Under these conditions,
the field strength and current density at the cathode
surface are not constant. Depending upon the opera-
ting condition, some areas of the cathode may be cut
off before others. Measurement of mu as a function of
grid voltage shows a decrease with increasing bias,
as shown in the published data sheets for any modern
tube. This variation has two effects which must be
considered:

(1) the normal tailing-off of the transfer curve and
the reduction in gm resulting from nonuniformity

(2) cathode current may be less than predicted from
theoretical mu values, because some areas of the
cathode may be cut off.

An estimate of these effects requires some idea of
the magnitude of the variation of mu and current dens-
ity. This variation has been determined empirically
and mathematically by Fremlin, 68, 69 mathematically
by Bennett and Peterson,37 and Dahlke,38 on the ana-
log field plotter by Napiorski, Schade, and Scholz, 39
and numerically by Harris and Kirk40 on a digital com-
puter. The data are conflicting even for the simple
cases considered. The actual situation is greatly
modifed by the space charge, and, to our knowledge,
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Table I
Calculation for Mu of 6FW8
Section Length Pitch r/a Da ai
1 0.2056 0.0022 0.091 0.025 0.745 S = 0.008
2 0.0500 0.0025 0.080 0.032 0.181 Davg = 0.0287
3 0.0168 0.0028 0.071 0.042 0.061
4 0.0032 0.0032 0.062 0.059 0.016 Mu = 34.8
The computed average of 34.8 compares favorably with the measured value of 33.
the complete solution has not yet been obtained. The 76
results obtained by Bennett and Peterson, shown in \ ;:%4
Fig. 24, are valid only for small grid wires. The re-
sults obtained by Napiorski, et al are presented for \ #O.Lﬂg_
comparison (Figs. 25 thru 28). Any work of this sort 68 a |¢g-21‘fr—c
must be considered as a first approximation and inter- ™. \
preted in the light of the assumptions that were made . d
in its derivation. The numerical solutions40 are prob- ‘\\ \ E':o 4
ably the most accurate, but have not yet been made 60 N
generally available; a portion of this data is included 3 M
< . 1 \0.5
in Fig. 29. o \
e s \
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Figure 23. Curvent Flow Patteyns Showing Inselbildung Figure 24. Inselbildung Effects in Triodes - Bennett

Variable Spacing and Statistical Variations

The problem of variable or nonuniform spacing may
be handled in the same manner as the variable-pitch
grid, but requires more accurate analysis to obtain
useful results. There is evidence that for variations
in grid-cathode spacing inselbildung effects may out-
weigh other effects and make analysis difficult.

Statistical variations in grid pitch or tube interelec-
trode spacing also lead to variable mu and degradation
of tube performance. Thedifference between statistical
variations and shifted parts is one of degree and may
be handled in a similar manner except that statistical
methods must be used. This problem has been treated
theoretically by Dahlke. 41
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and Petevson: (A) Vaviation of mu
along cathode suvface of triode;

FIELD PLOTTING

The previous sections derived current-voltage rela-
tions for common geometries without explicit calcula-
tion of the electric fields. However, it is sometimes
necessary or desirable to actually plot the field for
electrontrajectory problems, estimation of capacitance
or the determination of points of high field for volt-
age-breakdown consideration.

Mathematical Plotting Methods

Direct Solution of the LaPlace Equation. Direct
solution of the LaPlace equation is possible only for
simple geometrical configurations, and, therefore,
the direct application of this method to electron tubes
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is limited. However, small sections of the complex
tube structure may be successfully investigated by this
method.
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Conformal Mapping. Ina conformal map, orthogonal
functions retain their orthogonality when mapped.* As
a result, it is possibleto map a complex geometry and
transform (warp) it intoa simpler one for which a solu-
tion is obtainable. This method has many applications
and has often been used (e.g., Vodges and Elder21and
Herne22). Acollection of conformal mapping functions
have been made by Kober43 and Breckenback. 44

Numerical Solutions.  Many highly sophisticated
numerical methods for the solution of partial differen-
tial equations may be found in the literature. 45, 46
However, some relatively simple approximation meth-
ods are also available. Consider a subdivided region
having an electric field as a function of the potential,
if thedivisions are fine enough, a linear approximation

of the derivatives may be used, as follows. (See Fig.
30.)
oV V-V ov _Vo-V
a _ i ° & b o~ V2 (90)
ox |a & 5x |b

In the center at point 0, the second derivatives are
evaluated and the substitution is made in the LaPlace
equation. 9 9
67V, N oV,

5x2 Gyz

2
o°v oV 0VpY1 1
°_ ( a b) (Vl +Vy - 2V ) (91)

532 ox  6x )0 52

A similar result is found for 62V_/6y% and La-
Place's equation is found to be equivalent to V,
1/4 (Vl +Vy + V3 + V).

For small subdivisions, the center potential is just
the average of the four surrounding potentials. This
relationship is the basis of the relaxation net or point
net methods in which the region around a set of elec-
trodes is subdivided and potentials are assigned arbi-
trarily to the intersections. The assigning of the po-
tentials makes full use of known boundaries and sym-
metry planes.

The assigned potentials are used to calculate a new
set of potentials which, in turn, is used to recalculate
the initial values. The process is repeated until the
values show a minimum change with each new deter-
mination. The solution of the problem is facilitated if
values that show excessive change are adjusted before
recalculating. Southwell has formalized a somewhat
modified procedure.47,48 (See Fig. 31.)

Analog Plotting Methods49

There are three well-known analogs
tance gaper or electrolytic tank, (2) the rubber
sheet, 6 and (3) the resistor net. 53 54,55 1n each
of these systems, two quantities may be found that are
related, in the first order, by the LaPlace equation.
These quantities are generally easier to measure than

(1) the resis-

*Equipotential and flux lines retain their relationship.
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electrostatic flux and/or potential. The rubber sheet
analog has been little used in recent years and is not
discussed here.

The Resistance-Paper or Electrolytic-Tank Method.
In these analogs, flux is equated to current and poten-
tialdifference is equated tovoltage difference. A model
of the device to be mapped is made on either special
conducting paper or in an electrolytic tank (the paper
and the tank may be considered the same except that
the tank is sometimes more versatile). Maximum use
must be made of the boundaries and symmetry to sim-
plify the model. The problem is considered in onlytwo
dimensions. Theactualdeviceis reducedto two dimen-
sions either by assumption or by using sections and
making a series of plots. The basic concepts of field
plotting are shown in Figs. 32 thru 38.
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The following conditions must be considered when
making a field plot:

(1) Lines of symmetry are flux lines in an actual
field.

(2) Currentflow must follow the edges of the paper,
therefore, the edge of the paper is a flux line. (The
paper may be cut to a special shape.)

(3) If the edges of the paper are not used as a boun-
dary, the plot must be keptawayfrom the edges to
limit the perturbation of the field.

(4) Periodic structures may be represented by a
single section by using the edges of the paper as a
""reflecting" boundary. 20, 51

(5) Sectionsof a tubein which the grid wires repre-
sent circles present no special problems, but sec-
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tions in the other direction may be difficult to rep-
resent, for you must either go through a grid wire or
between the wires. Either choice is essentially
wrong. Itis sometimes betterto establish an equiva-

lent potential in that plane by means of a fine-wire
low-pitch grid of equivalent mu, as shown in Fig. 39.

(6) Space charge is normally neglected.

(7) Before making a plot, decide exactly what it is
you will learn from the plot.

(8) Theaccuracy of the plot is affected by the varia-
tions of the paper, the accuracy of the model, and the
degree to which measurements can be made without
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disturbing the current. The electrolytic tank prob-
ably has a greater accuracy.58

(9) Bytilting the electrolytic tank, one may represent
a wed§e of a cylinder or various squares or poly-
gons. 20,51

(10) Methods are available for simulating space
charge Irg/ injecting current into the tank or resistor
wedge.5 This technique does not apply to the paper
method.

(11) Theoretically, the scale has no effect on the
solution, but, in general, the larger the scale the
greater the relative precision possible in the model.
(12) Ttis possibletomake three-dimensional models
in the tank and, by probing at various depths with an
insulated fine probe, to make a three-dimensional
plot.

The Resistor Net. Theresistor-net method is essen-
tially a lumped parameter or discrete approximation of
the paper or tank, representing either rectangular or
cylindrical geometry. Space charge may be represented
by successive approximations. The data is available in
digital form and lends itself to automatic plotting of
trajectories. 60,65 This method is especially well-
suited to cylindrical beam problems.

Field Sketching

This method, although it gives only approximate re-
sults, requires a firm understanding of the basic rela-
tions of electrostatics. A sketch is made of the prob-
ablefield configuration based on simple structures and
the basic relations, as shown in Fig. 40. A curvilinear
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square is formed by the intersection of four curved
lines; the intersections are perpendicular and the fig-
ure tends to become a square as it is subdivided.
Sketching flux and potential lines and forming curvilin-
ear squares results in an acceptable plot from which
trajectories, gradients, and capacitances can be esti-
mated. Capacitance may be estimated as shown in
Fig. 40. The capacity C is, by definition, equal to
$/V, where ¢ isthetotalflux and V is the potential dif-
ference. For a square of width d, the gradient E is
V/d and the flux density D is €E. Multiplication by the
area provides the following relationshipfor a one-meter
length:

¢ = €Ed = Edv- d (93)
and, therefore,
C = e€farads/meter (93a)

Because the voltage across a square and the flux
through it is the same for all squares, wefind the total
capacitance to be
(94)

C = € farads/meter

P
Q
where P is the number of squares around one of the
electrodes and Q is the number between them. In the
example of Fig. 40, P =18, Q=4, €= 1/367 x 10-9,
and C = 29.8 picofarads/meter.

Electrode Fitting
Generally, the electrode configuration is given and
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the field distribution must be determined. In electron
beam devices, the beam boundaries are usually speci-
fied, the field required to hold the beam within these
boundaries is calculated, and then a set of electrodes
and potentials are designed which provide the required
field. Thefield requirementsare generally in the form
of required potentials along the edge of the beam. The
determination of these potentials is exceedingly diffi-
cult. Although there is only one field configuration for
each set of electrodes, and only one field configuration
that will give the proper beam, many sets of electrodes
willgive approximately the proper field along the beam
edge. Therefore, the set of electrodes is most easily
found empirically (e.g., by an analog plot). This
method simulates the edge of the required beam by
shaping the paper or providing a dielectric boundary in
the tank. A set of electrodes is tried and then the shape

or relative potentials are adjusted until a fit is reached.
This technique canbe made almost automatic by switch-
ing back and forth between the field map and a refer-
ence volta%e and adjusting the electrodes for minimum
error. 61,52

TRAJECTORY TRACING

General Equations of Motion64

In an electrostatic field, the force on an electron is
represented as follows:

F=-eE=e VV (95)
and the general equation of motion is
MS= VV (96)
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In rectangular coordinates:

. 5V
mx =e o (97a)
my = e oV (9'7b)

oy
mz = e v (97¢)

oz

3

| 0 R 2
a b

V| Vo

4
8 ——

Figuve 30. Subregion for Net-Point Analysis

These nonrelativistic equations apply as long as the
mass of the electron is constant. The motional mass
of an electron is related to the rest mass by the fol-
lowing transformation:
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m- — Mo (98)

Af1-v2/c2

If the velocity is less than 0.1C (3 x 107 meters per
second), the correction may be neglected. Because
the electrostatic field is conservative, the following
expression may be applied:

—;—mu2 = eV (99)

For an electron that starts at rest from asource at
zero potential,

2e
u | = yl/2 (100)
m
or u = 5.95 x 105 v1/2 meters per second, u = 6 x 107
meters per second corresponds to a potential differ-
ence of approximately 10kilovoltsand is important only
for kinescopes or special high-voltage types.

General Projectory in Two Dimensions

By eliminating time in the force equations it is pos-
sible to obtain the general trajectory equation.

2 2
Sleaell@] o

This equation is not suitable for direct solution, but
may be numerically integrated, especially if the poten-
tial is available as point-by-point numerical data.
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Solutions for specific electrode configurations are
not generally available, but the following general con-
clusions drawn from the above result are given by
Harman:

(1) The path does not depend on the mass or charge
and is the same for all particles.

(2) Thevelocity at which the particle moves depends
on the charge-to-mass ratio.

(3) Thepathdoes not depend on the magnitude of the
field (potential), but only on the configuration (grad-
ient), and if the potential is everywhere multiplied by
a factor K the path will be unchanged, but the time
required to transverse the path is reduced by a fac-

(4) The path is unchanged if all the dimensions are
scaled by a constant factor.
(5) The trajectory is not a function of the direction

L
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Figure 33. Fundamental Field Patterns: (A) Electro-
static field pattern between two oppositely charged
parallel cylinders; (B) Electrostatic field pattern be-
tween oppositely charged plane and cylinder; (C) Elec-
trostatic field pattern between oppositely
chavged concentric cylinders

Electron Motion in a Uniform Electric Field

Inthis simple case, the field is in only one direction
y, the motion is described by the following equation:

191



ELECTRON TUBE DESIGN

2
d
M—y=eEy

at2

For the general case of an electron injected with a
velocity U, atanangleof ¢ withthe field (see Fig. 41),
the following expressionis obtained for y (a parabola):

E
y=Xxtan o x2 Y (103)
4v, cos? o
At a time expressed as
in 0
£ - 2mVQ sin (104)
1 e Ey

the electron reaches its maximum penetration into the
field.
\'
o R
Ym = — sin? ¢ (105)
Ey

and at a time 2t{ the electron has returned to the initial
potential and crosses the x axis at the value

av
° (106)

sin o cos ¢
Ey

By dividing the field into small sections, eachessen-
tially uniform, parabolic path segment may be calcu-
lated and the trajectory constructed. This is the basis
for O. H. Schade's method with preplotted parabolas,
explained below. Two methods of plotting trajectories
are discussed below.

Snell's Law
Segmented Straight-Line Trajectories. Many of the

laws of ordinary geometrical optics have analogies in
electron optics.

sin «@ 77_2 (107)

sin g8 B Ny

The familiar Snell's law for a light wave traversing
the boundary between two media can be extended to
electronics for anelectron traversing the boundary be-
tween two uniform electrostatic fields.

sin @ uy Vy

(108)
sin B uy V1

Where o and 8 are the entrant and emergent angles,
and 77 and 7 9 aretheindices of refraction; the other
symbols have the standard meaning. The application
of this law is straightforward and simple.

Mechanics of Trajectory Tracing. The equipotential
lines must be plotted at an interval small enough to al-
low the assumption of uniform fields betweenthe equipo-
tential lines. The trajectory is constructed of straight
line segments as follows (see Fig. 42).
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Figure 34. Typical Field Patterns: (A) Electrostatic
field between oppositely chavged covnerv and plane;
(B) Electrostatic field at a charged cornev (all other
chavges assumed at "infinite' distance away);
(C) Electrostatic field between oppositely
chavged slot and plane

(1) Draw the average potential line for region I. *
(2) Construct a normal to this line.

(3) Measuretheanglebetweenthe path and the normal
(the entrant angle).

(4) Calculate the average potentials for the two re-
gions.

(5) Compute the new angle ( 8 ).

(6) Draw the segmentof the trajectory for region IL
(T) Repeat for the other sections.

Segmented Parabolic Trajectories. A series of uni-
versal parabolas (Fig. 43), constructed by O. H.
Schade, Sr., providea method of constructing electron
trajectories which is relatively easy to apply. This
method is most generally used and probably gives the
best results. Constructionof the parabolas depends on
the factthat the volt velocity of an electron is given by
the potential value of its position,**regardless of the
electron direction.

*An average potential line determines the average angle for a
region. The average line is constructed, by eye, to fit mid-
way between the known potential lines.

**Neglecting the velocity of emission and transit-time effects.
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(1) @)

(3 (4) (5)

Typical
example

Type of
field and

Showing identical
flux or flow line
patterns

Showing identical
""Combined" ortho-
gonal field pattern
(3 + @)

Showing identical
equi-potential line
patterns

Electrostatic

Section of oppositely
charged plane and
slot

Magnetostatic

Section of air gap

of alternator

~«— M.M.F, diff.«— | [ — Potential diff.-—

(Flux function)

Flow lines

(Potential function)

Current

Section of copper bus
bar having an enlarged

center section

—~—» Voltage diff. —

Heat Flow

Flow lines

11

1

Section of thermal
conductor having an

enlarged center

section
—= Temperature diff, ——»—

Fluid Flow
(Gas or liquid)
Section of long en-~
closed channel with

an enlarged center

section
—-—3=Pressure diff, —

=,

Figure 35. Analogies between Various Types of Fields

Construction is simplified by making the initial volt
velocity of the electron V;, when it leaves the potential
line Vo, the unit in which the potential is measured
(i.e., V, =x,). If the electron leaves at an angle of
90degrees with respectto the direction of the potential
gradient, the electron path is given by the equation

y=2s/ X

with x having the direction of the gradient in a right-
angle coordinate system. (See Fig. 43 insert.) Both
xand y are measured in units equal to V, {for the in-
sert, Vg, is five divisions). The value of y, was made
equal to 2V, to simplify drawing. Assigning the unit
Vo various values results inthefamily of electron paths
shown in Fig. 43.

Due to the fact that the electron volt velocity is equal
to the value of the intersected potential line, the inter-
section of any electron path with a given potential
line may be considered as the starting point of an elec-
tron withthe velocity leaving at the angle shown. This
type of plot results in a general family of curves show-
ing the accurate path in a limen field for all electrons
of all velocities leaving at all angles within the scale
limits of the drawing.

The angle of incidence or slope of any curve is

dy 1
dx X

Thus, as the dimensions x,, y5, X, and y have the
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same ratios for all points of equal slope due to the
method of drawing, all points of equal slope are inter-
sected by a straight line drawn through x_ = Yo= 0.
Fig. 43 shows that any one of these lines is divided
intoequal sections by electrontrajectories having equal
increments of V_, thus permitting correct interpola-
tion of trajectories. The dotted line is a curved scale
of points through which the slope indicating lines are
to be drawn for the zero point. The 45-degree line is
drawn as an example.
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ELECTRODES
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Figure 36. Components and Schematic Civcuit
of Analog Field Plotter

The use of the curves for tracing electron paths in
field plots is illustrated in Fig. 44A. The path of an
electronentering a linear field section at 30 volts with
the angle shown is to be traced to the 80-volt potential
line. The first step is to determine the location of the
0 potential line of this field. K is located at the dis-
tance d, = (E;/E; - E_)d, if the linear field section
is continued withthé same gradient. The sketch is then
placed over the family of curves of Fig. 43 with the
30-volt line at the distance d, from 0 and then shifted
paralleltothe potential lines un]til the angle of incidence
of the electron matches one of the curves. The curve,
which is then traced, represents the correct electron
path.

If the equipotential lines are not straight and parallel
(Fig. 44B) the parabolas may still be used; however, the
field lines should first be adjusted. In many cases it is
not advisable tosubdivide the actual potential field into
very short sections. For the case shown, the error of
electron position is quite small if the average values
of potential line direction and gradient between the
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limits A and B are used. Too fine a subdivision can
cause cumulative matching errors unless it is done on
a large scale and with great precision. Then again, if
small differences of electron angles cause large com-
putational deviations, the physical structure is very
likely just as much affected by mechanical inaccuracies
and requires high precision in manufacture to obtain
optimum results.

Discussion

Trajectory tracing is a simple and mechanical, though
tedious, procedure which canbe handled most satisfac-
torily by digital computors if the volume of work war-
rants their use. Generally, in receiving-tube design,
trajectories are a secondary considerationand are usu-
ally computed by hand. Special purpose analog com-
putors have been built to plot trajectories directly in
an electrolytic tank. The technique of rolling steel
balls ona rubber sheet may also be used. 64, 65

In any focused-beam device, the space-charge dens-
ity may be quite large and greatly affect the trajector-
ies. The solution is compensated, in these cases, by
an integration procedure.

(a) Plot the field.

(b) Trace the beam.

{c) Recalculate the field from the knowledge of the
approximate beam shape.

(d; Trace the new beam shape density, etc.

(e) Repeat as often as necessary to obtain the de-

sired accuracy.

There is extensive literature on electron optics, beam
devices, etc. This has originated in the fields where
it is of primary concern and should be consulted.

Nomographs for the Rapid Modification of Electron-
— %
Tube Characteristics

In the design and production of electron tubes, it is
often necessary to modify internal tube dimensions to
bring about desired changes in electrical characteris-
tics. Three nomographs have been developed which
make it possible to determine quickly the physical tube
dimensions required toprovide certain electrical char-
acteristics, provided the dimensions and electrical
characteristics of a tube of the same general class are
already known. For instance, the tube design engineer
candetermine the internal spacings for a new amplifier
tube which is to have higher transconductance than an
existing type provided the dimensions and electrical
characteristics of the existing type are known. Ina
similar manner, those engaged in electron-tube pro-
duction could rapidly calculate the construction changes
necessary tocenter various "off bogey''characteristics.

Theoretical Basis for Nomographs

It is assumed that the current in a diode is given by
the simple Child-Langmuir law.

*The nomographs and the essential details of this section were
supplied by Mr. R. D. Reichert of RCA Laboratories. See
Ref. 66
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Figure 37. Illustvations of ''"Two-Stage'' Plotting Method

KA .
I= = E, 3/2 (109)  andthe gm is assumed to be given by the following ex-
d pression: 3 KA
This equation is extended to triodes by using a simple gm = 5 —5 (E/p +E )1/2 (111)
equivalent diode, as follows: 2 b 2 ¢
I= % (Ea/ o+ Ec)3/2 (110) Empirical data has shown that the mu of a helical
b

grid is given by the following law:
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U= CNzrs (112)
where C is a constantand N is the number of turns per
inch of the lateral wire. For pentodes and tetrodes, if
it is assumed that the anode voltage has anegligible
effect, Eq. (110) may be rewritten using E_ and 19t

3/2
I = %\ Es L,k (113)
b Mg ©
The term Iy is often known as the triode mu T |, .

Because only a portion of the cathode current reaches
the anode and, inthe normal operating range, the ratio
is constant, the current may be expressed as:

3/2
K'A {Eg /
=—\7w *tE (114)
a p2 \ T c
7
" ELECTRODE AREA
EL
EVECTRODE CURRENT-1 | [SILVER PAINT)

STYLUS

NULL
DETECTOR

/ DIVIDER
CONDUCTING ’
PAPER SHEET

Figure 38. Typical Electrostatic Field Plot Showing
Circuits, Electrodes, and Plotted Lines

The previous equations do not take into account any
of the phenomena attributable to close-spaced front
ends (i.e., inselbildung effects). If Eq, (111) isdivided
by Eq. (110), the following results:

gm 3 1

s - __ - (115)
Ea/ o+ EC

I 2

This expression is not exactly true for real tubes,
and the ratio varies if the ratio a/b isnot held con-
stant. Therefore, a factor is introduced which is de-
pendent on a/b and the ratio gm/I is rewritten as fol-
lows: om 3

L

1
F E/ 1+ E (116)
a c
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Figure 39. Method of Representing Grid for Field Plot

Appplications and Limitations of the Nomographs

The nomographs (Fig. 45) described in this paper are
used to determine the changes in tube dimensions that
are required to modify the characteristics p, gm, and
I,. The starting point in the use of the nomographs is
always the notation of datafrom an existing comparable
type (referred toas the original tube) on the appropriate
axis of the nomograph. This operationdetermines var-
ious tube factors and constants. The next step is the
notation of the desired electrical characteristics while
the factors determined by the original tube are kept
constant. The intersection points on certain axes then
indicate thedimensions of the desired tube. The nomo-
graphs cannot be used for changing the ratio of plate
current to screen current of pentodes, modifying the
suppression characteristics of pentodes, or for modi-
fying interelectrode capacitances.
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Figuve 40. Field Sketching Using Curvilinear Squares

Uo

Figure 41. Electron Injection into a Uniform Field

N3
Vo = V,+V2
I 2 SIN a =Jw
SIN
Vo+ Vs B VVi+v,
Vn = >

Figuve 42. Example of the Snell's Law Method
of Trajectory Tracing

The use of the nomographs assumes that the factor
F and the constants K and C remain constant (or vary
so little that the variations may be neglected) over the
range of the original tube and the desired tube.

Many of the modifications of tube characteristics may
be accomplished in more than one way. For instance,
diode plate current at a given plate voltage may be in-
creased by either decreasing plate-cathode spacing or
by increasing the cathode area. In all cases of multi-
ple solutions, the nomographs provide either solution
and, in addition, many solutions which represent var-
ious combinations of the two. The user of the nomo-
graphs mustdecide on the desired solutionby consider-
ing other requirements such as interelectrode capa-
citances, available heater input power, and the ease
with which either change can be made (an important
factor when the tube being modified is in production).

The nomographs (and the equations upon which they
are based) are valid only over a limited range. Al-
though extreme solutions may be obtained which appear
mathematically correct, it is impractical or impos-
sible to construct a useful vacuum tube based on these
extreme solutions. In general, if the grid-cathode
spacing factor a/b and the screening factor 2r/a of the
desired tube are kept similar to the corresponding fac-
tors of the original tube, the solution obtained is valid.

In triodes and pentodes, the designer does not have
complete freedom inthe choiceof I_, gm, and triode pu.
Eq. (115) shows that for a giverf set of applied volt-
ages, two of the three above characteristics may be
chosen but the third characteristic is then dependent.
When solving triode and pentode problems, by using
the nomographs, no attempt should be made to modify
I , gm, and triode mu simultaneously. Instead, two of
these characteristics should be modified and the prob-
lem solved with the nomographs to see where the third
characteristic falls. If the third characteristic is a
value which is other than that desired, the problem be-
comes one of an advanced nature and requires a signi-
ficant modification of the grid-cathode spacing factor
a/b which, in turn, will modify the F factor.

In the nomographs, straight lines are drawn inter-
secting three axes at a time. The axes marked "bend"
indicate turning points. In the case of diode problems,
it is only necessary to use axes V through XI of nomo-
graph (B). Itisnotalwayspossible to work across from
left to right. For some problems, theuser has to start
at both ends independently; however, a continuous line
bent at the "bend''axes should be the final result,

The basic steps for using the nomographs are as
follows:

(1) Enter into the nomographs the known character-
istics and dimensions of a tube which is in the same
general class as the desired tube.

(2) Keep F and K constant (i.e., passing through the
same intersectionpoints on the F and K axes); enter
the desired electrical characteristics of the new tube.
(3) Readthedimensions of the new tube; obtain prac-
tical solutions when more than one solution is pos-
sible.
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Use of Multiplying Factors on Nomographs sible toapply multiplying factors to the various scales.

If a particular problem involves values which are be-

Any of the scales on nomographs (B) and (C) may be  yond the scales of nomograph (A), the value of (E_/M)

multiplied by any factor provided the same factor is  + E can be calculated arithmetically and inserted in
used throughout the entire problem. The multiplica- norr?ograph (B).

tion of any axis, or combinations of axes, by any fac-

tors does not require the correction of other axes. REFERENCES
1. Kellog, O. D., Foundations of Potential Theory,
Inthe case of nomograph (A), however, it is not pos- Julius Springer, Berlin, 1929
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THE ELECTRON

The electronl apparently embodies the fundamental
electrical charge of the universe. Proof of its existence
and the measurement of its physical attributes of magni-
tude by experimental means constitute the keystone of
modern science. As early as 1873, Maxwell referred
to the electron as the "'molecule of electricity.”" The
electronis said to be the "planetary unit" of all atoms.
Matter is dependent upon electrons for its existence,
but electrons apparently can exist by themselves. ""Free
electrons' are responsible for most electrical phe-
nomena. They are the vehicles which constitute the flow
of traffic in vacuum tubes. Their motion in conductors
is measured in terms of a "current."” Electron mi-
grations also occur in semiconductor devices like tran-
sistors. Their oscillatory movements in special con-
ductors such as antennas give rise to electromagnetic
radiations known as radio waves, The atomic physicist
testifies that his "'beta particles''are high-speed elec-
trons.

Visualization of the electronis hampered by its enig-
matic nature. Modern engineering depicts the electron
asaparticle of matter having low mass when atrest or
at low velocities. Physicists, on the other hand, find
this picture of the electron far fram adequate since
there are some applications in which the electron dis-
plays more of a wave aspect than a particle aspect.
This is the case, for example, in the electron micro-
scope, where a high-velocity beam of electrons acts as
though it were a''ray' of very short wave length, some-
what akin to light ''rays.'" The confusion is further
augmented by the discovery of the spinning electron and
the suggestion by DeBroglie that the electron is some
sort of complex electromagnetic wave motion. A school
of wave mechanicsholds that the electronis not simply
acharged mechanical masspoint. Their representation
is presumably best described by a complicated mathe -
matical expression which accurately predicts electron
behavior but for which there is no simple mechanical
picture.

In most applications of practical electronics, the
electron may be visualized as the lightest "particle"
known deﬁite the fact that it has an apparent density
of 0,5x 10" " grams per cubic centimeter which is more
than a billion times greater than that of the heaviest
metals (the density of uranium is about 19 grams per
cubic centimeter). In practice, electrons may also be
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visualized as the ''carriers" of electric charge, the
measured quantity of electric charge carried by each
electron being

q = 1.591 x 10-19 coulomb
e = 4.77 x 10~-10 electrostatic units

Thus, for a current of one ampere flowing through a
wire (one ampere equals one coulomb per second), the
number of electrons per second whichpass a givencross
section of the wire is given by

n- Y . 0.629 x 1019

1,591 x 10-19

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

m = 9,035 x 10-28 grams

If it is assumed that the electron has spherical shape,
the size of its apparent radius is given by

r = 1.85 x 10-13 centimeter

If an electronis movedthrough apotential difference of
V' electrostatic units (e.s.u.), its kinetic energy changes
according to the relation

V'q =1/2 mv2

Changing from e.s.u. to volts (one e.s.u. equals 300
volts) yields the following expression which describes
the velocity in terms of voltage

v = 5.93x 109 volts (v is in meters per second)
EMISSION OF ELECTRONS2

The functioning of every electron tube is dependent
uponthe generation and control of free electrons which
act as carriers of charge in establishing a current,
Equally necessary is the cathode electrode from which
the electrons emanate as a consequence of the mecha-
nism of emission. Itis possible to increase the energy
of the electrons in a cathode to a point where they be-
come sufficiently energetic toleave the parent cathode
and escape into the free space adjacent to the cathode.
They arethen saidto have been emitted. The five most
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common methods of producing such emission are:

Thermionic, or primary, emission
Secondary emission

Photoelectric emission

. High-field emission

. Radioactive disintegration

U1 Lo DD
e .

The types of emission differ only in the mechanism
by which the escape energy is imparted tothe free elec-
trons ina cathode. Once electrons have been liberated
from a cathode electrode they obey similar laws re-
gardless of the mechanism by which they were emitted.
With the exception of electrons produced by radioactive
disintegration, electrons are most easily emitted in
vacuum. All types of emitted electrons are also most
effectively utilized in vacuum. Electrons emittedin air
are impeded by the relatively dense surrounding atmos -
phere.

Thermionic, or Primary, Emission

Thermionic emissionis analogous to the evaporation
of aliquid. Justasheat energy is requiredto evaporate
a liquid, so is heat energy required to '"evaporate'
thermionic electrons. Davisson and Germer were able
to show that the thermionic emission of electrons even
causes cooling of the cathode in a manner analogous to
the cooling associated with the evaporation of a liquid.
At normal temperatures, the molecules of a liquid have
some thermal motionbut only afew molecules are suf-
ficiently energetic to "jump out' far enough to leave the
surface. Their motion is more violent at increased
temperature; therefore, anincreasing number do over-
come the attraction of the liquid and do evaporate or
"boil out.” In a similar manner, the electrons ina
cathode are closely held at ordinary temperatures by
a type of “electron affinity.” An increase in temper-
ature imparts increasingly greater energy to an in-
creasingly greater number of electrons so that they
may have sufficient velocity to escape from the cathode
surface. As the electron (negative charge) leaves the
cathode surface, it leaves its image (positive charge)
which attracts the electron backtoward the surface. As
the newly freed electron moves into space, the force of
attraction from the positive image charge in the cathode
tends tobalance the initial electronescape velocity and
restrain its movement sufficiently so that the electron
cannot stray very far from the surface of the heated
solid.

Assume a cathode to be heated in a vacuum so that
oxidation cannot occur, At a certain temperature of
the cathode, the motion of the molecules and electrons
in the cathode becomes great enough so that a number
of electrons are emitted. A further rise in cathode
temperature will be accompanied by anincrease in the
kinetic energy of the electrons and an increase in the
number and initial velocity of those emitted. Finally,
a thick atmospheric cloud of electrons adjacent to the
hot cathode is produced. In the absence of external
electric fields, a space-charge cloud of electrons is
thus formed.

Itis possible to determine experimentally the energy
that an electron must attainto be emittedfrom any ma-

terial. This electronaffinity isusually alludedto as the
work function of the cathode. Exacting physical studies
of the work function of cathodic materials have been
notably fruitful in the quest for fundamental physical
knowledge. Tungsten, for example, has been found to
have athermionic work function of 4.52 volts;i.e., the
electron mustpossess akinetic energy in the amount of
4.52 joules per coulomb to escape from its tungsten
cathode; or, since an electron has a charge of 1.602 x
10-19 coulomb, 7.241 x 10-19 joule is required for the
thermionic emission of an electron from tungsten.
Other materials have different work function values,
some higher, some lower, One might at first assume
that the material having the lowest work function would
be the most suitable as a cathode, but this assumption
is not necessarily true because, inaddition, the cathode
must possess certain mechanical characteristics, Two
outstanding cathode materials having lower work func -
tions than tungsten are thorium (3.4 volts) and calcium
(3.2 volts), but both vaporize at temperatures that are
too low to produce copious emission. The choice of a
suitable cathode material involves the consideration of
many factors, among which are a low work function, a
high melting point, and a long life.

No completely successful theoretical derivation of the
emissionphenomenon has apparently as yet beenmade.
Richardsonand Dushmanhave summarizedthe situation
by means of the following expression which approx-
imately describes the effects of the various variables
for the case of thermionic emission from a metal:

J =AT2 ¢-bo/T (1)

where J = current density, amperes per cm?2

A = 120.4 amperes per cm? per deg2, a uni-
versal theoretical constant

T = absolute temperature in degrees Kelvin
(equal to 273+ degrees Centigrade)

by = temperature equivalent of the work func-
tion, 11,600 ¢ ; in degrees Kelvin, where
¢ ,is the work function of the metal involts

€ = the base of natural logarithms, 2.71828

The exponential term in the emission equationdepicts
the variation of emissionwith temperature. Variation
with the T2 term is so small that the accuracy of the ex-
ponent (2) can hardly be verified experimentally. Thus,
in the case of tungsten operating at 250Q K, a one per
cent change in temperature changes the T term by only
twoper cent but changes the exponential term by twenty
per cent. This expression illustrates the fact that the
emission-temperature function is one of the most ra-
pidly varying functions found in nature. Doubling the
ter,r71perature may increase the emission by a factor of
101,

Fortunately, it is possible to raise some metals to
temperatures higher than their melting temperatures in
the pure state by using them in various chemical and
physical combinations. Thus, a monatomic layer of
thorium on tungsten can be operated at or above the
melting temperature of thorium itself. Furthermore,
it has been found that small bits of the pure metal can
be made todiffuse out of an oxide in the case of the rare-
earth metals so that advantage can be taken of the low
work function of these metals, which would otherwise
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melt at low temperatures. From the above remarks,
it can be seen that three classes of emitters exist: (1)
pure metals (e.g., tungsten), (2) atomic-film emitters
(e.g., thoriated tungsten), and (3) oxide emitters (alka-
line-earth oxide coatings like BaO, SrO, and CaO).

Many scientists and engineers have devoted their lives
to the study of these three classes of emitters. Inter-
ested readers are referred to the numerous volumes
inthe literature which record the findings and theories
of these scientific laborers.

Secondary Emission

Secondary emission isthe process whereby electrons
are ejected from a solidor liquid as a consequence of
bombardment by electrons, positive ions, or other
rapidly moving particles. Secondary emission usually
is induced by the impingement of primary electrons on
anelectrode of positive potential. Under these circum-
stances a single primary impinging electron may eject
from one to ten secondary electrons, depending upon
the work function of the material, the condition of its
surface, the angle of incidence, and the accelerating
voltage (which determines the velocity of the impinging
electron). Itis presumed that the kinetic energy of the
primary electronis impartedtothe secondary electrons
and added to their normal thermal kinetic energy in
such a way thatthey are able to overcome the potential
barrier or work function of the surface. In essence, the
energy that enables the free electrons to escape comes
from the striking particle.

Secondary emission does not constitute a violation of
the law of conservation of energy, since the sums of the
energies of the secondary electrons are always lower
than those of the primary electrons. Secondary elec-
trons apparently are not produced for primary velocities
below about nine volts. As the potential of the bom-
barding primary electrons is increased, the ratio of
secondary-to-primary electrons increases, reaching a
maximum in the vicinity of about 400 volts for all metals,
and then decreases with increasing bombardment volt-
age. Most of the metals reach a maximum ratio of
secondary electrons to primary electrons of between
one and three; some of the complex alkali metals reach
ratios of as high as ten. Maximum ratios depend greatly
uponprocessing and surface conditions. The number of
liberated secondary electrons depends greatly upon the
potential conditions surrounding the bombarded surface.
If there is an adjacent electrode at a potential higher
thanthat of the bombarded surface, it will collect most
of the secondary electrons. If the adjacentelectrode has
a potential lower than that of the bombarded surface,
only the highest velocity secondaries will goto adjacent
electrodes, and the low-velocity electrons will return
to the bombarded surface from which they came.

Secondary emission isusually regarded as a nuisance
in most electron tubes with the exception of devices
like electron multipliers, magnetrons, and various
types of camera tubes which are all dependent upon the
phenomenon for their operation. Secondary emission
exists at the anodes of all vacuum tubes. Usually, the
secondaries thus emitted are attracted back into the
anode by its positive potential and therefore have little
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effect upon the operation of the tube; but if there happens
to be a second electrode, juxtaposed to the source of
secondary emission, which has a higher positive po-
tential than this source, the secondaries will tend to
flow to the second electrode. This effect may readily
happen in the four-electrode (tetrode) tube, at times
to the detriment of its performance. In the case of the
screen-grid electrode in tetrodes it is not unusual to
find that the flow of secondary electrons leaving the
screen grid is actually greater (under certain con-
ditions) thanthe flow of primary electrons to the screen
grid, These effects of secondary emission in vacuum
tubes may be obviated by the insertion of an additional,
negative electrode between the two positive ones. The
negative potential onthis electrode will drive secondary
electrons back into the surface from which they were
emitted and thus nullify the harmful effect. Note, how-
ever, thatthe secondary emissionis not eliminated, the
negative electrode merely prevents the secondaries
from migrating to other electrons where they might
interfere with the operation of the tube. Pentode vac-
uum tubes illustrate the practical use of this technique.
Secondary emissionalso occursin cathode-ray picture
tubes when the beam electrons strike the fluorescent
screen; the collection of these secondaries is a means
of completing the circuit for the flow of current. In
essence, secondary emissionis commonly encountered
in multiple-electrode tubes, where it has the effect of
somewhat altering the normal primary electroncurrent
characteristics.

Although the complete theory of secondary emission
1s not as yet completely understood, there is a vast
accumulation of observed effects. In summary, the
number of secondary electrons emanated depends on: (1)
the number of the bombarding primary electrons, (2) the
velocities of the primary electrons, (3) the type of ma-
terial used for the bombarded surface, (4) the physical
condition of the surface and the state of the vacuum in
which the emission occurs, and (5) the angle at which
the bombarding primary electrons impinge on the bom-
barded surface. It is said that secondary emission is
nearly independent of temperature, except that the high
temperature may change the nature of the surface by
changing the structure or by releasing absorbed gas.
Whenprimary electrons strike a surface at right angles,
the secondary electrons are emitted at all angles and
the spray of secondary electrons seems tonearly follow
acosine law of distribution. Whenthe primary electrons
strike a metal surface at other than a right angle, the
distribution of the angle on the secondary electrons is
still nearly a cosine-law variation. It is interesting to
note that the secondary-to-primary emission ratio in-
creases as the primary electrons strike more nearly
parallel to the surface. Insulators as well as conduc-
tors may emit secondary electrons and the physical
behavior observed is quite similar to that of metals.

Photoelectric Emission

Photoelectric emission of electrons occurs when
radiant energy in the form of electromagnetic waves
strikes the surface of certain materials. These elec-
tromagnetic waves are usually those in the general
region of light radiation. Although early research in
photoelectric emission phenomena was performed in



connection with metal surfaces, moderndevices employ
semiconducting materials as emissive surfaces almost
exclusively. It is believed that photoelectric emission
is largely a surface phenomenon and that radiant im-
pinging energy of the proper wave lengthis able to im~
part sufficient energy tothe free electrons near and at
the surface and thereby to enable their escape.

Although the exact nature of photoemissionis obscure
(as are the exact natures of most fundamental phe-
nomena), several laws are known and will now be re-~
viewed.

1, The number of photoelectrons (electrons released
by radiant energy) emitted varies directly as the in-
tensity of the light (or other radiation) striking the
photosensitive surface.

2. The initial velocity of the photoelectrons released
from a metal is independent of the intensity of the
light falling on the surface. A feeble beam of light
from a distant star will release electrons with the
same velocity as will a powerful light beam of the
same wave length. (Of course, the light from the
distant star will release electrons at a lower nu-
merical rate as indicated above, )

3. The velocity of the ejected photoelectrons depends
onthe frequency (or wave length) of the light or other
radiationreleasing it. If the frequency is high enough
to release electrons, then increasing the frequency
(reducing wave length) will cause the electrons to be
ejected with higher initial velocities.

4, Photoelectric emission is almost entirely inde-
pendent of the temperature of the metallic surface.

Experiments have shown that photoelectron emitting
materials exhibit a work function which corresponds
very closely to that for thermionic emission as previ-
ously discussed. As the frequency of the impinging
radiation is decreased, a lower frequency limit (long
wave length) is reached at which the electrons cannot
absorb sufficient energy to escape from their cathode.
By a series of brilliant experiments, Millikan demon-
strated conclusively that, for any given photoelectric
material, there is a definite frequency of light below
which no emission will take place no matter how great
the intensity of the light or how long it may be applied.
This point is known as the "threshold frequency."

Photoelectric emission has been the technical key-
stone in the development of camera and phototubes.
More recently, practical photoconductive devices have
been built that are quite competitive with cameratubes
designed around photoemissive phenomena and photo-
tubes. Photoelectric-emissionphenomena have had the
greatest importance in contributing tothe establishment
of contemporary theories pertaining tothe basic mech-
anisms of physics. Planck's quantum theory was cor-
roborated by Einstein on the basis of postulations in-
volving the photoelectric effect. From these seemingly
unrelated beginnings came the Einstein mathematical
prognostications regarding the entire field of nuclear
energy.

Space Current Flow

High-Field Emission

One more method of releasing electrons from metals
relies on reducing the effectiveness of the attractive
force of the metal ions near the surface of a cathode by
the application of a strong external electric field. This
phenomenonis known as high-field emission, a process
whereby electrons are emitted from a cold solid or
liquid because of a very high potential gradient. Such
a gradient must be of the order of a million volts per
centimeter, or higher, depending on the work function
of the particular cathodic material employed. A high
potential gradient does not necessarily imply high volt-
ages since the gradient will depend upon the shape of
the emitting material. Thus, if a fine metal point is
dipped into chemicals to reduce it to a point of infini-
tesimal size, the application of several hundred volts
caneasily produce a potential gradient of a million volts
per centimeter or more. This principle has been used
in constructing at least one type of electronmicroscope.
The currents extracted from metals by strong electric
fields are substantially independent of temperature,
until apoint is reached where thermionic emission be-
comes appreciable. Theoretically, the high gradients
partially neutralize the potential barrier across which
emitted electrons must pass to escape from the cathode.
High-field emissionis also of importance inasmuch as
itis frequently an unwanted mechanism in vacuum tubes
because itis capable of freeing unwanted spurious elec-
trons with deleterious effects onthe performance of the
tube.

The mercury pool is extensively employed as a source
of electrons in various devices, e.g., the familiar
mercury-arc and ignitron rectifier tubes. It is thought
that the electrons are freed from such mercury pools
by field emission but not from afine point as previously
considered. In these rectifiers, the strong electric
field is produced by positive ions accumulating very
close to the surface of the mercury pool. A similar
action occurs in cold-cathode gas tubes.

Radioactive Disintegration

A radioactive substance is one whose atomic nuclei
are unstable. Such an atom can exist for an indefinite
period of time and then suddenly, for no apparent rea-
son will explode, thatis, the nucleus explodes. It shoots
out an alpha particle (the nucleus of a helium atom) or
a beta particle (electron). In the rearrangement of the
residue, gamma rays (exceedingly short wave length
electromagnetic radiations) also may emanate. In
essence, there is a gradual decay of the radioactive
element. The rate of decay, or disintegration, is in-
dependent of external influences such as heat and light,
except for the influence of bombardment by other high-
velocity nuclear particles. Certain elements also be-
come artificially radioactive as a consequence of bom-
bardment by high-velocity nuclear particles. The beta
particles or electrons emitted by radioactive disinte -
gration are similar in characteristics to electrons
emitted by the previously mentioned mechanisms, save
for the fact that they are emitted with anexcess of energy
and consequently they move at high velocities.

The high velocity of radioactively emitted electrons
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has prevented their applications in practical electron
tubes because the emitted beta particles (electrons)
are virtually uncontrollable. However, scientists have
been able to '"catch' them; they have recovered and
stored a portion of their kinetic energy to provide a
source of low power for other electronic devices. The
harnessing of wild emitted beta particles (electrons)is
afascinating endeavor which may produce practical de-
vices inthe future and experimentation is now being con-
ducted with exceedingly low power devices of this sort.

Practicaluse has beenmade of the emitted alpha par -
ticle (helium atom nucleus). In the Alphatron vacuum
gauge, a tiny radioactive emitter spews alpha particles
that are capable of ionizing the residual gases inthe vac-
uum system under observation. The residual ionization
products are collected and metered to serve as an indi-
cation of the degree of vacuum in the vessel.

LAWS OF ELECTRONS IN MOTION

The motions3 of electronsin vacuum tubes and other
devicesused inelectronics are controlled by electric or
magnetic fields, or both. Comprehension of the nature
of these fields is perhaps one of the most rigorous exer-
cises in mental gymnastics in the sciences. Practicing
engineers develop afeeling for the reality of these fields
inthe physical sense of the word, visualizing these fields
as being constituted of lines (or tubes) of force. Sci-
entists, on the other hand, tend to think of these fields
ina more abstract sense as mathematical concepts de-
scribed by vector analysis. These fields are of para-
mount importance because they control the direction or
the magnitude of electron flow, or both. In many ap-
plications of electronics, the electric fields are domin-
ant inthat the numbers of electrons involved is so small
that they will not alter the applied field. In practical
vacuum tube situations, an understanding of electron-
flow behavior is complicated by the fact that electrons
are usually present in numbers large enough to influ-
ence or distort the fields in consequence of their own
"space-charge."” For purposes of discussion, the mo-
tion of electrons as influenced by fields can be illus-
trated in three categories: (1) electron motion inauni-
form electric field, (2) electron motion in a uniform
magnetic field, and (3) electron motion in combined
electric and magnetic fields.

Electron Motion in a Uniform Electric Field

An electron behaves like a small negatively charged
particle and istherefore influenced by an electricfield.
Thus, suppose that an electron finds itself between two
parallel-plate electrodes (see Fig. 1) and that the elec-
trodes arein an evacuated tube. If a voltage is applied
tothe twoelectrodes to make one positive and the other
negative as indicated, anelectric field will be establish-
ed betweenthe electrodes approximately as indicated by
the arrows. Thus, if an electron in an electric field
moves freely toward a positive electrode, it has work
done on it by charges on the electrode; it will gather
speed and its kinetic energy will be increased. It should
be understood that the laws of motion of an electron in
a uniform electric field are the same as those of a body
falling freely under the influence of gravity. If an elec-
tron is caused to move against the force of an electric
field (for instance, if it were shot toward a negative
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electrode) the electron willdo work onthe electric char-
ges on the electrode, will lose kinetic energy, and will
slow down.

|+

Figure 1. The Electron in an Electric Field Produced
by Two Electrodes

An example of two-dimensional electron motion is
shown in Fig, 2. Suppose that an electron enters be-
tweentwoparallel-plate electrodes between which auni-
form electric field is established in the y-direction
shown. The electron has an initial velocity v, in the
+x-direction. Sincethereis noforce in the z-direction,
there can be no acceleration component in that direc-
tion. Also, since the initial velocity in the z-direction
is assumed to be zero, the motion must take place en-
tirely in one plane, the plane of the paper. Likewise,
there is zero force acting along the x-axis whichmeans
that the electron velocity along the x-axis remains con-
stant and equal to the initial velocity vox. On the other
hand, aconstant accelerationexists along the y-direc-
tion such that the electron is accelerated upward, the
velocity component v,, varies from point to point, where-
as the velocity component vy remains unchanged in the
passage of the electron between the plates. It can be
shown analytically that the electron moves in a para-
bolic path in the region between the plates.

Figure 2. Two-Dimensional Motionin a Uniform Elec-
tric Field

Electron Motion in a Uniform Magnetic Field

An electronin motion constitutes an elementary flow
of electricity and, as such, establishes an external mag-
netic field. This magnetic field will react with other
magnetic fields and will produce a force which acts on
the electron. This force is similar to the force acting
on a wire carrying a current in a magnetic field. An
electron has no external magnetic field when it is at
rest and, thus, stationary electrons have no magnetic
forces exerted onthem whenthey are situated in a mag-
netic field. It is important to note the difference be-
tween the action of an electric and a magnetic field in
this respect.

The force exerted on a wire carrying a current in a
magnetic field is given by the following relation:



f= 75 (2)

where f=the force in dynes
I=the current in the wire in amperes
B= the magnetic induction in gausses (magnetic
lines of force per square centimeter) at right
angles to the wire
1= the length of the wire in centimeters

The force f of Eq. (2) is the result of the reaction be-
tween the magnetic field caused by the current flowing
in the wire, and the externally produced magnetic field
in whichthe wire is immersed. The current of moving
electrons really produces the magnetic field encircling
the wire. Thus, it follows that a force should be exert-
ed on electrons moving at right angles through a mag-
netic field, whether these electrons are in a wire or
moving as a stream through space. Experiments have
shown this conclusion to be true. Again, referring to
Eq. (2), itis known from fundamental electrical theory
that the force exerted on the wire is at right angles to
the wire carrying the electron current along it. It fol-
lows, therefore, that the force exerted on a stream of
moving electrons is at right angles to the direction of
the moving stream, and that the force exerted on an in-
dividual electron at each instant is at right angles to
the direction of motion of the electron at that instant.
This principle can be applied in determining the path
which a moving electron will follow when the electron
isin amagnetic field. There are two conditions to con-
sider: (1) a moving electron being shot from outside
into a magnetic field, and (2) a moving electron being
released inside the magnetic field.

The first of these conditions is illustrated by Fig. 3
which shows anelectron being shot at right angles into a
limitless, constant, uniform magnetic field, Ateachin-
stant, the force exerted on the electronby the magnetic
fieldis at right angles to thedirection of motion at that
instant, and the path will be circular as indicated. The
electron obeys laws whicharekindred tothe laws of cir-
cular motion encountered in the mechanics of particle
motion. An examination of Fig. 3 showsthat an electron
shot into the field from a point external to the field will
be forced out on the same side from which it entered if
the field is limitless inthe directions shown. If thefield
isfinite, the electron will be deflected and will be forced
out at the distant side, or out at the top, if it does not
make a complete reversalin direction. Inother words,
inthe case of electrons inmagnetic field, amovingelec-
tronthat enters from outside at right angles to a mag-
netic field, or in any direction not parallel to the lines
of force, will be forced out of the field.

EDGE OF FIELD —
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Figure 3. Path of Electron Shot Into a Magnetic Field

Space Current Flow

The second condition to be considered is shown in
Fig. 4. Anelectron gun situated in a limitless uniform
magnetic field shoots an electron in the field at right
angles to the direction of the magnetic lines of force.
Under these conditions, the electron must again assume
a circular path. If the field is not limitless, the elec-
tron may, of course, leave the field, depending on its
velocity, the field strength, and its original position in
the field.
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Figure 4. Path of Electron Emitted in a Limitless
Magnetic Field

Irrespective of the shape of the path or other details,
it is important to note that the force exerted by a mag-
netic field on an electron in motion is always at right
angles to the direction of motion. Thus, a constant
magnetic field can do no work on an electron because
the electron will have the same kinetic energy when it
leaves a magnetic field as whenit enters; however, its
direction of motion may be altered. This effect is in
contrast with the action of an electric field which can
increase ordecrease the energy of anelectronby alter-
ing its velocity as previously described.

As acorollary tothe foregoing discussion itis fruit-
ful to consider the influence of a changing magnetic field
on an electron, particularly in view of the observation
that a constant magnetic field candono workon an elec-
tron although it can alter the direction of electron mo-
tion. The betatron? is a machine employedby physicists
to accelerate electrons to exceedingly high velocities;
it is a classical example of the forces associated with
a changing magnetic field. In the operation of the be-
tatron, electrons are injected into a circular, dough-
nut-shaped tube. When a changing magnetic field is
applied parallel tothe axis of the doughnut-shaped tube,
two effects are produced: first, a radial force due to
the action of the magnetic field, which is perpendicular
to the electronvelocity, keeps the electron moving ina
circular path as has been depicted in Fig. 4. Second,
an electromotive force tangential to the electron orbit
isproduced by the changing magnetic flux and givesthe
electron additional energy. This latter accelerating
force is easily explained by thinking of the circular
electron path of fixed radius as a circuit, and the emf
(V) induced in this circuit results from the changing
magnetic flux in accordance with Faraday's law:

- 49
V= (3)
where ¢ = the instantaneous value of the magnetic
flux perpendicular tothe plane of the cir-
cuit.

Thus, in the betatron, the electrons acquire their in-
creased energy by being accelerated around the dough-
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nut several hundred thousand revolutions in a circular
orbit as a consequence of the forces exerted onthem by
the electric field which accompanies a changing mag-
netic field.

Electron Motion in Combined Electric and Magnetic

Fields

When an electronis subjected to the combined action
of both electric and magnetic fields, the paths tend to
become quite complex. Three ofthe simpler cases will
be considered.

When an electron starts from rest under the influ-
ence of parallel electric and magnetic fields, the elec-
tron moves in the direction of the electric field and is
unaffected by the magnetic field. The path in this case
is a straight line, and the electron behaves as though
the magnetic field did not exist.

If an electron with a given velocity is injected into a
region containing electric and magnetic fields at right
angles to each other and at right angles to the initial
velocity, then there is a certain ratio of electric-field
strength to magnetic-field strength for which the elec-
tron is notdeflected inits path. This deflection occurs
when the force due to the electric field is equal and
opposite to that produced by the magnetic field.

Fig. billustrates the case in which anelectron starts
from restin the presence of uniform electric and mag-
netic fields that are mutually perpendicular. The elec-
tric field alone would direct the moving negative electron
upward, and the magnetic field alone would cause the
pathto be circular. The result is thatthe moving elec-
tron is acted on by two vector forces; the direction of
the electron's path at any instant will be determined by
the vector sum of these two forces. Complex cycloids
and trochoids of motion result in response to the per-
mutations and combinations of fields which may be es-
tablished.

e=LINES OF FORCE NORMAL TO PAPER
T=ELECTRIC FIELD
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Figure 5. Path of an Electron Shot Into a Combined
Magnetic and Electric Field

ELECTRON OPTICSY; 6, 7

As theterm electron optics implies, there is a close
analogy betweenthe behavior of light rays and electron
beams. This analogy not only has mathematical sig-
nificance, but is also applicable to practical applica-
tions in the reflection, refraction, and focusing of elec-
trons. As geometrical optics is concerned with the
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paths of light rays, electron optics deals with the deter-
mination and control of electron trajectories.

The importance of electron optics is becoming in-
creasingly apparent with the continual advances in elec-
tronics. For example, in the early vacuum tubes used
in radio work, little attention was given to the exact
paths of the electrons between the cathode and plate.
Today the design of virtually every modern vacuum tube
is predicated on at least one electron-optical principle.

Electrostatic Electron Optics

The analogy between the behavior of light rays and
electron beams is particularly close when the fields
through which the electron moves are purely electro-
static. Electrons move through an glectric fjeld just
as dolight rays through a medium of continuously var-
iable index of refraction.

The basic law of geometrical optics is Snell's law of
refraction, from which all the properties of physical
lenses can bededuced. This law has its exact counter-
part in electron optics. Snell's law for optics is

ni sin 81 = ng sin 6Oy (4)
where n1 and ng are indices of refraction on two
sides of a plane boundary
01 and 62 are the angles of incidence and

refraction of a light ray as measured from a
normal to the boundary

The corresponding situationfor electron optics is shown
in Fig. 6. This figure shows the behavior of an elec-
tron moving in aregion with a uniform potential Ej and
suddenly crossing into a region with a uniform poten-
tial Eg. Intraveling fromthe region of one potential to
the other, the component of velocity normal to the
boundary isincreased if the potential is increased, but
the tangential component of velocity is unchanged. Equa-
ting the initial and final tangential components of velocity
gives

v] sin 61 = vg sin 62 (5)

where v =15.93 x 105 VE (meters per second) when
the potential (E) is given in volts.
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Figure 6. Electron Refraction

Comparing Egs. (4) and (5), it is seen that the quantity
in electron optics corresponding tothe index of refrac-



tion is electron velocity. It should be clearly under-
stood that electron velocity does not correspond to the
velocity of light.

In the idealized analytical design of electrostatic
electron-optical lenses, it should be possible to obtain
mathematical expressions for the potential fields asso-
ciated with any given set of electrodes and then to solve
for the path of an electron through these fields. Ac-
tually, thefields of electronlenses are not necessarily
simple to determine and the solution to electron tra-
jectories throughthem is even more complex. Exper-
imental and analyticaldeterminations of lens character -
istics have been complementary in the development of
scientific techniques for the design of electron-optical
systems. The application of purely electrostatic elec-
tron-optical principles to vacuum tubes is exemplified
inbeam power tubes8 and electrostatically focused tra-
veling-wave tubes (Estiatrons). 9

Magnetic Lenses

Electron beams can be focused with magnetic fields
as well as with electric fields, though the analogy with
optics is not readily apparent. It has already been
pointed out that an electron moving in a magnetic field
will not be affected by the field if its motion is parallel
to the field. However, if it is moving at an angle with
respect to the lines of magnetic flux, it will be forced
to execute a helical path with its axis of motionparal-
lel to the lines of force. For example, consider an
electron starting from a point O with a linear velocity
Vand making an angle o with the flux lines produced by a
long solenoid. The component of motion along the field
will not be affected, but its component, V sin @, at
right angles to the field, will be acted on by a force at
right angles both to the direction of motion and to the
magnetic field. Thus, the compcnent V sin o will be
transformed from a straight line to a circle. Accord-
ing to the equation for the motion of an electron in a
magnetic field,

2
By = Hev (6)
T
where m = mass of the electron
v =V sina (where V is linear velocity)
r = radius of orbit
H = field strength
e = electronic charge
Hence, 9
mv v
r S Hey S (7)
Hev £
m H
and the time required for one revolution is
2
t = _72.‘ = 2_7T (8)
v _g H
m

which is independent of both V and «.

This circular motion combined with its linear motion

in the direction of the field causes the electron to tra-

verse a helical path with its axis parallel to the field.
Thus, all the electrons starting from a given point O
will arrive ata point O'after a time interval t. In this

Space Current Flow

way, an exact erect image of O can be formed at O'.
In practice, a short focusing coil is used instead of a
long uniform field. This coil is quite analogous to an
optical lens and the size of the electronimage is in ac-
cordance with the optical-lens formula.

1 1
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_1
O
where O = object distance
i = image distance
f =focal length
A study of the electron microscope is suggested as an
exemplaxby application of magnetic lenses to electron
beams.

Periodic Focusing

In some of the simplest electron-optical systems,
the focusingfields vary periodically along the electron
stream and constitute a series of thick or thin electron
lenses. Electricfocusing of this sort was used in some
of the earliest velocity-modulated tubes. 11 During the
past decade, there have been spectacular advances in
the utilization of periodic focusing systems, both elec-
tric and magnetic. In 1952, Courant, Livingston, and
Snyder suggested that focusing may be accomplished
by a series of alternating converging and diverging len-
ses of equal strengths arranged periodically. This
"strong-focusing” or 'alternating-gradient focusing"
principle revolutionized the design of High-Energy Par -
ticle Accelerators and inspired new investigations of
periodic focusing. In 1953, Piercel3 amplified the
theory of periodic focusing for low-voltage electron
beams with additional contributions by Clogston and
Heffner.14 A practical traveling-wave tube employ-
ing periodic magnetic focusing was reported1 by Men-
del, Quate, and Yocom in 1953.

Meanwhile, research inelectrostatic periodic focus-
ing was equally fruitful. In 1957, Cha.ngl6 reported the
successful operation of an experimental traveling-wave
tube in which an electrostatically confined electronflow
was obtained by utilizing the centrifugalforce of rotat-
ing electrons as arestoring forceto balance the strong
focusing force due to a periodic electrostatic field of
very short period. Changl7 reported a second experi-
mental tube demonstrating the superiority of two coun-
teracting periodic fields of very shortperiods as estab-
lished by a bifilar helix in the rf interaction region.
The potential valley formed by the combination of two
counteracting periodic fields is steeper than all pre-
viously reported focusing systems, thereby maintaining
a very stable electron flowin the beam. Furthermore,
in this biperiodic focusing system, the force balance
on the beam electron in the confined-flow condition is
independent of the average potential. In the drift region
of traveling-wave tubes where electrons interact with
the rf delay line, if the beam focusing is not dependent
uponthe dec velocity of electrons, defocusing caused by
rf interaction may be avoided. Traveling-wave tubes
employing all-electrostatic beam generation and focus
are called Estiatrons, ¥ after the Greek word ESTIA
meaning to focus.

What are the advantages of using periodically vary-

209



ELECTRON TUBE DESIGN

ing magnetic fields rather than magnetic or electric
fields which do not vary with distance? In the case of
electric fields, it can be said that such focusing pro-
vides one method of avoiding magnetic fields with attend -
ant reductions in weight. The use of periodic electric
fields may be practicalin some tubes because the elec-
trodes required either do notinterfere with other nec-
essary electrodes or perhaps may actually be combined
with other electrodes. In other cases, it may be im-~
practical or undesirable to provide the electrodes nec-
essary toproduce periodic electric focusing fields along
the beam.

There are at least two major advantages in employ-
ing periodic magnetic focusing fields instead of long
solenoids with uniform magnetic fields. First, the con-
centration of the magnetic field into short regions near
critical gaps canincrease the focusing action. Second,
from a practical standpoint, the effectiveness of peri-
odic focusing in a particular tube may be such that its
magnet weight may be atenth or less than that required
to produce a uniform field with the same focusing ef-
fectiveness.

Electron Guns

Electron-optical principles have found their widest
application in the development of electron guns, an
electronic system comprising a cathode together with
electrodes for the formation, control, and focusing of
electronbeams. The development of cathode-ray tubes
served as an impetus to the evolution of the electron-
gun art; examples of contemporary designs are de-
scribed by Moodey. Thompson and Headrick19 de-
scribed basic calculations for electron-gun perform-
ance in conjunction with an electrostatically focused
beam in a cylindrical tunnel. Smith and Hartman 0
performed calculations for electron-gun performance
with electron beams in tunnels, in which beam spread-
ing was prevented by the application of a steady mag-
netic field parallel to the beam axis. In his classic
paper, Pierce2l cutlined the principles of the ""Pierce
Gun''that has beenutilized invirtually all electron guns
for klystrons and traveling-wave tubes. Samuel2Z and
Pierce23 have written notes onthe design of these guns.
Bliss?4 has described modern examples of electron
guns incorporated in traveling-wave-tube designs.

The presence of beams in grid-controlled tubes is
not new; electron beams were formed by the electro-
static fields of the grid in the DeForest triode. More
recent knowledge of beams and their properties, their
use, and ag]glication is described by Thompson25 and
by Schade. Performance characteristics of power
tubes have been improved spectacularly by the incor-
poration of electron-beam technology. Super-power
tubes, described by Bennett, 8 employ unitized electron
guns in which electron beam-forming is accomplished by
the application of electron-optical principles tothe de-
sign of cathode and grid structures. The inductive-out-
put4’ tube is another illustrative example of electron-
gun and electron-optical technology.

ELECTRON SPACE CHARGE

The presence of electrons inthe interelectrode spaces
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of vacuum tubes can be responsible for a number of very
important effects in the operation of tubes. A synoptic
review of these effects follows and gives pertinent liter-
ature references in which comprehensive information
may be found.

Space-Charge Effects in Diodes

In a diode, the electrons may be visualized as neg-
ative charges in space and so constitute a negative space
charge inthe region betweenthe cathode and plate. As
a consequence of this space charge, the total acceler-
ating force on electrons near a positive plate is great-
er thanthat onthe electrons near the negative cathode.
The electrons near the plate accelerate faster thanthose
near the cathode and the electron concentration or den-
sity thins out near the positive plate as shown in Fig. 7.
In summary, the influence of negative space charge
greatly alters the distribution of the voltage applied be -
tween the cathode and plate of a diode and affects the
voltage-vs. -current characteristics of a diode. This
effect and its relationship to temperature and voltage
saturation conditions have been discussed in detail by
Albert, 3 Spangenberg, 2 and Fink.28

CATHODE--
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Figure 7. Effect of Voltage on Electron Distribution

Space-Charge Effects in Triodes

If a grid is situated betweenthe negative cathode and
the positive plate and if this grid is connected to a bat-
tery of E. volts while the plate is connected toa battery
of Ep volts, then the voltage distribution between the
plate and cathode depends not only on the plate voltage
but onthe grid voltage as well. If the grid is made pos-
itive with respect tothe cathode by a sufficient amount,
then the voltage-distribution curve is 'lifted" by the
grid as shown in Fig. 8A. If the grid is made negative
with respect to the cathode, then the voltage-distribu-
tion curve is depressed, as in Fig, 8B. This lifting or
depressing of the curve changes the slope of the volt-
age-distribution curve at the cathode surface and,
hence, changes the force acting on the electrons (the
force is proportional to the slope). When the grid is
positive, the force is great; but when the grid is neg-
ative, the force is decreased; it may be decreasedto
zero if the voltage on the grid is sufficiently negative.
Under these conditions, the electrons are not urged
away from the emitting cathode at all, and current ceases
entirely asdepicted in Fig. 8C. Moreover, if the grid is
negative, it cannot collect electrons, and, hence, it can
control the electrons without interfering with the current
itself. This fact makes grid control a highly efficient
and sensitive method of changing electron current. In
essence, a space-charge control-grid ina triode func-
tions inthis manner. The references by Albert, 3 Spang-
enberg,2 and Fink28 treat this subject comprehensively.
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Effect of Space Charge on Electron Transit-Time

Although electron velocities in vacuum tubes are com-
paratively high, the time required for the electrons to
pass from one electrode to another is appreciable. At
low frequencies, the time required for the passage of
anelectron fromthe cathode through the grid and tothe
plate is of little importance. At much higher frequen-
cies, this statement may no longer be true. The time
required for anelectron topass from the cathode to the
plate, called the '"transit time," may be comparable
with the time required for one frequency cycle to oc-
cur at the much higher frequency. Thus, an electron
leaving the cathode under a given phase relationship
may find that the phase conditions have changed mark-
edly by the time it reaches the vicinity of the plate.
This effect is of vital importance in tubesused at mi-
crowave frequencies.

In the preceding sections it has been pointed out (as
shown in Figs. 7 and 8) that the presence of electrons
between electrodes causes the effective accelerating
potential to be lower than it would be otherwise. Con-
sequently, the electron velocity is lower than it would
be otherwise and the transit-time of electrons through
the tube is significantly greater. In diodes, for ex-
ample, it is not unusual for the transit-time to be in-
creased threefold due to increased space-charge ef-
fects. The entire situation becomes almost incompre-
hensibly complex from an analytical standpoint under
conditions in which the accelerating electric field is
varying withtime. Anappreciation of the complexity of
these problems can be gleaned from the fact that in
diodes the space charge limits the currents to a value
determined by the three-halves power of plate voltage
and also causes the potential distribution withinthe tube
to be nonlinear, as shown in Fig. 7. The combination
of these nonlinear effects greatly complicates analytical
approaches to solutions for transit-time problems in
the situations whereinthe accelerating voltageis vary-
ing with respect totime ata high radio-frequency rate.
Kleen<? has published expressions and curves for the
determination of transit-time taking space charge into
account.

Space Charge and the "Virtual'' Cathode

Inthe presence of space-charge saturation, electrons
having zero velocity would never get started from a
cathode. Fortunately, electrons are emitted from a

cathode with finite initial velocities, about 90 per cent of
them having velocities (at usual cathode temperatures)
equivalent to anaccelerating potential of less than one-
half volt. The presence of electron space charge in the
proximity of the cathode produces retarding fields and
slows downthe emitted electronsuntil they all momen-
tarily cometo rest at a potential minimum. From this
region, which acts like an ideal cathode and is called a
"virtual" cathode, the electrons may startin either di-
rection, either being returned to the cathode or pro-
ceeding away from the cathode to the plate. The dis-
tance of the virtual cathode from the actual cathode may
be appreciable. For a cathode temperature of 1000 K
and a transmitted current density of one milliampere
per cmz, the distance from the cathode to the virtual
cathode is approximately 0.006 inches. In modern
close-spaced electrode tubes, this distance may be ef-
fectively very large.

The consideration of virtual cathode effects is of im-
portance in at least two other cases in vacuum tubes.
In beam power tubes, for example, a region of high
space-charge density and low potential is deliberately
produced in the region between screen grid and plate
by means of juxtagosed beam-forming or zero-potential
deflecting plates.30,31 This region of lowered potential
performs the same function as the suppressor grid in
apentode, i.e., itprevents the backward flow of second -
ary-emission electrons from the plate to the screen
grid. Virtual cathodes are also encountered in elec-
tron—oiotical systems, e.g., in cathode-ray-tube sys-
tems.

Space Charge and Electron-Beam Dispersion

If an electron beam is not confined by an axial mag-
netic field, it will tend to spread because of space-
charge repulsive forces. An electron onthe outer sur-
face of the beam experiences an acceleration due to the
radial electric field which originates from the charge
inthe beam. In devices requiringa beam of fairly high
electron-currentdensity, such as those used in cathode -
ray tubes, and especially inmicrowave amplifying tubes
of the beam type, the fields caused by the charge in the
beam itself cause serious difficulties with divergency
and limit the electron-current densities which can be
handled. Evenwiththe restrainingforces of axial mag-
netic fields, practical experimentation has indicated
limits onelectron-currentdensities in beam transmis-
sion. Brillouin32 has published solutions for electron
motion in magnetically confined cylindrical beams, in
hollow beams, and intwo-dimensional beams. Pierce
has derived practical design equations for the effects
of space charge in electron beams.

In cathode-ray tubes, the production of small beam
spots is seriously limited by the space-charge mutual
repulsion between electrons in the beam, thereby pre-
venting the electrons from coming together togive sharp
beam focus. Ina convergent beam, asthe beam tends
to cometoa smaller diameter, the electrons get closer
together, the space-chargedensity increases withinthe
beam, and hence the mutual-repulsion forces become
greater.
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Space-Charge Waves33, 34

It has been shown previously that space-charge ef-
fects can appreciably influence the characteristics of
vacuum tubes and electron beams. In essence, the
classical grid-controlled tube is anelectron-discharge
device in which the control-grid voltage disturbsthe
space-charge region and functions as a ''valve" on flow
of electronic current through the tube. Used in ap-
propriate circuits, these types of devices serve as
amplifiers, oscillators, frequency converters, modu-
lators, detectors, electronic computing devices, spe-
cial wave form generators, controldevices, and meas-
uring devices. In general, these grid-controlled de-
vices produce external-circuit currents which vary in
accordance with the number of electrons striking one
of the electrodes. In the parlance of the art, electron
streams in grid-controlled tubes are said to be "'den-
sity -modulated. "

The invention of the klystron by the Varianbrothers35
marked the introduction of an entirely new class ofde-
vices in which the electron stream is depicted as bem%
"'velocity -modulated.” At about the same time, Hahn3
and Ramo*! were investigating the propagation of waves

in the medium represented by an electron stream.

These waves are called, characteristically, space-
charge waves. In the following paragraphs the "'ve-
locity -modulation' of a klystron will serve as an illus-
trative model and example in the more comprehensive
field of space-charge waves.

Let it be imagined thata beam of electrons has been
accelerated and caused to flow into the left-hand side
of Fig. 9 at a uniform velocity. So long as the elec-
trons enter this beam ata uniform rate and proceed in
an orderly fashion, the average motion of the electrons
is practically unaffected by interelectronic forces.
There would, however, be a tendency toward space-
charge enlargement of the beam cross section by dis-
persionunless a sufficiently strong magnetic field were
arranged parallel to the z-axis to restrain the radial-
force effects. The delicate balance of space-charge
uniformity in the beam can bedisturbed by some influ-
ence such as an electric field (V] el®t) at a certain
position (z equals zero) established by a pair of grids,
between which appears an alternating voltage of fre-
quency w. It should be understood that the electric
field is capable of imparting a sinusoidal disturbance
such that, for example, when a group of electrons is
slowed down, other electrons behind them crowd to-
gether while those electrons ahead are more sparsely
distributed. The crowdingtogether causes this section
of the beam to be more negative inpotential; the crowded
electrons will find themselves urged toward the less-
crowded region. Thus, a wave disturbance is launched
inthe space-charge regionand is then propagated along
the moving beam.

The situation just described is reminiscent of the
action of molecules in a gas, where the particles in a
region of condensation tend to move into a region of
rarefaction and the resultant disturbance is propagated
through the gas as a sound wave. A condensation or
rarefaction of electron density propagates down the
beam with a characteristic velocity analogous to the
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Figure 9. Modelfor the Analysis of Space-Charge Waves

velocity of sound in a gas. One must be careful, how-
ever, not to take this analogy betweensound waves and
space-charge waves too seriously because the phe-
nomena are fundamentally quite different. Inthe sound-
wave case, neighboring molecules exert an influence
through elastic collisions which transfer kinetic energy
from one molecule to another. In the case of space-
charge waves, the electrons are charged and exert an
effect on one another through Coulomb's-law forces,
such that anindividual electron is influenced constantly
by the positions of all other electrons.

Collisions, in the usual sense, do not occur between
electrons. The velocity of a group of electrons, as
seen by a stationary observer viewing Fig. 10, will
appear to have a constant value with a superimposed
alternating or undulatory component. Similarly, the
electron density will have a constant average value
plus superimposed fluctuations. If this perturbed beam
of electrons is permitted to continue drifting, eventually
some of the faster electrons will move up on slower
electrons which left the grids earlier to start the for-
mation of '"bunches" of electrons. At the same time,
these concentrations of space charge have set up elec-
tric fields insuch a direction asto cause the ""bunches"
to fly apart, and these same electric fields have re-
duced the velocity fluctuations to zero. At this junc-
ture, current fluctuations inthe stream have reached a
maximum, amplitude and a second set of grids should be
placed across the stream to ''catch' undulations of
space~charge density inthe beam and convertthem in-
to electrical energy in an external circuit. Fig. 10
depicts the build-up of charge ""bunches' prior to their
passage through ''catcher' grids which thereby induce
currents in the external circuit. The periodicity of
these charge "bunches' is dependent upon the velocity
of space-charge wave propagation through the medium,
i.e., the electron beam. Propagation, in turn, is de-
pendent upon the characteristics of the medium, which
is determined entirely by the current density of the
electron beam. This periodicity of the space charge in
the medium is termed the plasma wave length. It should
be appreciated that this explanation has been an abbre-
viated description of complex processes. Comprehen-
sive descr4pt1ons are glven in the literature by Beck, 33
Harman, 34 and Beck. 35

In summary, it should be realized that the effective-
ness of coupling electron-beam energy to radio-fre-
quency circuitry (e. g., cavity resonators) is contingent
uponthe establishment of maximized density -modulated
pulses of space charge in the electron stream. This
requisite is established atthe outset in grid-controlled
tubes betweenthe cathode and grid electrodes as "'den-
sity-modulation. ' Inspace-charge wave devices (e.g.,
the klystron) an accelerated beam is "velocity -modu-
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lated" and allowed to drift until a space-charge wave
builds up "'density -modulated" pulses for conversion
into radio-frequency energy.

INTERACTIONS OF ELECTRONS WITH CIRCUITS38

Exchange of Energy Between Electron Streams and
Electric Fields

Exchange of energy or power between an electron
stream and circuit elements is always produced by ac-
celerating or retarding the electrons by means of an
electric field. These electron-to-circuit interactions
are particularly important in microwave tubes wherein
it is difficult to separate the tubes from their circuits.
In microwave tubes, the kinetic or potential energy of
electrons is converted into electromagnetic energy.
Thus, klystrons35 and traveling-wave tubes®” are ex-
amples of devices in which kinetic electron-beam energy
is converted into rf energy. In a crossed-field type of
amplifier tube like the magnetron,40the potential energy
of electrons is converted into rf energy in the cathode-
anode region.

Circuit Currents Induced by Electron Motion

In many practical applications of electrons in vacuum
tubes, moving electrons interact with circuits by the
mechanism of induction. This type of electron-to-cir-
cuit interaction can be visualized by consideringa sin-
gle charge -e as it passes through a static electric field
as shown in Fig. 11. The lines of force emerging from
the charge terminate on the electrodes; the number of
lines to each electrode are dependent on its distance
from the charge. If the electron in Fig. 11 is moving
from 1 to 2, the number of lines ending on electrode 1
decreases with time, while the number ending on elec-
trode 2 increases. The induced charges on the elec-
trodes vary similarly. In other words, as the moving
electron approaches the second electrode, another elec-
tron is being pushed off electrode 2 to make room for
the one approaching and thereby to maintain a balance

of electronic charge. Simultaneously, still another
electronis being forced to move into electrode 1. These
charges in motion constitute a "'series’ flow of current,
i.e., an electron is flowing between electrodes in a
vacuum and forcing the flow of a ""companion” or "'image"'
electron inthe external circuit. If the electron moving
in vacuum has kinetic energy when it strikes electrode
2, this energy is dissipated as heat by increasing the
molecular agitation of the electrode. The net result of
an electron's passing from one electrode to the other
is a total transfer of one electronic charge. At low
frequencies, this fact is the only matter of concern.
At highfrequencies, whenthe electric field may change
appreciably during the time of transit, the manner in
which the moving charge induces a current in the ex-
ternal circuit is of major importance. This induced
current should not be confused with displacement cur-
rents which flow when an alternating potential is im-
pressed across a pair of capacitor plates. The induced
current contributes tothe usual capacitor displacement
current an additional current component that is due
solely to the motion of the electron in vacuum between
two electrodes.
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Electron-Induced Curvent in a Two-
Electrode System

Figure 11.

The induction of currents in circuits can be further
illustrated by considering a plane-parallel three-elec-
trode system such as that shown in Fig., 12, When an
electron enters region 1-2 (point A) at a small aper-
ture, an induced current begins to flow. This induced
current Ijpg, 1-2 flowsuntil the electronreaches point
B, whenitenters region2-3 and a similar induced cur-
rentl; 4 9_gbeginsto flow. For very low frequencies,
the currént induced by a stream of electrons is equal to
the convection current and the currents in M and Mg
are equal if there is no electron interception at aper-
ture B. At high frequencies, however, as a result of
the skin effect, separate induced currents (and similarly
separate capacitive charging currents) flow on the two
surfaces of electrode 2. It should be understood that
the current flowing onthe left-hand surface of electrode
2 is similar to that flowing on the left hand surface of
electrode 3 despite the fact thatthe electron convection
current is not intercepted by electrode 2 as is the case
for electrode 3. It is concluded from this analysis that
in any system containing several regions separated by
electrodes, one must consider the current flowing in
each region separately, whether electrons are collected

or not.
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Figure 12. Electvon-Indured Curvents in a Three-
Electrode System

Electron-to-Circuit Energy-Exchange Systems

There are severaldifferent types of systems whereby
electron-to-circuit energy exchanges may be accom-
plished. The most common method of electron-to-cir-
cuit interaction has previously been described in con-
nection with Figs. 9 and 10, where the radio-frequency
fields are of the so-called '"standing-wave' type. It
should be noted that the electronstreamis moving rela-
tive to a "'standing wave' of stationary voltage estab-
lished in both the bunches and cathode circuits. If these
electron-to-circuit interactions are recurrent, the
electrons are subjected to periodic rf fields. Thus,
the reaction described in connection with Fig. 9 can be
performed periodically with a multisectioned cascade
arrangement of circuit resonator elements. Let Fig. 13
represent a cascaded group of cavity resonators trav-
