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Chapter 8

CESIUM PLASMA DIODE AS A HEAT-TO-ELECTRICAL-
POWER TRANSDUCER

Wayne B. Nottingham

Abstract

The new interest in the direct conversion of heat-to-
electrical power has stimulated research in both the application
of the high vacuum diode and the plasma diode to accomplish this
purpose. The theory of the high vacuum diode is relatively simple
and the experimental verification of the theory has been satisfac-
tory. The plasma diode which depends on the ionization of cesium
at a hot surface cannot be worked out in all of its detail at present
because of the lack of certain fundamental experimental data, It
is possible to make use of published results of Taylor and Lang-
muir and a detailed analysis of recent thermionic studies to carry
the understanding of the plasma diode far enough to make a direct
comparison with expe riment. This analysis first involves an
understanding of the phenomenon of surface ionization. General
properties of a plasma and space-charge considerations control
the delivery of ions to neutralize electron space charge. When
applied to the experimental data available, an interesting result
comes as an important simplification. Essential to the theory
of the high vacuum diode is the knowledge of the emitter tempera-
ture and the diode spacing. The electrical characteristics of the
plasma diode have been found to be very closely duplicated by
those of a high vacuum diode characterized by an effective distance
that is reduced from the actual diode spacing, This fact supports
the opinion that the efficiency of the plasma diode may be tre-
mendously improved over that of vacuum diodes of practical design.

THIS MATERIAL IS NOT TO BE RELEASED FOR PUBLICATION







Introduction

An analysis of the high vacuum diode as a heat-to-elec-
trical-power transducer has been worked out in detail * based
on theories presented in "Thermionic Emission'' published some
years agoz.. In the high vacuum diode it is of the utmost impor-
tance to have the lowest possible work-function on the collector
and to have the smallest practical spacing. It is anticipated that
under these conditions the work-function of the emitter will be
practically without influence so long as the space-charge minimum
in front of the emitter is of the order of VT (the electron-volt
equivalent of the temperature). Any further decrease in the
emitter work-function will do neither good nor harm in controlling
the usefulness of the device. In the plasma diode it is not so easy
to generalize and since much of the most significant fundamental
data relevant to the problem will not be available until additional
- research studies have been made. These remarks relevant to
the plasma diode represent some of my own views on the subject
in that they are being developed without the benefit of the experimen-
tal evidence needed. ' : '

In the high vacuum diode the understanding of the space.
charge is very important. It controls the properties of diodes
that operate within the temperature limits set by available mater-
ials and the electron emission properties associated with them,
The function of the positive ions in the plasma diode is to alter
the effect of electron space charge. Even in the plasma diode
there will be space charges near the boundaries of either the
emitter or the collector or both.

Assume for the purpose of illustration that the emitter
work-function is somewhat higher than the collector work-funhction
and by some mechanism not specified for the moment exactly the
right number of ions are available to reduce the space charge to
zero, Assume furthermore that the spacing if sufficiently small
in relation to the gas pressure so that the drop in potential over
the plasma between the surface of the emitter and the collector
can be neglected. This condition is represented diagramatically
by Fig. 1. Here the true work-functions of the emitter and the
colle;tor are ¢, and dz. Note particularly that these are not the
"Richardson'" work-functions. The current emitted over the
barrier ¢; is given by the equation:
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Fig. l1-Motive of an electron with zero
field between a and b,

In this equation T is the temperature of the emitter and Vo ig its
electronvolt equivalent defined by:

q 11, 600

The available power is the product Iy Vo. The total resistance in
the circuit from the receiving surface on the collector through
the external load and to the emitting surface of the emitter may
be expressed for a unit area as

= o] (3)

If the tital resistance is less than R, ., then the current around the
circuit will remain constant and the output voltage decrease, thus
giving a smaller available electrical power, If the load resistance
is made greater than Ryg, then the output voltage increases while
at the same time the current decreases, Identify this increase in
voltage by the symbol v. The following equation serves to relate
these quantities for the calculation of maximum power,

v
Vop
Pxhe (Vo+ v) (4)

Equation 4 may be differentiated to obtain an expression for the
deviation in the power as a function of v. A maximum of power







output will be found when the differential (dP/dv) is zero and the
value of v so determined is identified as v,,,. The result is given
as

YmeVp -V, = Vp - (¢ -4d3) (5)

The physical meaning of this equation may be considered in its
relation to Fig. 1. If the work-function difference (d; - d5) is
greater than V.. then v,.. is zero or stated in other words maximum
power is delivered to the external load when the resistance is
chosen to satisfy Eq. 3 and the overall output voltage is exactly
the difference between the work-functions. Under the circum-
stances in which the receiver work-function is actually greater
than the emitter work-function, the power output is a maximum
when the voltage available is V. This situation is illustrated by
the diagram of Fig. 2 and the total available power is expressed
by

.t vy

»
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In the range of work-function difference for which (d; -
dz) is equal to or less than V., even though ¢) is greater than dj,
maximum power will ooccur with an available voltage of Vp and
Eq. 6 applies.

These statements may be summarized as follows, For
wo rk -function differences greater Vo in which the emitter work-
function is larger than the collector work-function, maximum
power is available at an overall voltage level equal to the difference
in thé work-functions, whereas in all other cases the maximum
power occurs with an available voltage of VT'

It will be the purpose of the following sections to discuss
the problem of ion production as well as the delivery to the plasma
of the ions and the current flow expected in the presence of
atoms and ions,

Ionization of Cesium at Heated Surfaces

The classic work on the ionization of cesium at heated
tungsten surfaces was largely due to Langmuir and his collabora-
tors. One of the latest in that series of researches was reported
by Taylor and Langmuir3. This work serves as the basis of
many of the deductions made here. If the arrival rate of cesium
atoms for each square centimeter of a heated tungsten surface is







less than 1013 atoms per second (cesium condensation temperature
0°C), a tungsten filament at 970°K will have a neligible surface
coverage of cesium atoms and every cesium atom that arrives will
leave as a cesium ion. As the arrival rate increases to 1018 atoms /

2

sec-cm®, the minimum temperature for complete conversion of
atoms to ions is approximately 1475°k,

This statement should not be attributed to Taylor and Lang-
muir but does depend on an analysis of their data which was made
available in their Fig. 18. Since no other data are available,
these are used to yield a relation between the atom arrival rate
p, expressed in atoms per second for each square centimeter and
the minimum tempe rature for which a negligible surface film will
form on tungsten., At this temperature practically every atom
that arrives will leave the surface as an ion. An empirical equa-
tion has been derived to relate this minimum temperature to the
atom arrival rate and is

14,100
T -

: 7
min 27.56 - logigH, (7

At any given arrival rate, the production of ions is dis-
continuously reduced by approximately a factor of 10 if the tungsten
surface is at a temperature slightly below the minimum tempera-
ture given by Eq. 7. ‘

The ideal gas laws are used to convert cesium vapor
pressure data to atom arrival data. The following formula relates
atom arrival to the temperature of the liquid cesium in equilibrium
with its vapor. '

3900 (8)

log1gH, = 27.48 - T

The corresponding formulae in the exponential form are given in
Eqs. 9 and 10.

- 3900
7 g
Pa - 3x1677 x10 ® atoms/cm? (9)
- 8980
27 T
T 3x10 e Cs  atoms /cmz (10)
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It is an interesting fact that Eqs. 7 and8 may be combined to yield
a very simple relation between the tempe rature of the liquid cesium
and the minimum tempe rature of the heated tungsten surface at
which complete ionization takes place. This relation is:

T 000 ey (11)

The fact that the minimum temperature at which all
cesium atoms are conwerted to ions is linearly related to the temp-
erature of the liquid cesium may not be a pure accident of numbers.
In the broader sense of the word both the evaporation of atoms
from the liquid and the evaporation from a tungsten surface may
possibly involve atomic attractive forces that are not so different
from each other. This would imply that their vibrational frequency
before evaporation might be characterized by a force function not
unlike that of a vibrating molecule. In the molecular case there is
a dissociation energy whereas in the case of atomic evaporation
there is the latent heat of evaporation which is dominated by a
quantum state of vibrational activity which is the maximum that
can be attained by the atom as it is on the border line between
continued adherence to the surface and evaporation. If the equat-
ions of motion are not too dissimilar then the factor that relates
these two critical temperatures could well be the ratio of the
"activation" energies. Egquation 8 implies an activation energy
for evaporation from the liquid state that is not too far from U5 i3
ev. Taylor and Langmunir deduce from their studies of cesium
evaporation from tungsten that the heat of evaporation is 2.83 ev
if the fraction of the surface coated is small. Note that the ratio
(2.83/0.773) is 3. 65 which is consistent with the empirical results
presented in the form of Eq. 11.

Results of the Taylor-Langmuir experiments as they relate
to the yield of ions from surfaces that have an appreciable fraction
covered by adsorbed cesium atoms show an extremely small yield
of ions. .A detailed analysis of the experimental data available
yields some interesting results. The equations to be presented fit
quite well over the range of cesium pressures and tungsten surface
temperatures studied by Taylor and Langmuir. The purpose in
deriving empirical equations to represent their data is to permit
computations to be made under conditions that involve considerable
extrapolation into unexplored areas. The philosophy here is that
estimates based on an extrapolation from existing data are better
than pure guesses without a systematic relation to establish facts.
The ion production rate V_ expressed as the number of ions produced
per second for each square centimeter area is expressed by the set







of equations that follow:

26, 600
log mvp - 54,16 - 1,113 1og10pé - _.._.T__ 12)
i 26, 600
F,___1.45 x 10 s e )
1.113
Pa
_ 5,28
4y
1. 45 x 1054
Yprepappe. (14)
a

Attention may be directed specifically to the results shown
as Eq. 13. The ion yield decreases rapidly with a decrease in the
temperature of the surface for the range below the temperature

T,, introduced in Eq. 7 and related to the liquid cesium temperature
by Eq. 11. Equation 13 has no significance at temperatures higher
than T since then the ion yield is precisely equal to the atom
arrival ratep,. It is evident from this equation that at a fixed sur-
face temperature T, the ion yield decreases almost linearly

(1.113 power) with the atom arrival rate. Stated in another way
this equation shows that the probability of ionization at a given sur-
face temperature decreases-with the 2.113 power of the arrival
rate. The physical explanation for this result depends on the fact
that at a given surface temperature the fraction of the surface
covered by adsorbed cesium atoms increases as the rate of arrival
of neutral atoms increases. This increase in surface coverage
brings about a decrease in the average work-function of the surface.
The probability that a cesium atom will evaporate as an ion instead
of neutral atom is strongly influenced by the work-function of the
surface, Since the ion yield decreases as the average work-func-
tion decreases, it is to be anticipated that a relation not unlike

that of Eq. 13 might hold. The insertion of numbers into these
equations and a comparison with the published data of Taylor and
Langmuir may convince the reader that over the range of temper-
ature and cesium arrival rate for which good data exist, the
equations represent the observations. It is thought that the failure
to represent the true facts over the ranges of the variables likely
to be encountered in association with the plasma transducer prob-
lem will be less than an order of magnitude, that is a factor of ten.
It is hoped that the error will be much less than this in many
examples that are of practical interest.







Kinetics of Ions Formed at Hot Surfaces

The reader should be reminded that when drawings are
made which show energy relations of electrons in diode structures,
these drawings really relate to the ''motive function'* of an electron,.
That is, lines and energy levels apply to the potential of an electron
in the space of interest. Figure 1 may be used as an example. We
start at the Fermi level in the emitter and the line a' - a represents
the potential function of an electron in the neighborhood of the sur-
face. The energy difference between the Fermi level and the surf -
ace potential at a is the true work-functiond, of the emitter. In
this energy diagram the surface of the emitter is joined to the sur-
face of the collector by the line a«b and since that line is drawn
horizontally it represents the potential energy of an electron in the
field-free space between the emitter and the collector. The work-
function of the collector is shown by ¢ | as the energy difference
between the Fermi level in the collector and the potential energy
of an electron at its surface at the point b. The misalignment of
the Fermi level of the emitter with respect to that of the collector

is indicated by V. This separation of Fermi levels can be main-
tained only by having some auxiliary and external source of power
and may be measured directly by a voltmeter connected between
the emitter and the collector electrodes. The kinetic energy of
an electron in this diagram is represented by the fact that the
electron is in an energy level which would exist in the diagram
below the horizontal line a-b. The separation between the elec-
tronic energy level and the line a-b is a direct indication of the
actual kinetic energy of the electron associated with the motion
across the space from a to b. This direction is taken as the x
direction whereas the y and z directions are taken perpendicular
to this one and therefore parallel to the planes of the emitter and
the collector. We can show in this diagram only the kinetic energy
associated with the motion in the x direction. It is not suitable to
try to show the kinetic energy associated with the other directions
in this one -dimensional diagram. Energy levels do not exist for
electrons in the space between the electrodes that would be rep-
resented by electron levels above the a-b line. Such levels do
exist within the conductors but not outside of them.







This same potential diagram applies equally well to ions
that might be in the space bet ween a and b, Specifically an ion at
. rest would be represented as being on an energy level coincident
with the line a-b, whereas one which is moving in the x direction
with some kinetic energy would be occupying an energy level in
this diagram above the line a-b, No positive-ion energy levels
exist that would be represented by states drawn below the line a-b.,
These remarks are made to anticipate the discussion with ref-
erence to the energy distribution of ions created at a hot surface.
One of the few sets of measurements on the ion energy distribution
that exists in the literature is that of Fig. 16 of Taylor and Lang-
muir. Their data are reproduced as Fig. 3. The plot shows  the
ion current received at a coaxial collector as a function of the
applied voltage with the emitter temperature held constant and the
rate of arrival of neutral atoms established by a constant bath
temperature of 275°K. The critical temperature for thls!rate of
arrival of atoms 15 990°K and therefore since the measurements

were made at 980° K it was probable that the ion yield was less
than 10 per cent of the atom arrival rate. Under this condition the
average work-function of the emitter was very close to 3.4 volts.
Other evidence would indicate that the work-function of the collec-
tor was very close to 2 volts. Therefore under these circumstances,
the contact difference in potential was close to 1.4 volts. This fact
is exhibited reasonably well by the data of Fig. 3. Under the
conditions of the experiment, the heated tungsten surface un-
doubtedly had considerable nonuniformity in work=-function, and
also space-charge effects reduce the ion current at zero field,

It may be assumed that these two factors account for the rela-
tively poor saturation of the ion current, The evidence seems to

be satisfactorily clear that the application of an ion retardin
voltage of a fraction of a volt is sufficient to inhibit the flow of ions
from the hot tungsten surface over to the collecting electrode.

The slope of the semi-log plot is in agreement with the tempera-
ture of 980°K,
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Fig. 2-Plasma diode with high collector work-function.
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A Generalized Discussion of the Simultaneous Emission of Electrons
and the Creation of Ions at a Hot Tungsten Surface

In Fig. 4 the emitter work-function dl is assumed to be
uniform. The collector work-function is dz; the Fermi level of the
collector is V_ more negative than that of the emitter. Electrons
are being emitted from the surface a-a' and those that impinge on
the surface from inside the metal at an energy level ¢ with respect
to the Fermi level have a chance of escaping across the space-
charge barrier at B. If the electron has an excess energy V., as it
passes the barrier, then its energy state is represented by the
dot-dash line of Fig. 4. Cesium ions will evaporate from the emitter
surface in an appreciable number if the work-function 91 is high
enough and the temperature suitable. An ion which originates at
the emitter surface with practically no kinetic energy associated
with its motion in the x direction would find itself excelerated by
the electrostatic field created by the electron space charge and
acquire kinetic energy so that as it passes through the region B
it will have acquired a maximum of kinetic enc rgy represented
by the vertical distance between the solid potential line and the
dotted line of the diagram. If the ion evaporates from the sur-
face with an initial kinetic energy of Vo, its energy level will be
that of the dash-plus line. In either case the ion will be accelerated
across the space, impinge on the collector with considerable energy,
and probably absorb an electron from it and evaporate off as a
neutral atom. It is presumed that the collector will be at a higher
tempe rature than the liquid cesium surface somewhere within the
tube envelope and therefore maintain a surface coverage of less
than a monolayer. As the pressure of the cesium is increased,
the production rate of ions may increase or decrease depending on
the temperature of the heated surface and the rate of arrival of
cesium atoms.
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Fig. 4-Motive curve with electron space charge.

This discussion indicates that if the cathode has a uniform
work-function structure, ions may be produced at the energy level
a or above and will not be as effective in neutralizing space charge
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as they would be if they could become trapped in the electronic

' space-charge potential minimum at B. As the cesium pressure is
increased, there will be a greater and greater probability that the
cesium ion will encounter a neutral cesium atom in such a way as
to deliver energy to the atom and thus find itself in an energy level
below the surface potential of the collector shown in the diagram
at b.

The interaction between the neutral cesium and the ionized
cesium may follow either one of two mechanisms. The cesium ion
may collide with the cesium atom with an energy-sharing and mom-
entum-conserving collision. The subsequent products then would
be a slower-moving ion which might then become trapped, and a
faster moving neutral atom. An alternate mechanism which also
could have a good probability of occurring would be that the fast-
moving ion would come into the neighborhood of a slow-moving
cesium atom, absorb the electron from the atom, and continue on
its way as a neutral atom with a relatively high kinetic energy. The
jon thus created would be a slow-moving ion and therefore lie closz
to the electronic motive function and be trapped. Either of these
processes would accomplish the desired result, namely, that of

-altering the energy level of the ion to bring it into a state that is
below the energy level of the most negative surface. In the example
shown in Fig. 4 this is the energy level at b.

As the cesium pressure is increased, the probability of
such energy-losing collisions increases in direct proportion to
the concentration of cesium atoms in the space between the two
electrodes. It may therefore be of some interest to have equations
by which this concentration may be estimated with reasonable
accuracy. These equations in turn can be combined with an estim-
ated ''cross-section' associated with the energy-losing transition
to try to determine the fraction of the ions produced that find
their way into the space-charge minimum . Finally in the steady
state situation as the space-charge nimimum is reduced, the rate
of arrival of ions into the plasma will equal their rate of loss.

If the ion concentration builds up to be practically equal to the
electron concentration then the main space-charge field will be
wiped out and the only fields that will remain will be space-
charge fields near one or the other of the two electrodes or both
and the "drift' field needed to carry the electrons across the
space from the neighborhood of the emitter space-charge sheath
to the surface of the collector.

Atom Concentration in the Space Between the Emitter and the
Collector

In order to calculate an ion mean-free path it is first
necessary to have an approximate formula for determining the
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atom density in the immediate neighborhood of liquid cesium in
equilibrium with its vapor at a temperature TCs' This concen-
tration is given by: 8750

23 TCS 3
 =2.7x10 " e atoms /cm (15)

e

A useful form of this equation for calculation purposes is:

3800
TCs

10g10 ncg 23.44 - (16)

The fact that the exponents of Eq. 10 and Eq. 15 are different is
not an error but results from the inclusionof a temperature co-
efficient term into the exponent. Although the above two equations
serve to give the density of cesium atoms in equilibrium with the
liquid, a correction should be used to relate the estimated tem-
perature in the space between the emitter and the collector to the
temperature at the cesium liquid surface. :

A suitable form of this correction term is given as:

1

2P %

ok Cs 2
g 1 Ca\T

This equation takes this form on the assumption that the effective
temperature in the diode space may be taken as the average of the

emitter temperature T, and the collector temperature Tg. To
give some idea of the magnitude of this correction, assume for

example that the emitter temperature is 1600° K and the collector
tempe rature is 900° K when the cesium temperature is 500°K. The
correction factor is then 0, 63,

~ In order to estimate the mean-free path of an ion it is
necessary to know the effective cross-section for an energy-losing
collision. This quantity is undoubtedly energy-dependent and
therefore any statement concerning its value should preferably be
backed by experimental data not known accurately at present. For
the purposes at hand, the assumption will b% made the cross-section
for energy-losing collisions is 2 x 10°1% cm®, This assumption is
the equivalent of stzting that is a fast-moving ion comes close
enough to a slow-moving atom for the center-to-center distance
to be 8 x 10”% cm, there will be a high probability that an exchange
of some sort will take place between the two in a manner to leave

as a product a slower-moving ion. If the cross-section is represen-
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ted by oz, and the density of atoms by n_, then the best estimate
for the me an-free path for the ions is given by:

13
g 18
x+_ il = 5x10 cm (18)

n
BO"..|. n

8

Equations 16, 17, an.d 18 may be combined for numberical cal-
culations. Since the correction term in Eq. 17 is hardly great
enough to be compared with the uncertainty in the collision cross-
section, an equation can be written which neglects this factor and
serves as a quick means of estimating the ion mean-free path in
terms of the cesium-condensation temperature. The equation is:

3800
TCs

L ANy = -9.7
og N+ (19)

A second useful form of this equation serves to determine the con-
densation temperature needed to approach a desired mean-free
path. This equation is:

Pl 3800 (20)
Cs ~ 9.7 + Tog, o™+

This equation yields the result that approximately 1 mm mean-
free path will be associated with.the condensation temperature of
437°K and one-tenth of a millimeter will be the approximate mean-
free path at 493°K, '

If these calculations and estimations are valid, they may
be helpful to the designer of a practical heat-to-electrical-power
transducer that ope rates according to the plasma principle. It
has been pointed out (1) that the high vacuum transducer must have
a very small spacing in order to operate with satisfactory efficiency.
The conclusion that one would draw from this discussion is that
a small spacing could work as a definite disadvantage in the plasma
transducer.

For illustration purposes, assume a spacing of 0.5 cm
for a diode and a cesium pressure adjusted go that the ion-free
path would be approximately half this distance or 2.5 mm. The
cesium temperature would be 41801{, Equation 11 is used to
estimate the minimum témperature of the cathode for moderately
efficient ion production, This temperature is T = 1500°K and is
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a reasonable one for a dispenser-type cathode, If its average
work-function is approximately 2.5 ev, then the available electron
emission would be about 1 amp/cmz, Assume that a space-charge
sheath near the surface of the emitter added an additional 0, 4

volt step to make the effective value of ¢' shown in Fig. 4 equal

to 2.9 ev. This would reduce the available electron emission a
factor of 20 and bring it to 0, 05 amp/cmz. This current density
would be 25, 000 times the current density that would have been
available from the same cathode in a high vacuum diode of this
spacing when the space-charge minimum coincided with the
collector. Apgain with this cathode ogerating at this temperature,
the current density of 0.05 amp. cm® implies that the location of
the space-charge minimum, would be approximately 30 microns
from the emitter. The point in mentioning these figures is to
lead the way toward an evaluation of the production rate of ions
needed to hold the space-charge minimum atthis point and give

a very small potential difference between the minimum point at

B and the electron collector surface at b, The next section will
attempt to evaluate these factors.

Ion and Electron Evaporation from a Nonuniform Cathode

The motive diagram shown in Fig. 4 is a one-dimensional
diagram suitable for an emitter and a collector, each of which
has a uniform surface work-function. In many practical examples
of emitters this situation does not represent the facts. Specifically
for pure tungsten the variation of wo rk-function even without the
adsorption of films may range from 4.3 to 5.3 ev. Adsorbed
films may result in still wider differences. Details concerning
dispenser cathodes are very uncertain. Specifically one may
picture a work-function structructure of a dispenser athode as one
in which there are many islands or wells of strong electron emission
to be found at crystal boundaries between the sintered crystals of
which the structure is made. Each af the individual pieces of the
powdered tungsten used in this fabrication may exhibit consider-
able range in work-function. In order to illustrate this point, the
sketch in Fig. 5 has been produced and represents a completely
hypothetical situation which may not differ too much from reality
to be worth considering. The lire s on the diagram represent
imaginary crystal boundaries between the solid tungsten crystalites
or sintered powder particles and the shading is related to the
thermionic emission. Regions that are white represent strong
electron emission and regions that are dark represent high
work-function areas of weak electron emission, The scale used
on this figure implies that each of the individual particles of
tungsten that were sintered together to make a porous block had
an average linear dimension of approximately 10 microns. The
activation material is assumed to have migrated out between the
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tungsten particles and activated them locally. The higher the
' temperature that the cathode is operated, the more likely a
situation of this kind exists.

it is important for this discussion to attempt to represent
in a two-dimensional diagram a motive function to be associated
with this situation. It is quite evident that it is impossible to
draw an exact representation but Fig. 6 may help to bring out the
ideas that are involved.

Fig. 5-Hypothetical electron emission distribution .
over the surface of a very hot dispenser
cathode.

In Fig. 5 one of the strongly emitting regions is identified
as the "a' region, while a neighboring dark region is identified
as the "b'" region. The work-function of the "a' region is taken
to be d, and the ''b'" region dy. '
These work-function steps are shown in Fig., 6, Ifthea and b
regions are of comparable size, then the motive function become s
something close to the average at a distance comparable to the
average dimension of the patches of high work-function and low
work-function area, This is illustrated by Fig. 6 by the fact that
one line starts at g, and the other line starts at dp and they come
together at a distance just outside the emitter comparable with
the size of the individual patches involved. If the required poten-
tial is applied, shown as V, and the work-function of the collec-
tor is @3, the motive function the rest of the way across the diode
has no slope and therefore corresponds to the zero field condition.
If the emitter is heated sufficiently to cause a strong electron
emission, then the motive function will take on a form similar
to that shown in Fig. 7.
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Fig. 6-Motive curves for non-uniform emitter -
no space charge - zero field.

A womrd description of Fig. 7 may be in order. The cruva-
ture of the motive function indicates the existence of space charge.
The minimum in the motive function found at B established the
minimum electron energy within the interior of the emitter for
which electrons can escape from the emitter to the collector. The
value of this energy is shown as ¢'. Thus any electron emitted
from the high work -function area ¢y, is accelerated into the space
and moves over to the collector. It is to be expected that there
will be a gradation in work -function from ¢, to ¢y, close to the
boundaries of the activated area. It is impossible to show in
this diagram that additional detail, and therefore only the extremes
of the motive function are illustrated. Note that in this figure
there is an energy level indicated at ¢} which represents a peak
in the motive function. Any positive ions generated at the
surface will have to traverse this peak in order to find themselves
in the space-charge region near B, This quantity d4is very
important because of the fact that if it is less than 3.9 ev then
the difference (3.9 - ¢}) Vi is related exponentially to the probabil-
ity that an ion produced at the surface of the emitter will be able
to pass into a region between the emitter and the collector. It is
only here that it can be at all effective in reducing space charge.

The next problem to be considered in this qualitative
manner is the influence of cesium vapor introduced at a moderately
low density., Equation 19 indicates that at a cesium temperature
of 3900K, the approximate mean-free path for cesium ions will
be 1 centimeter, Furthermore, the relation given as Eq. 11
indicates that the minimum tempe rature for a pure tungsten sur -

face to remain, on the aveorage, in a state for which good ionization
can take place will be 1410°K. It follows from this that a dispenser
cathode operating at 1500° K will not be expected to adsorb an
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appreciable goverage of cesium. The low wo rk-function areas

will be vexry poor absorbers in any’'case, and they will also be

very poor ionizers. The most efficient ionization will take place
over those regions of the cathode for which the work-function is
greater than 3.9 ev. Figure 8 attempts to illustrate in a qualita-
tive manner the various influences which the presence of cesium

is likely to have if the cesium pressure is controled by a tempera-
tureTcg equal to 392° K, and the emitter temperature is main-
tained close to 1500°K. The emitter to collector spacing is assumed
to be approximately 1 mm.
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Fig: 7-Motive curve for a nonuniform emitter with
electron space charge.

In Fig. 8 the dotted lines are a superposition of Fig. 7
on Fig. 8 so that it will be easier to see a comparison of the two.

Note that ¢, and ¢, are the same whereas d, shows a measur-
able decrease to ¢!, This decrease is the result of the adsorp-
tion o the collector of a film of cesium which in all probability
will reduce the work-function on the collector by 0.4 ev. or more.
If no other change took place as a result of the cesium, this would
be distinct advantage. The new work-function is designated

by #!. In the drawing of Fig. 8, it is assumed that some of the
ions produced at the hot emitter surface will find their way into
the neighborhood of the potential minimum at B which in turn

acts as an ion trap. In other words once that an ion is caught at
an energy level lower in the diagram of Fig. 7 and p), it will
remain in that area more or less indefinitely since recombination
between ions and free electrons is such an improbable event

that the ion will remain trapped there, the potential minimum

for a very long time. As additional ions are trapped there, the
potential minimum will rise. This is illustrated schematically in
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Fig. 8 in that the potential minimum changes from B to B'". This
change in the potential minimum results in a corresponding change in
the value of the limiting electron energy needed to transfer current
from the emitter to the collectro. The new level is at ¢''. An objec-
tionable change, from the point of view of being able to deliver ions

to the space-charge minimum, is that indicated by the rise in
the level diagram associated with ¢'y. Thus the rise to "B'' be-

cause of the trapped ions results in a change of the motive function
which inhibits the delivery of additional ions., Finally a balance
takes place at which the delivery rate of ions is exactly equal to the
loss rate., This condition more or less inevitably gives a rise in
the electron minimum from B to B'. This change results in a
distinct gain in efficienty of the unit as a heat-to electrical-power

transducer.

EMITTER: ' w COLLECTOR

A EA L& TR .
Vo .

117111/

%
¢; B“ B 000000 00200000
1y Ry
o %

’
I
: .....'OOOoeoool—-—-—-——-——|_
|

Fig. 8-Motive functions plasma diode compared
with vacuum diode.

It will be assumed for the present that if the transducer
is working under the most favorable conditions the voltage output
Vo added to the receiver work-function ¢£ will actually be less than
the energy difference from the Fermi kvel of the emitter to the
""hump'' in the potential function shown as ¢4 in Fig. 8. In those
circumstances the loss of ions from the space-charge region will
be back to the hot emitter and not to the collector. If the problem
were as simple as this then the density of ions at B' could be
related to the ionization potential V; by:
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v, =gt
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- L
ng 4

e (21)

In this equation V; is the ionization potential of cesium of 3. 9 volts;
ng is the density of atoms in immediate neighborhood of the ioniza-
tion surface, and the factor (1/4) is a guess made up of a combin-
ation of two facts. In the use of an equation of the form of Eq. 21

a factor of 1/2 is usually introduced as a so-called statistical
weight and an additional factor of 1/2 is being introduced because
of the fact that only part of the cathode is capable of produding ions,
Once they are produced and caught in the potential minimum, the
entire region is available for their occupation. This equation
cannot be said to bé exact but is offered here as a reasonable guess.

An additional fact needs to be considered which is that
the ion production process will be characterized by the tempe rature
T of the emitter, whereas the temperature that characterizes the
distribution in energy of the ions that are trapped can very well
be a lower temperature. This lower temperature could approach
that of the neutral cesium vapor outside of the emitter-collector
region for experimental tubes in which the spacing between the
emitter and collector is not considerably smaller than the dia-
meter of these surfaces. On the other hand, if the spacing is small
compared to the diameter, then the characteristic temperature for
the ions in the trap should be assumed to be approximately the mean
temperature of the emitter and the collector.

In spite of the fact that the discussion applies to the con-
ditions under which the mean-free path is large compared with the
spacing, the ion may nevertheless come to thermal equilibrium
with the atoms in the space because of the fact that it can oscillate
back and forth many times and can therefore have a total distance
of travel during its lifetime in the potential minimum much longer
than the mean-free path. This detail can be considered to be a
refinement which acts in the favorable direction from the point of
view of the making of a practical and effective transducer.

Influence of Cesium Pressure in Association with a Nonuniform
Emitter.

Under the circumstances illustrated in Fig. 8 an increase
in cesium pressure will increase the rate of arrival of cesium
atoms at the emitter. This increase in arrival rate will result
in more adsorption of cesium on the high work-function areas.
Once the cesium is adsorbed there, these areas will no longer be
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very effective at producing ions. The effect to be anticipated then
will be a raising of the limiting level ¢4 . This change will work
to disadvantage in that it makes it more difficult for the ions that
are produced to find their way to the region marked B". The lack
of a suitable ion density at B'" will result in a lowering of this level
or an increase in the value of ¢'. Thus it is to be anticipated that
other things being equal, the increase in cesium pressure will
first result in a raising of the potential minimum for electrons
from B toward B' with an increase in cesium pressure toward

its optimum but additional cesium pressure will result in a
decrease in the available current for the transducer, The import-
ant point is to try to establish the optimum pressure and this

may be possible only by experiment. The theory as so far carried
out indicates that an optimum is likely.

Loss of Positive Ions to the Collector

As the output voltage V., is increased at the expense of
some decrease in electron current, the difference in potential
between the potential minimum at B'" and the surface of the collec-
tor at b will decrease. At the critical condition expressed by:

Vo + #5 = 4y (22)

ions will begin to escape to the collector to the same extent that
they escape to the emitter. If V. is made still larger, then the
principal loss of ions will be at the collector surface and this rate
of loss must be supplied by the ions which are able to pass over
the ion barrier at ¢}. As V( is made larger, it will be slightly
easier for ions to escape from the emitter. This increase in
yield may not be sufficient to maintain the desired trapped ion
density.

Under the conditions shown in Fig. 8 there is a difference in
potential between the space-charge minimum at B'" and the sur-
face of the collector which is numerically equal to

$l- (V, + d5) = V. (22a)

This potential difference does not represent a loss of energy by
the electrons because of the presence of the neutral cesium atoms,
but is simply a difference needed to satisfy the space-charge
relations. The reader must be reminded that the situation in

this part of the plasma discharge is an entirely different one from
that found in self-sustained low voltage arcs, because there the
difference in potential along the plasma column is one that is
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determined by the rate at which energy must be put into the system
in order to maintain the excitation and ionization of the plasma.

In the transducer, no ionization whatsoever takes place in the
space since all of the ions are produced at the heated emitter
surface unless some auxiliary electrode is introduced. For the
present discussion it is assumed that the only two electrodes in
this diode are the nonuniform emitter and the uniform collector,

An Interpretation of Data Taken on An Experimental Diode

A diode was constructed for study by Mr. Thomas Robinson
of the Thermo-Electron Engineering Corporation which had two
dispenser-type cathodes, each 3 mm in diameter separated from
each other a distance of 0. 68 mm. One of these dispensers
was heated to 1520°K and before cesium was admitted to the tube,
a current voltage characteristic was obtained over the range of
applied voltage from zero to -2.2 volts with the receiving electrode
negative with respect to the emitter. These data were plo(tﬂ:d
as shown in Fig. 9 and compared with the '""master curve'""'. The
solid line of this figure is the master curve and the index of that
curve establishes the value of (VR/VT) of 10.4 and a corresponding
value of V, of 1.37. These numbers combine in the formulae
given here as Eqs. 23 and 24 per mit the calculation of the max-
imum power available from this diode and the voltage output at
which maximum power occurs.

v2
-6 1/2 R 2 (23)
Prna.x =3.7x10 Vo e watt /cm
\'s
0.383 (R ) vp
v N (24

L 1+o.31( R )4/3
Vo

In Eq. 23 the distance w is expressed in centimeters for the cal-
culation of the maximum power available in watts /cm . The inser-
tion of the figures mentioned gives a predicted Pinay = 5.5 10-4
watts /cm; and the voltage output at the maximum power is 0. 683,
The current at maximum power is given by;

4/3
o

Imaxz ];n [l+0.31 —y— (25)

)
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For the present experiment L . . 7.961 .
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Fig. 9-Experimental results and comparison
with space-charge theory for vacuum
diode. Data from Robinson of TEE,

Robinson measured the power delivered to the load in
his experiment as a function of the output voltage and obtained
the curve designated ''without cesium'' of Fig. 10. It is clear
that the maxi:mum power was correctly calculated by theory and
the voltage output at maximum power was correct as shown by the
circle on that graph. Later cesium was admitted to the tube and
the available power again measured as a function of the voltage.
This result is also shown in Fig. 10 and it is very evident that the
favorable action of the cesium increased the power a factor of 10.

Before the details concerning this second experiment are
discussed, a few additional computations should be made relative
to the high vacuum experiment. A calculation chart, shown here
as Fig. 11 shows that with this operating temperature and spacing,
a current density of 100 microamperes per square centimeter should
have been expected in terms of the temperatyre-spacing relation
for the critical current density I, which flows to the collector
with a space-charge minimum coinciding with it. This situation
is-illustrated by the dotted lines of Fig. 12,
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Fig. 10-Plasma diode (with cesium) vacuum
diode (without cesium).

The actual value of dR applicable to this experiment may
be calculated by: '

$p = 2.3 V¥, [z.oa+z logyoT - 1og101m] (26)

The value of ‘R is 3.73 ev. The fact that the observed current
voltage characteristic follows the "master curve' so well, as is
illustrated by Fig. 9, indicates that the inhomogeneity of the
collector is relatively small but does seem to be present, and
furthermore, such inhomogeneity as may exist at the emitter
probably represents a small part of the area. It will become
evident as the calculation proceeds that it will be desirable to
invoke the concept that some inhomegeneity does exist and that
potential functions not unlike thos e shown in Fig. 7 and 8 will be
involved as a step in the analysis to explain the increased power
shown by the curve in Fig. 10 in the presence of cesium. The
numerical data mentioned are summarized in Fig. 12
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Fig. 11-Current density-Temperature-Spacing relation in ideal
high vacuum diode for onset of space-charge limitation
(zero field at surface of collector).
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Fig. 12-Motive curve in experimental high-
vacuum diode.

The basic data upon which the remaining part of this
analysis depends are illustrated in Fig. 13. The two curves on
this figure show the current-voltage relations as observed with B
and without the cesium. The liquid cesium temperature was 31(¢ Ii
and this according to Eq. 9 gives an arrival rate at the emitter
of 1.4 x 1013 atoms per second for each square centimeter. The
estimated collector temperature was 780°K, A sufficient coating
of cesium was adsorbed on the collector to reduce its work-function
by 0.45 volts as indicated by the horizontal shift in the retarding
potential range when one compares the two curves. This yields
a collector work-function of 1. 9 volts. If the entire curve had
shifted horizontally only, then the change in power output would
have heen due only to the lowering of the work-function of the
receiver. The new curve is not one obtained by a parallel shift.
The cesium data when plotted as in Fig. 14 can again be
reasonably well represented by the''master''space-charge curve
for electrons. The main difference on analysis, however, is that
the current under the critical condition of zero space -charge at
the collector is one which would have been associated with a shorter
distance than the actual one. The chart on Fig. 1l permits a quick
calculation of this distance tobe 0.23 mm. It is to be noted by
reference to Fig. 12 that the new condition, in the presence of
some space-charge neutralization from cesium atoms, is prac-
tically as though a diode had been created with the collector
located precisely at the potential minimum illustrated in Fig. 12
for the condition of maximum power. This result suggests the
drawing of the potential distribution as shown in Fig. 15. The
number of electfgns that cross the boundary at B per second for a unit
area is 5.6 x 1077, This current would correspond to a density of
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Current-voltage relations observed in vacuum diode and
plasma diode at 1520°K. Data from Robinson of TEE.
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Fig. 13-Current-voltage relatmns observed in vacuum diode and
plasma diode at 1520° K. Data from Robinson of TEE,
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electrons of 4, 6 x 108 electrons per cubic centimeter. This
calculation is based on the estimated average velocity of a Max-
wellian group of electrons characterized by the temperature
1520°K to be 1.2 x 107 centimeters per second.
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Fig. 15-Experimental plasma diode with zero
field at the collector.

With no more data than we have at present, it is altogether
reasonable to assume that with an arrival rate of neutral atoms
at the heated surface, in the neighborhood of high work-function
territory, of 1.4 x 101 atoms per second for each square centi~
meter the density of ions right at the surface will be 1.25 x 1011
ions per cc. This calculation depends on the assumption that
very close to the high work-function area, the ''random current"
of ions given by the equation

kT 1/2
= 3 2
IP % Pho (Z_Tm) (ions/sec) /cm (27)

Under this condition ion production is exactly equal to ion annihi-
lation and the production rate depends on the atom arrival rate.
In Eq. 27, Ip is the random ion current expressed in ions arriv-
ing at the surface per second for each square centimeter. The
density n_ is taken to be the ion density in the immediate neigh-
borhood of the surface. The ion mass is M.

The experimental data permits the calculation of the energy
difference between the Fermi level of the emitter and the limit-
ing barrier B to be 3,47 ev as shown in Fig. 15. If the density
of ions there is taken to be equal to the density of electrons, the
energy difference between B and the average surface at which
ions are produced can be approximately 0. 61 ev. Under this
condition, the effective surface potential will be close to 4. 1 ev.
Fig. 15 has been prepared on the assumption that a surface for
ionization does, in fact, exist at 4. 1 ev away from the Fermi
level of the emitter. On the basis of present knowledge with re-
gard to these surfaces, any ionization surface with a work-func-
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tion greater than 3. 5 ev could deliver ions to the region at B
with approximately the same efficiency. When the work-function
is less than 3.9, then many of the neutral atoms that arrive at
the surface are likely to leave as neutral atoms and therefore
the ion production will not be as great as it would be if the work-
function were higher. Thus, as the work-function increases,

the effectiveness of the surface as an ion producer increases but
the fraction of those ions produced that can find their way over
the ion barrier identified here as ¢'% is reduced by an exponent-
ial function of the type exp - (#, - ¢y )/ V.

Since the data shown in Fig, 14 fit the idealized master
curve within experimental error, the numbers derived from it
may be used to compute the maximum power to be expected from
the device. The value of (VR/VT) for this curve is 11, 8. The
corresponding valie of Vp is 1. 53 ev. Egs. 23 and 24 may be
used to compute the maximum power and voltage output at maxi-
mum power. The results thus obtained are P . = 6.15x 10-3
watts per cm? and the voltage output is 0. 73 v. These calculat-
ed results are represented by the cross with the circle in Fig. 10
and agree well with experiment. The electron current density

at maximum power is 8.4 x 10-3 amp/cm?.

Determination of the Optimum Cesium Temperature

It is impossible to predict with confidence the optimum ces-
ium temperature because of the lack of needed experimentally
determined data applicable to this problem. This section will,
therefore, have to depend on the making of a few simple assump
tions and if these hypotheses are proven wrong, then the predic-
tions based on them will certainly be in error.

The first assumption is that the zero field condition illus-
trated by Fig. 15 is determined by the equality of the positive
ion and the electron densities. For equality, the arrival rate of

ions and electrons must be related by:
1/2

Bolen © (28)

In this equation M is the mass of an ion and m is the mass of an
electron. The relations represented here imply that both ions
and electrons leave the region by going to the collector and since
the velocities are inversely proportional to the square root of
the mass ratio the ion current will be correspondingly lower for
the zero space-charge condition. In order to use this assump-
tion in a numerical calculation, the "effective'' average work-
function of the ionization region must be know, The experiment
described in the previous section gave a value as d,, = 4.1, The
equation which will relate the important quantities is the follow-
ing:
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db 4490
6r =2 —10.68Vp + 2.3V log;o T+ Tes '1T (29

The numerical validity of this equation may be tested by insert-
ing into it the values associated with the experiment described
in the previous section. When this is done the calculated value
of dp is 3.47 ev on the assumption that ¢y is 4, 1.

In order to determine the optimum value of Tcgr use is
first made of the relation shown as Eq. 11. The implication here
is that unless some other factor interferes, the best choice of
the cesium temperature will be the highest that will result in ef-
fective ionization on a tungsten surface. Certain interfering
factors will be discussed later in this section.

According to Eq. 11, the maximum cesium temperature is
425°K for an emitter temperature of 1520°K. These two figures
are supplemented by the assumption that the previously deter- ;
mined value of ¢y, of 4. 1 is suitable. The predicted value of "‘R
at this higher condensation temperature of cesium is then 3. 0 ev.
This new value represents a reduction in ¢r of 0.47 and a corres-
ponding increase in electron current delivered to the collector
by a factor of 36. The current density expected is 3.2 x 10~%
amp/cm2. The chart of Fig. 11 may now be used to determine
that the effective spacing of the diode in the presence of this in-
creased cesium pressure will be 39 microns.

At the lower cesium pressure the average work-function of
the collector was found to be ¢ = 1.94 ev. There is no way to
know for sure that an increase in cesium pressure will decrease
this average work-function still more but for the purpose of il-
lustration at least, it will be assumed that the increase in press-
ure will reduce the work-function to 1. 70. The predicted value
of Vp is then:

VR = dg - ¢, = 3.00 - 1,70 = 1,30 (30)
The corresponding value of (VR /Vy) is 10,

The next assumption is that having established the equival-
ent spacing of a vacuum diode which would have the same current
density as the cesium diode the current voltage characteristics
will follow the vacuum diode curve associated with this reduced
spacing. The new spacing for this calculation is the one given
as 39 microns, Eqs. 23 and 24 may be used to determine the
predicted maximum power output and corresponding voltage out-
put. The values obtained are Ppyax = 0. 15 w/cm? and Vo is
0. 65, The current density is 0.23 amp/cm?%. The correspond-
ing value for 4!' is 2. 74 ev. It is implied in these calculations
that the true work-function of the emitter @, is less than 2. 6 ev.
The chief advantage in having a smaller value of ¢, for the elec-
tron emitting portion of the emitter is its influence on the value
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of ¢' which is the hump in the diagram of Figs. 15 and 16 that
inhibits the loss of ions to the emitter and thus helps maintain
. the space-charge reduction.

This prediction that an additional 24-fold increase in power
is available in the cesium diode over that actually obtained as a
result of increasing the cesium pressure is probably optimistic.
The calculation has been made in this manner in order to indi-
cate the potential advantages in choosing the most favorable val-
ue of the cesium condensation temperature. At this higher temp-
erature Eq. 19 permits the estimation of the cesium ion mean-
free path to be 1. 8 mm, Since the electron mean-free path is
undoubtedly longer than this, the implication is that a diode spac~
ing of 1 mm would be just as effective in the presence of cesium
as a diode spacing of 100 microns. Associated with the current
density of 0,23 amp/cmz, the chart on Fig, 11 permits the loca~
tion of the space-charge minimum to be calculated as 14. 4 mic-
rons, '

In the calculations of this paper, electron energy steps are
expressed in terms of their true values at the temperature in-
volved. Therefore the fundamental equation obtained directly
from the statistical analysis expresses the current density in the
following form:

¢
I1=z120T¢2e VT az"np/c:n‘x2 (31)

This is the Richardson type of equation and carries with it the
number 120 instead of some empirically-determined constant
that could be designated as AR to indicate that it is the Richard-
son constant found empirically to make the data fit for some set
of observations for which the Richardson work-function would be
appropriate. Since 'true' values of ¢ are used in the analysis
given here, the coefficient 120 is the only correct one to use.

For calculations in which it is the purpose to determine the
temperature at which a certain emission density will be obtained,
Eq. 31 is not the most convenient one to use. The theory behind
the transformation to a simple equation is given in Section 50 of
"Thermionic Emission' and two useful equations may be obtained
from Eq. 31 to be applied over the emitter temperature ranges
associated with each of these equations:

Range 1150°K < T < 2500°K 1000
I= 3x109-(5.044 + 1.6)—F amp/cmz' (32)
logyol = 9.48 - (5.04¢ + L.6) % (32a)
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Range 600°K < T < 1150°K

8-(5. 04¢ + 0. 76) 1990

1= 7210 T amp/em?  (33)
logjol = 8. 85 - (5. 04¢ + 0. m)l—‘Eﬂ © (33a)
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Fig. 16-Motive function for plasma diode.

The principal purpose of the above equations is to show the steps
toward the writing of a simple equation by which the maximum
temperature of the collector can be evaluated readily in terms

of the availablé output volts Vo and the energy step 4! illustrat-
ed in Fig, 16 and the temperature of the electron emitter of the
diode T The way this equation is written incorporates also the
lumtatmn that the electron current streaming from the collector
toward the emitter shall be no more than 5 per cent of the elec-
tron current that flows in the opposite direction., This equation
subject to these conditions and definitions permits the calculation
of the maximum receiver temperature.

5,04 (¢! - Vo) + 0. 76
0. 65 + (5. 044! + 1.6)‘-%‘1’-”-

= 1000 (34)

_ma.x‘TZ

In the analysis just completed it was assumed that ¢!' is 2. 74 ev,
Vo is 0. 65, and T; is 1520 °K. With these values substituted in-
to Eq. 34, the maximum temperature of the collector is found to
be 1040°K.
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Operation Considerations Related to Diodes Having High Work-
Function Emitters
If the source of heat is one which lends itself to the use of a
very high work-function emitter, then other considerations may
be important. Under ordinary circumstances, it should be anti-
cipated that the lower temperature at which the emitter can work,
the more likely one is to have an efficient device. However, ef-
. ficiency may not be the most important criterion. In fact, it
could be that power per unit volume would be far more important
than conversion effieiency. Under these circumstances, thought
should be given to the operation of high temperature emitters.
‘ Assume for this discussion that the emitter temperature is
2400°K and that it is realistic to make a diode of 100 micron spac-
ing. Calculation shows that the space-charge minimum will coin-
‘ cide with the collector when the current density is 0. 009 amplcmz.
An emitter with an average work-function of 4, 4 ev would have an
emission current available of 0. 37 amp/cmz. A high vacuum
transducer would require a low work-function collector which
could under favorable conditions have an average work-function
of 2 ev and a VR = 3.17. Under these conditions, the critical
value of (VR /Vy) is 15.3. This diode would have the maximum
power available with a current received at the collector of 0. 115

~amp/cm”. The power available to the external circuit would be
0.168 watts /cm2. The question that may now be asked is: what
improvement should be expected in this diode by the introduction
of cesium, and what would be the most suitable cesium pressure
as determined by the temperature of the liquid cesium ?

The first effect of cesium if the collector temperature could
be maintained at a sufficiently low value would be to reduce its
work-function. Assume that the absorbed cesium would reduce
the work-function to 1.4 ev. Such a change would have a very
favorable influence on the power output. Secondly, all of the ces~
ium atoms which would in their normal motion come in contact
with the emitter would leave as ions. Very few of these ions
would be lost to the collector since its surface would be 0, 9 volts
more positive than the emitter surface if the external surface
conditions were maintained to hold the current at 0, 115 a.mp/t:m2
in the absence of space-charge neutralization. Actually, as the
cesium pressure increases, the ions will tend to neutralize space
charge and the electron current achieve its full capability of 0, 37
amp/cm2, This cirrent should remain constant as the output
voltage is increased to 3 volts. The combination of these two ef-
fects would increase the available power a factor of 6. 6, since
the maximum power we would expect is:

0,37 (4.4 = Ld) = L1 wattfem> (35)
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Achievement of this power would depend on there being a negli-~
gible number of ions that are generated at the emitter and recom-
bine at the collector. We may assume that the average energy
associated with the moving electrons and also the moving ions
will be 2 V.., (that is, 2 kT/q) and that if their energies are equal,
their average velocities will be inversely proportional to the
square root of their masses. This factor for cesium is close to
490. This figure will then be used to establish the order of mag-
nitude of the desired cesium arrival rate if on the average every
ion which leaves the cathode travels more or less unimpeded to
the collector. The electron current of 0,37 arnp/cm2 corres-
ponds to an emission rate of 2. 3 x 10°" electrons per second for
each square centimeter. If we assume that just the right number
of ions are present to neutralize the space charge of the elec-
trons, there will be no electric field and the average velocity of
electrons in transit across the space may be computed to be

1. 52 x 107 cm/sec. Since the electrons will travel unimpeded
across this space, the density will be 1. 51 x 1011 electrons per
em3. An exactly equal ion density corresponds to an ion emis-
sion rate of 4. 7 x 101 ions per second for each square centimet-
er. Under these conditions the ion emission rate will be exactly
equal to the atom arrival rate and the next question to be answered
is the determination of the most suitable cesium condensation
temperature, ;

Were it not for the fact that consideration must be given to
the reduced density of atoms between the emitter and the collec-
tor, a condensation temperature of 330°K would give the required
ion emission, The average temperature in the interelectrode
space may be taken as about 1600°K. With this approximate val-
ue of the condensation temperature, Eq. 17 shows that the atom
evaporation rate at the cesium surface should be increased 2, 2
over that calculated by Eq. 8. With this correction factor the
theoretical value for the cesium condensation temperature be-
comes 340°K. At this temperature the mean-free path will be
long compared with the spacing and therefore both the electrons
and the ions should flow in an unimpeded manner from the emit-
ter to the collector. :

If the cesium condensation temperature is raised above the
value 3409K then the arrival rate will be greater than that needed
and the excess ion production will result in an ion space-charge
sheath forming near the surface of the emitter. Such a sheath
will inhibit the delivery of the ions to the plasma. It will also
create an accelerating field for the electrons, This will increase
the electron emission if the output voltage is reduced slightly to
take advantage of the lowering of the electron work-function be-
cause of the accelerating field produced at the emitter by the
ions. The fact that many of the ions that are produced are re-
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turned to the emitter surface may also result in the establishing
there of an average dipole moment favorable to a still further
reduction of the work=~function in spite of the high temperature.
These two effects increase the emission capability of the cathode
over the previously calculated value of 0. 37 amp/cm®“. Without
experimental experience it is difficult to determine the best ces-
ium condensation temperature except to state that for tempera-
tures less than 340°K, an insufficient number of ions will be a-
vailable to neutralize the space-charge and as temperatures ex-
ceed this value, favorable results may come because of the re-
duction in the emitter work-function and the corresponding ex-
ponential increase in available current,

The cesium pressure called for by this discussion is much
lower than that used by some experimenters. For example, V.
C. Wilson# experimented with high temperature emitters at rela-
tively high cesium pressure. The two cesium temperatures he
used were 534°K and 564°K. The use of the higher cesium pres-
sure would result in the creation of an ion space charge sheath.
The fact that an electron emission of 4 a,mp/cm2 was observed
sets the '"effective'' electron barrier at B'" of Fig, 8 at 3 ev. Egq.
29 shows that any area of the hot surface with a work-function in
the range 3 ev to 4. 3 ev will deliver ions to help neutralize the
electron space charge. The Wilson experiment would seem to
indicate that work-function lowering actually takes place.

These thoughts are presented by way of illustration of the
use of the equations presented here and the general ideas related
to the behavior of a plasma diode as it might be used in conjunc-
tion with a high temperature, high work-function emitter. It is
clear that many experiments should be performed before too
much reliance is placed in these deductions since they depend on
an extrapolation based on data not specifically applicable to pres-
ent needs. Additional experimentally determined facts might
come into prominence beyond those considered.

Concluding Remarks

Three principle objectives have guided the preparation of
this report. The firat was to discuss in some detail the physical
principles that seem to be involved in the better understanding of
the design and properties of a plasma diode heat-to-electrical-
power transducer. The second objective was to make available
an intricate set of empirical equations by which many answers to
pertinent questions can be obtained numerically when desired.
These equations are consistent with the experimental facts as
they are know today. They depend very largely upon the studies
of Taylor and Langmuir and some very recent measurements
made by Robinson, The final objective has been to apply the ideas
here to the experiments of Robinson and indicate by quantitative
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calculation the results one might hope to obtain by the choice of
a more favorable cesium condensation temperature than was ac-
tually used.

In the present report the detailed derivations involved in the
development of the empirical equations have not been given., If
the results found here are ultimately of real practical importance,
the more interesting derivations can be prepared and made avail-
able as a supplement to this report. Twenty of the thirty-six
equations used in this report may find direct application to other
problems and are therefore summarized for quick reference in
an appendix,
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Appendix
Selected equations from the text, Minimum temperature for

surface ionization as a function of the atom evaporation rate at the
cesium condensation surface:

L 14, 100 (7
min ~ 27,56 - logj, M,

T

Equation for evaporation rate of cesium:

3900

log gy = 27-48 - F— (8)

3900
(2 = 3x 1027 x10 Ics a1:om/t:m2 (9)
_8980
: 27 Tcs 2
= 3x10%" e atoms/cm (10)

Pa

Minimum temperature for surface ionization related to cesium
temperature:

Ty B 3.6 Lea (11)

Ion evaporation rate for tungsten surface temperatures less than
the minimum temperature calculated by Eq. 11:

j 26, 000
log1gVp = 54.16 - 1.113 log)g 4y - —F (12)
cu - 26000
& _1.45x10410 T
P 1,113 (13)
Ha
5,28
B w2esl
.1.45 x 10 7
wie89 % 10~ T
Y % 1. il (14)

The vapor concentration of cesium atoms in equilibrium with
liquid cesium;:
8750

o rem————

Tc
neg = 2.1 x 1023 ¢ 5 atorna/cm3 (15)

(16)
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Mean-free path of cesium ions in cesium vapor:

3800
logjg Ag = 77— - 9.7 (19)

Cs
N 3800
Cs " 9.7 + log10>\+

ik (20)

Maximum power in a vacuum diode used for a plasma diode after
the "effective' spacing is determined:

" -6 1/2VR 2
Pmax = 3.7x107" Vg e watt/cm (23)

Voltage output:

| v
0.383 (\7% VR
vV = (24)
O R 4/3 :

v
1 + G.31("\7¥)

Energy step dR related to current density and temperature:

b = 2.3V, [2.08 + 2log)o T -logyg L]  (26)

Energy step ¢ related to ion surface work-function db; surface
temperature; and cesium temperature:

- % 4490

dr =5 = 10.68Vy + 2.3 Vo log, T + o Vo o (29)

Simplified emission equation for the range 1150°K <T < 2500°K:
1000

loglol = 9,48 - (5.04 ¢ + 1. 6)-T—- (32a)

Range 600°K<T <1150°K:

1000
logygl = 8.85 = (5.04 4 + 0.76)—5— (33a)

Maximum temperature of the collector for 5 per cent return emis-
sion:

5.04 (41 - Vq) + 0.76

T, = 1000 (34)

0.65 + (5.04¢' + 1.6)1%29_
1







8 - 40

Acknowledgments

This work has been supported in part by the U. S. Army
(Signal Corps), the U. S. Air Force (Office of Scientific Research,
Air Research and Development Command), and the U. S. Navy
(Office of Naval Research).

Also the Thermo-Electron Engineering Corporation has con-
tributed toward the support of this research and supplied signif-
icant experimental data.

References

1. Nottingham, W. B., J. Appl. Phys. 30, 413 (1959); Notting-
ham, W. B., Hatsopoulos, G. N., and Kaye, J., J. Appl. Phys.
30, 440 (1959); Nottingham, W. B., Report on the 19th Annual
Conference on Physical Electronics, M.I. T. 1959.

2. Nottingham, W. B., "Thermionic Emission', Handbuch der
Physik, Springer-Verlag, Germany, Vol, 21, 1956.

3. Taylor, J. B., and Langmuir, I, Phys. Rev. 44, 423 (1933).
4, Wilson, V. C., J. Appl. Phys. 30, 475 (1959).







8 - 41

Glossary of Symbols

Hall
a-a'
Hbll
b - b
B

BH

Low work-function region as in Fig. 5

Designations of emitter surface in Fig. 1

High work-function region as in Fig. 5

Designations of collector surface as in Fig, 1
Designation of electron space-charge minimum or barrier
Designation of electron space-charge minimum or barrier
with cesium present

Fermi level within emitter or collector

Current density when space-charge minimum is at collec-
tor. Energy step is dR. Used in Fig. 11

Current density obtained at maximum power as in Eq. 25
Random current of ions at ionization surface. Same as
arrival rate of ions as in Eq. 27

Emission current density as used in Eq, 1

Boltzmann's constant used in Eq. 2. Value is 1.38 x
10~23joule /dég or 1.38 x 10-16 erg/deg

Mass of an electron 9. 108 x 10-28 gm or 9.108 x 10'31kg
Mass of an atom or ion. Atomic weight of cesium is

132. 9 gms/gm mole. Atoms/gm mole are 6. 045 x 1023,
M= 2.20 x 1022 gm or 2.20 x 10~25 kg,

Concentration of cesium atom in atoms/em
Concentration of ions at ionization surface as in Eq. 27
Concentration of cesium atoms in the space between the
surfaces of the diode

Concentration of ions at space-charge minimum B' as in
Fig. 8

Power per unit area delivered to the resistance as in Eq.
4

Maximum power as in Eq. 6

Electron charge as in Eq. 2. Value is 1,602 x 10'19cou-—
lomb or 4. 803 x 10~10 statcoulomb

Load resistance defined by Eq. 3

Emitter temperature where there is no need to specify

further

Emitter temperature as used in Eq. 1

Maximum collector temperature which permits a "return"
electron current of 5 per cent

Temperature of collector as in Eq. 17

Cesium condensation temperature

Temperature of the emitter as in Eq. 17

Minimum temperature of a hot tungsten surface which is
a function of cesium arrival rate as in Eqs., 7 and 11
Minimum temperature of a hot tungsten surface which is
a function of cesium arrival rate as in Eqs. 7 and 11
Incremental voltage in '"negative' direction as in Eq. 4







X,V Z

8 - 42

Incremental voltage associated with maximum power as
in Eq. 5

Ionization potential - value for cesium is 3. 893 ev

A voltage defined as ¢, - dz as in Fig. 1

Output voltage generally

Potential difference between the space-charge minimum
and the potential of an electron at the surface of the col-
lector

Potential applied to collector with respect to emitter
when space-charge minimum coincides with collector
surface as in Fig, 15

Electron volt equivalent of temperature as defined in Eq.
2

Distance to potential minimum at B as in Fig., 7
Direction in space between diode surface with x perpen-
dicular to the surface

Diode spacing. Also used as in Fig, 11 for distance to
potential minimum when current density I and tempera-
ture T are related

True work-function as in Eq. 31

Work-function of low work-function region of Fig. 5
Work-function of high work-function region of Fig. 5
Average of high work-function area as shown in Fig. 16
Emitter true work-function as in Fig. 1

Collector true work-function as in Fig. 1

Energy step from the Fermi level (FL) of the emitter to
the surface potential of an electron at the collector when
space-charge minimum is there as in Figs. 12 and 15
Electron potential at space-charge minimum relative to
the Fermi level as in Fig. 4

Energy at ""hump" of motive diagram as in Fig. 7
Energy at electron potential minimum at B as in Fig. i i
Energy at '"hump' of motive diagram as in Fig. 15. Ions
present

Electron potential at the space-charge minimum related
to the emitter Fermi level when cesium is present as in

Fig. 8
True work-function of the collector with cesium present
as in Fig., 7

Mean-~free path of an ion in cesium vapor

Atom arrival rate in atoms per sec for each cm
Eq. 8 ‘

Ion emission rate in ions per sec for each n::mz
Arrival rate of ions in number per second for a unit area
Arrival rate of electrons in number per second for a unit
area

Collision crola section for an ion in cesium vapor assumed
to be 2 x 10" “c¢m?2 a5 in Eq. 18

za.s in




i,
g




_ - =
——— oot H-M

-_— oy












Table of Conienis

Introduction
Ionization of Cesium at Heated Surfaces
Kinetics of Ions Formed at Hot Surfaces

A Generalized Discussion of the Simulianeous Emission of
Electrons and the Creation of Ions at a Hot Tungsten
Surface '

Atom Concentration in the Space Between the Emitter and
the Collector

fon and Electron Evaporaiion from a Nonuniform Cathode

Influence of Cegium Pressure in Association with a
Nonuniforn: Emitter

Loss of Positive Ions fo the Collector
An Interpretation of Data Taken on an Experimental Diode
Determination of the Optimum Cesiumn Temperature

Operation Considerations Related to Diodes Having High
Work-Function Emitiers

Concluding Remarks

Appendix

References




CGlossary of Symbols

Low work-function region as in Fig. 5

Designations of emitter surface in Fig. 1

High work-function region as in Fig. 5

Designations of collector surface as in Fig. 1

.uesignation of electron space-charge minimum or barrier

Designation of electron space-charge minimurn or bary ter with
cesmm present

Fermi level within emitter or collector

Current density when space-charge minimum is at collecior.
Energy step ie ¢p. Used in Fig. 11

Current density obtained at meximum power as in Eq.

Random current of ions at ionization surface. Same as arrival rate
of ions as in Eq. 27,

Emissicn current density as used in £q. (1)

, WA ) w23
Boltzmann's constant used in Eq. (2) Value is 1.38 x 10 "30ule_f‘ceg

; -16
or 1.38 x 1071° erg/deg.
=31

)

Mass of an electron 9.108 x L(’%S gmor 9.108 x 10 kg

Mass of an atom or ion. Atomi fiwergh? of cesium l.B 132.9 gmslgm mole.
Atoms/gm mole are 6.045 x 10 =2.20x 10"2 gm or
2.20'%:10" %" kg.

- ; ) : 2
Coticentration of cesium atom in atoms/cm

Conceatration of ionsg at ionization surface as in Eq. {27)

Concentration of cesium atoms in the space between the surfaces
of the diode :

Concentration of ions at space-charge minimum B as in Fig. 8

Power per unit area delivered to the resistance as in Eq. (4)
Maximum power as in Eq. 6

Electron charge as in Eq. {2). Value iz 1.602 x lo_lgcoulomb
or 4.803 x 10710 staicoulomb

Load resistance defined by Eq. 3
Emitier temperature where there is no need to specify further
Emitter temperature as uged in Eq. {1)

Maximum collector temperature which permits a "return
current of 5 per cent

Temperature of collector as in Eq. {17}
Cesium condenzation tempex-ature
'Temperatuyé cf the emitter ag in Eq. 1

Minimum temperstiure of a hot tungaten surface which is a functien
of cegium arrival rate as in Egs. {7) and {11)




Mintmum temperature of i tungsten surface which is a function
of cesium arrival rate as in Egs. (7)and (11)

icremental voltage in 'negalive' direction as in BEq. 4
Incremental voltage associaied wilh maxiroum power as in Eq. 5
Ionization potential ~ value for cesium is 3.89% ev

A voliage defined as % - ¢, as in Fig. 1
Qutput voitage generally

Potential difference between the space~charge minimum and the
potential of an glectron at the surface of the coliector

otential applied to collector with respec? to emitter when space-
< %n:‘ar;;_:v'e minimum coincides with uulﬁ.ec.».m surface as in Fig. 15

Pleectron volt eguivalent of temperature as defined in Eq. (2]

Liglance to potential minimurm at B as in Fig. 7,

Direction in gpace between diode suriace with x perpendicular f¢
: L

spacing \Ise used as in Fig. !l for distance to potential
reum when current density ! and temperature T are related

ue work-function as in Eq. {31)
wrk-function of low work-function region of Fig. 5

viork-function of high work-function region of Fig. 5

Average of high work-function area as shown in Fig. 16
Emitier irue work~function as in Fig. |
Collecior true work-function as in Fig. 1

Energy step from the Fermi level (FL.) of the emitter to the
surface ;mtc-nt al of an electron at the collector when space-charge
minimum 18 there as in Figs. 12 and 158

"hump" of motive diagram as in Fig, 7
at eleciron potential minimum at B as in Fig. 7
"hump'' of motive diagram as in Fig. 15. lons present

tron potential at the space-charge minimum related to the,
r Fermi level when cesium is present ag in ¥ig. 8

True work-function of the collector with cesium present as in Fig

hlean~Iree path of an ion in cesivm vapor
irrival raie in atoms per 8
ission rate in ions
rate of ions in number per second for a unit area
ate of electrons in number per second for a unit area
section ler an ion in cegivm vapor assumed fo be

“ as in BEq. (18)




‘Cesium Plasma Diode As a Heati-to-Electrical-Power Transducer

Introduction

An analysis of the high vacuum dicde 28 a heat-to~electrical-power

transducer has been worked out in detail(“ based on theories presented in
"Thermionic Emission' published some years ago(z’k In the high vacuum
diode it is of the utmost importance to have the lowest possible work-function
on the collector and to have the smallest practical spacing. [t is anticipated

that under these conditions the work-function of the emitter will be practically

without influence so long as the space~charge minimum in front of the emitter
o sl S P y

is of-theorder—of V., (the electron~-volt equivalent of the temperature). Any
further decrease in thel’en“,:ft-‘?ex' work-function wiil do neither good nor harm

in controlling the usefulness of the device. In the plasma diode it is not so
easy to generalize and since much of the most significant fundamental daia
relevant to the problem will not be available until additional research studies
have been made. These remarks relevant to the plasma dionde represent some
of my own views on the subject in that they are being developed without the
benefit of the experimental evidence needed.

In the high vacuum diode the understanding of the space charge is very
important. It controls the properties of diodes that operate within the tempera-
ture limits set by available materials and the electron emission properties
associated with them. The function of the positive ions in the plasma diode is
to alter the effect of electron space charge. Even in the plasma diode there
will be space charges near the boundaries of either the emitter or the collector
or both.

Assume for the purpose of illustration that the emitter work-function
is somewhat higher than the collector work-function and by some mechanism
not specified for the moment exactly the right number of ions are available to
reduce the space charge to zero. Assume furthermore that the spacing is
sufficiently small in rélatirm to the gag pressure so that the drop in potential
over the plasma uetweén the surface.of the emitter and the collector can be
neglected. This condit%on is represented diagramatically by Fig. 1. Here
the true work-functions of the emitier and the collector are qﬁl and éz.. Note
particularly that these are not the "Richardson" work-functions. The current

emitted over the barrier cil is given by the equation;




i
Ve
11 = 120'% Tf e L ampicmz {1)

In this equation T is the temperature of the emitter and Vo is its electron-
volt equivalent defined by:

- kT T
Vo * 5 * 1500 | (2)

The available power is the product Il"«i":}w The total resistance in the circuit
from the receiving surface on the collector through the external load and to
the emitting surface of the emitter may be expressed for a unit area as

IJM = 8] {3)

10 1

If the total resistance is,l less than RIO' then the current around the circuit
will remain constant and the output voltage decrease, thus giving a smaller
available electrical power. If the load resistance is made greater than Rio
then the output voltage increases while at the same time the current decreases.
Identify this increase in voltage by the aymbol v. The following equation serves
{o relate these quantities for the calculation of maximum power.

.V

5 - :
Pale T (Vo + v) (4)

Equation 4 may be differentiated to obtain an expression for the deviation in
the power as a function of v. A maximum of power output will be found when
the differential (dP/dv) is zero and the value of v so determined is identified

as v,.- The result is given as

v.o.o= Y

m > Vg ¥V - MZ g ‘ﬁz) {5)

The physical meaning of this equation may be considered in its relation to
Fig. 1. If the work-function difference (él & qst} 18 greater than VT then Vel
is zero or stated in other words maximum power is delivered to the external
load when the resistance is chogen to satisfy Eq. 3 and the overall output
voitage is exactly the difference between the work-functions. Under the
circumstances in which the receiver work-function is actually greater than

the emitier work-function, the power output is a maximum when the voltage




available is V- This eituation is illustrated by the diagram of Fig. 2 and
the total available power is expressed by
v b, + Vo

v 2

i 2 T
Pmax = 120 % T e V'l‘ w/cm

{6)

In the range of work-function difference for which Ml = ,(62} is equal
to or less than V., even though ¢'1 is greater than dz, maximum power will
occur with an available voltage of VT and Eq. 6 applies.

These statements may be summarized as follows. For work-function
differences greater, Vip in which the emitter work-function is larger than the
collector work-function, maximum power is available at an overall voltage
level equal to the difference in the work-functions, whereas in all other cases
the maximum power occurs with an available voltage of VT"

It will be the purpose of the following sections to discuss the problem
of ion production as well as the delivery to the plasma of the ions and the

current flow expecied in the presence of atoms znd ions.

Tonization of Cesium at Heated Surfaces

The clasaic work on the ionization of cesium at heated tungsten surfaces
was largely due to Langmuir and his collaborators. One of the latest in that

series of researches was reported by Taylor and Langmuirqs}, This work

serves as the basis of many of deductions made here. If the arrival rate of
cesium atoms for each square centimeter of a heated tungsten surface is

less than 1013 atoms per second {cesium condensation temperature 0°c), a
tungsten filament at 970°K will have a neligible surface coverage of cesium
atoms and every cesium atom that arrives will leave as a cesium ion. As the
arrival rate increases to lC"g atcms/.sect«cz.nz, the minimum temperature
for complete conversion of atoms to ions is approximately 1475°K.

This statement should not be attributed to Taylor and Langmuir but
does depend on an analysis of their data which was made available in their
Fig. 18. Since no other data are available, these are used tc yield a relation
between the atom arrival rate B, expressed in atoms per second for each
square centimeter and the minimum temperature for which a negligible
surface film will form on tungsten. At this temperature practically every
atom that arrives will leave the surface as an ion. An empirical equation
has been derived to relate this minimum temperature to the atom arrival rate




J 14, 100
min ~ 27.56 - log, 5 B,

i (7)
At any given arrival rate, the procduction of ions is discontinuously
reduced approximatezly a factor of 10 if the tungsten surface is at a tempera-
ture slightly below the minimum temperature given by Eq. 7.
The ideal gas laws are used to convert cesiumn vapor pressure data
to atom arrival data. The following formula relates atom arrival to the
temperature of the liquid cesium in equilibrium with its vapor.

| _ 3900
IC‘ng’ua = 27.48 -TE—B—— (8)

The corresponding formulae in the exponential form are given in Eqs. 9 and
10.

3900
e

Ty

p, = 3x10° atoms /cm®

89850
Pg = 3% 102'_7 2 €% atoms/cm® - (10)

It ie an interesting fact that Egs. 7 and & may be combined to yield a very
simple relation between the temperature of the liguid cesium and the minimum
temperature of the heated tungsten surface at which complete ionization takes
place. This rgla‘tion is:

Tm = 3.6 TCS {11)

The fact that the minimum temperature at which all cesiuin atoms are
converted to ivns is lihearly related to the temperature of the liquid cesium
may not ke a pure accident of numbers. In the broader sense of the word
" both the evaporation of atoms from the liquid and the evaporation from a
tungsten surface may possibly involve atomic atiractive forces that are not
so different from each other. This would imply that their vibrational
frequency before evaporation might be characterized by a force function not
unlike that of a2 vibrating molecule. In the molecular case there is a dis-

sociation energv whereas in the case of aiomic evaporation there is the




latent heat of evaporation which is dominated by a quantum state of vibrational

activity which is the maximum that can be attained by the atom as it i8 on the
border line between continued sdherence to the surface and evaporation. If
the equations of motion are not too dissimilar then the factor that relates
these two critical temperatures could well be the ratio of the "activation"
energies. Equation 8 implies an activation energy for evaporation from
the liquid state that is not too far from 0.773 ev. Taylor and Langmuir
deduce from their studies of cesium evaporation from tungsten that the heat
of evaporation is 2.83 ev if the fraction of the surface coated is small. Note
that the ratio {2.83/0.773) is 3.65 which is consistent with the empirical
results presented in the form of Eq. 11,

Results of the Taylor-Langmuir experiments as they relate to the
yield of ions from surfacee that have an appreciable fraction covered by
adsorbed cesium atoms show an extremely small yield of ions. A detailed
analysis of the experimental data available yields some interesting results.
The equations to be presented fit quite well over the range of cesium pressures
and tungsten surface temperatures studied by Taylor and Langmuir. The
purpose in deriving empirical equations to represent their data is to permit
computations tc be made under conditions that involve considerable extra-

polation into unexplored areas. The philosophy here is that estimates based

on an extrapolation from existing data are better than pure guesses without a

H
as the number of ions produced per second for each square centimeter area

systematic relationto establish facts. The ion production rate vp expressed

is expressed by the set of ecuations that follow:

26,600
logmvp = 54,16 - 1.113 loglopa y ) {12)

54 _26,600
e 1.45x 10 10 T
P p 2113
a




Attention may be directed specifically to the results shown as Eq. 13.
The ion yield decreases rapidly with a decrease in the temberature' of the
surface for the range below the temperature T,, introduced in Eq. 7 and
related to the liquid cesiuin temperature by Eq. 11. Equation 13 has no
significance at temperatures higher than T,, since then the ion yield is
precisely equal to the atom arrival rate By It is evident from this equation
that at a fixed surface temperature T, the ion yield decreases almost linearly
(1.113 power) with the atom arrival rate. Stated in another way this equation
shows that the probability of ionization at a given surface temperature
decreases with the 2.113 power of the atom arrival rate. The physical
explanation for this result depends on the fact that at a given surface tempersa-
ture the fraction of the surface covered by adsorbed cesium atoms increases
as the rate of arrival of neutral atoms increases. This increase in surface
coverage brings about a decrease in the average work-function of the surface.
The probability that a cesium atom will evaporate as an ion instead of neutral
atom is strongly influenced by the work-function of the surface. Since the
ion yield decreases as the average work-function decreases, it is to be
- anticipated that a relation not unlike that of Eq. 13 might hold. The insertion
of numbers into these equations and a comparison with the published data of
Taylor and Langmuir may convince the reader that over the range of tempera-
ture and cesium arrival rate for which good data exist, the equations repre-
sent the observations. It is thought that the failure to represent the true
facts over the ranges of the variables likely to be encountered in association
with the plasma transducer problera will be less than an order of magnitude,
that is a factor of ten. It is hoped that the error will be much less than this
in many exampies that are of practical intzrest.

Kinetics of Ions Formed at Hot Surfaces

The reader should be reminded that when drawings are made which

show energy relations of electrons in diode structures, these drawings really

relate to the "motive function"” of an electron. That is, lines and energy
levels apply to the potential of an electron in the space of interest. Figure 1
may be used as an example. We start at the Fermi level in the emitter and
the line a' - a represents the potential furktion of an electron in the neighbor-
hood of the surface. The energy difference between the Fermi level and

the surface potential at a is the true work-function él of the emitter. In this




energy diagram the surface of the emitter is joined to the surface of the
collector by the line a-b and since that line is drawn horizontally it repre-
sents the potential energy of an electron in the field-free space between the
emitter and the collector. The work-furiction of the collector is shown by

¢Z as the energy difference between the Fermi level in the collzctor and the

potential energy of an elactron at its surface at the point b. The misalign-
ment of the Fermi level of the emitter with respect to that of the ccllector

is indicated by V,- This separation of Fermi levels can be maintained only
by having some auxiliary and external source of power and may be measured
directly by a volimeter connected between the emitter and the collector
electrodes. The kinetic energy of an electron in this diagram is represented
by the fact that the electron is in an energy level which would exist in the
diagram below the horizontal line a-b. The separation between the electronic
energy level and the line a~b is a direct indication of the actual kinetic energy
of the electron associated with the motion across the space from a to b.

This direction is taken as the x direction whereas the y and z directions are
taken perpendicular to this one and therefore parallel to the planes of the
emitter and the collector. We can show in this diagram only the kinetic
energy associated with the motion in the x direction. It is not suitable to

try to show the kinetic energy associated with the other directions in this
one-dimensional diagram. Energy levels do not exist for electrons in the
space between the electrodes that would be represented by electron levels
above the a-b line. Such levels do exist within the conductors but not

outside of them.

This same potential diagram applies equally well to ions that might
be in the space between a and b. Specifically an ion at rest would be
represented as being on an energy level coincident with the line a-b, whereas
one which is moving in the x direction with some kinetic energy would be
occupying an energy level in this c@fikram above the line a-bh. No positive- _
ion energy levels exist that would be represented by states drawn below the
line a-b. These remarks are made to anticipate the discussion with
reference to the energy distribution of ions created at a hot surface. One
of the few sets of measurements on the ion energy distribution that exists
in the literature is that of Fig. 16 of Taylor and Langruir. Their data are
reproduced as Fig. 3. The plot shows the ion current received at a coaxial
collector as a function of the applied voliage with the emitter temperature




held constant and the rate of arrival of neutral atoms established by a
constant bath temperature of 275°K. The critical temperature for this rate
of arrival of atoms is 990°K and therefore since the measurements were
made at 980°K it was probable that the ion yield was less than 10 per cent
of the atom arrival rate. Under this condition the average work-function
of the emitter was very close to 3.4 volts. Other evidence would indicate
that the work-function of the collector was very close to 2 volts. Therefore
under these circumstances, the contact difference in potential was close to
1.4 volts. This fact is exhibited reasonably well by the data of Fig. 3.
Under the conditions of this experiment, the heated tungsten surface
undoubtedly had considerable nonuniformity in work-function, and also
space-charge effects reduce the ion curreat at zero field. It may be
assumed that these two factors account for the relatively poor saturation

of the ion current. The evidence seems to be satisfactorily clear that the
application of an ion retardingl voltage of a fraction of a volt is sufficient

to inhibit the flow of ions from the hot tungsten surface over to the collecting
electrode. The slope of the semi-log plot is in agreement with the tempera-
ture of 980°K.

A Generalized Discussion of the Simultaneous Emission of Electrons and

the Creation of Jons at a Hot Tungsten Surface

In Fig. 4 the emitter work-function eil is assumed to be uniform. The
collector work-function is éz;; the Fermi level of the collector is VO more
negative than that of the emitter. Electrons are being emitted from the
surface a-a’' and those that impinge on the surface from inside the metal
at an energy level " with respect to the Fermi level have a chance of escaping
across the space-charge barrier at B. If the electron has an excess energy
VT as it passes the barrier, then its energy state is represented by the dot-
dash line of Fig. 4. Cesium ions will evaporate from the emitter surface
in an appreciable number if the work-function 451 is high enough and the
temperature suitable. An ion which originates at the emitier surface with
practically no kinetic energy associated with its motion in the x direction

would find itself %-;Ef:-elerated by the electrostatic field created by the electron

space charge and acquire kinetic energy so that as it passes through the
region B it will have acquired a maximum of kinetic energy represented by
the vertical distance between the solid potential line and the dotted line of




the diagram. If the ion evaporates from the surface with an initial kinetic
energy of Vo its energy level will be that of the dash-plus line. in either
case the ion will be accelerated across the space, impinge on the collector
with considerable energy, and probably absorb an electron from it and

- evaporate off as a neutral atom. 1t is presumed that the collector will be
at a higher temperature than the liquid cesium surface somewhere within
the tube envelope arnd therefore maintain a surface coverage of less than a
monolayer. As the pressure of the cesium is increased, the production
rate of ions may increase or decrease depending on the temperature of the
heated surface and the rate of arrival of cesium atoms.

This discussion indicates that if the cathode has a uniform work-
function structure, ions may be produced at the energyv level a or above
and wiil not be as effective in neutralizing space charge as they would be if
they could become trapped in the electronic space-charge potential mini-
mum at B. As the cesium pressure is increased, there will be a greater
and greater probability that the cesium ion will encounter a neutral cesium
atom in such a way as to deliver energy to the atom and thus find itself in
an energ: level below the surface potential of the collector shown in the
diagram at b.

The interaction between the neutral cesium and the ionized cesium
may follow either one of two mechanisms. The cesium ion may collide
with the cesium amm'with an energy-sharing and momentum-conserving
collision. The subsequent products then would be a slower-moving ion
which might then become trapped, and a faster moving neutral atom. An
alternate mechanism which also could have a good probability of occurring
would be that the fast-moving ion would come into the neighborhood of a
slow-moving cesium atom, absorb the electron from the atom, and continue
on its way as a neutral atom with a relatively high kinetic energy. The

ion thus created would be a slow-moving ion and therefore lie close to

the electronic motive funciion and be trapped. Either of these processes
would accomplish the desived result, namely, that of altering the energy level
of the ion to hring it into a state that is below the energy level of the most

negative surface. In the example shown in Fig. 4 this is the energy level

at b.




As the cesium pressure is increased, the probability of such energy-
losing collisions increases in direct proportion to the concentration of

cesium atoms in the space between the two electrodes. It may therefore

be of some interest to have equations by which this concentration may be
estimated with reasonable accuracy. These equations in turn can be
combined with an esiimated "cross-section" associated with the energy-
losing transition to try to determine the fraction of the ions produced that
find their way into the space-charge minimum. Finally in the steady state
situation as the space~charge minimum is reduced, the rate of arrival

of ions into the plasma will equal their rate of loss. If the ion concentraticn
builds up fo be practically equal to the electron concentration then the main
space-charge field will be wiped out and the only fields that will remain will
be space-charge fields near one or the other of the two electrodes or both
and the "drift" field needed to carry the electrons across the space from
the neighborhood of the emitter space-charge sheath to the surface of the
collector.

Atom Concentration in the Space Between the Emitter and the Collector

In order to calculate an ion mean-free path it is first necessary to

have an approximate formula for determining the atom density in the
immediate neighborhood of liquid cesium in equilibrium with its vapor at
a temperature TCs' This concentration is given by:

_ 8750

& 0
Do, = 2T 1023 e Cs atoms/cm3

A useful form of this equation for calculation purposes is:

10g; gl * 23.44 - %%29 : (16)
3
The fact that the exponents of Eq. 10 and Eq. '15 are different is not an
error but results from the inclusion of a temperature coefficient term into
the exponent. Although the above two equations serve to give the density
of cesium atoms in equilibrium with the liquid, a correction should be
used to relate the estimated temperature in the space between the emitter

and the collector to the temperature at th: cesium liquid surface.




A suitable form of this correction term is given as:

2T 1/2

Cs
B * ool ty—rr) ik

This equation takes this form on the assumption that the effective tempera-
ture in the diode space may be taken as the average of the emitter tempera-
ture TE and the collector temperature TC' To give some idea of the
magnitude of this correction, assume for example that the emitier tempera-
tube is 1600°K and the collector temperature is 900°K when the cesium
temperature is 500°K. The correction factor is then 0.63.

In order to estimate the mean-~-free path of an io_n it is necessary
to know the effective cross-section for an energy-losing collision. This
quantity is undoubtedly energy-dependent and therefore any statement
concerning its value should preferably be backed by experimental data
not known accurately at present. For the purposes at hand, the assumption

will be made that the cross-section for energy-losing collisions is 2 x 10-14

cmz. This assumption is the equivalent of stating that if a fast-moving ion
com eg close enough to a slow-moving atom for the center-to-center distance
to be 8 x 18-8 cm, there will be a high probability that an exchange of -
some sort will take place between the two in a manner to leave as a product
a slower-moving ion. If the cross-section is represented by T and

the density of atoms by o, then the best estimate for the mean-iree path
for the ions is given by:

5 x 1"Ji3
=

n
&

{(18)

Equations 16, 17, and 18 may be combined for numerical calcilations.
Since the correction term in Eq. 17 is hardly great enough to be compared
with the uncertainty in the collision cross-section, an equation can be
written which neglects this factor and serves as a quick means of estimating
the ion mean-free path in terms of the cesium-condensation temperature.
The equation is:

(19)

A second useful forn. of this equation serves to determine the condensation
temperature needed te approach a desired mean-free path. This equation

is:
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T = :
Cas 9.7+ log oA,

(20)

This equation yields the result that approximately 1 mm mean-free path

will be associated with the condensation temperature of 437°K and one-
tenth of a millimeter will be the approximate mean-free path at 493°K.

If these calculations and estimations are valid, they may be helpful
to the designer of a practical heat-to-electrical=power transducer that

(1)

that the high vacuum transducer must have a very small spacing in order

operates according to the plasma principle. It has been pointed out

to operate with satisfactory efficiency. The conclusion that one would
draw from this discuseion is that such a small spacing could work as a
definite disadvantage in the plasma t{ransducer.

For illustration purposes, assume a spacing of 0.5 cm for a diode
and a cesium pressure adjusted so that the ion-free path would be approximately
half this distance or 2.5 mm. The cesium temperature would be 418°%K.
Equation 11 is used to estimate the minimum temperature of the cathode
for moderately efficient ion production. This temperature is T = 1500°K
and is a reasonable one for a dispenser-iype cathode. If its average work-
function is approximately 2.5 ev, then the available electron emission would
be about 1 amp /cmz. Assume fhat a space-charge sheath near the surface
of the emitter added an additional 0.4 volt step to make the effective value
of ¢' shown in Fig. 4 equal to 2.9 ev. This would reduce the available
electron emission a factor of 20 and bring it to 0.05 amp/cmz. This
current density would be 25, 000 times the current density that would have
been available from the same cathode in a high vacuum diode of this
spacing when the space-charge minimum coincided with the collector.
Again with this cathode operating at this temperature, the current density
of 0.05 amp.cmz implies that the location of the space-charge minimum,
would be approximately 30 microns from the emitter. The point in
mentioning these figures is to lead the way toward an evaluation of the
production rate of ions needed to hold the space-charge minimum at this
point and give a very small potential difference between the minimum
point at B and the electron coliecior surface at b. The next section '
will attempt to evaluate these factors.




Ion and Eleciron Evaporation from a Nonuniform Cathode

The motive diagram shown in Fig. 4 is a one-dimensional diagram
zuitable for an emitter and a collector, each of which has a uniform surface
work-function. In many practical examples of emitters this situation does
not represent the facts. Specifically for pure tungsten the variation of work-

function even without the adsorption of films may range from 4.3 to 5.3 ev.

Adsorbed films may result in still wider differences. Details concerning
dispenser cathodes are very uncertain. Specifically one may 'picture a
work-function structure of a dispenser cathode as one in which there are
many islands or wells of strong electron emission to be found at crystal
boundaries between the sintered crystals of which the structure is made.
Each of the individual pieces of the powdered tungsten used in this fabrication
may exhibit considerable range in work-function. In order to illustrate this
point, the sketch in Fig. 5 has been produced and represents a completely
hypothetical situation which may not differ too much from reality to be worth
considering. The lines on the diagram represent imaginary crystal boundaries
between the solid tungsten crystalites or sintered powder particles and the
shading is related to the thermionic emission. Regiéns that are white
represent strong electron emission and regions that are dark represent high
work-function areas of weak el:ctron emission. The scale used on this figure
implies thai each of the individual particles of tungsten that were sintered
together to make a porous block had an average linear dimension of approxi-
mately 10 microns. The activation material is assumed to have migrated out
between the tungsten particles and activated them locally. The higher the
temperature that the cathode is operated, the more likely a situation of this
kind exists.

It is important for this discussion to attempt to represent in a two-
dimensional diagram a motive function to be associated with this situation.
It is quite evident that it is impossible to draw an exact representation but
Fig. 6 may help to bring out the ideas that are involved.

In Fig. 5 one of the strongly emitting regions is identified as the

LY =N

a’ region, while a neighboring dark regicn is identified as the "b" region.

o1

The work-function of the "a" region is taken to he ¢'a and the "b" region éb’




These work-function steps are shown in Fig. 6. If the a and b regions
are of comparable size, then the motive function becomes something close
to the average at a distance comparable to the average dimension of the
patches of high work-function and low work-function area. This is illustrated
by Fig. 6 by the fact that one line starts at éa and the other line starts at éb
and they come together at a distance just outside the emitter comparable
with the size of the individual patches involved. If the required potential

is applied, shown as V. and the work-function of the collector is é,, the
motive function the rest of the way across the diode has no slope and there-
fore corresponds to the zero field condition. If the emitter is heated
sufficiently to cause a strong electron emission, then the motive function
will take on a form similar to that shown in Fig. 7.

A word description of Fig. 7 may be in order. The qﬂvature of the
motive function indicates the existence of space charge. The minimum in the
motive function found at B establishes the minimum electron energy within
the interior of the emitter for which electrons can escape from the emitter
to the collector. The value of this energy is shown as $'. Thus any
electron emitted from the high work-function area eSb is accelerated into
the space and moves over to the collector. It is to be expected that there
will be a gradation in work-function from da to cﬁb close to the boundaries
of the activated area. It is impossible to show in this diagram that additional
detail, and therefore only the extremes of the motive function are illustrated.
Note that in this figure there is an enérgy level indicated at qS; which repre-~ (
sents a peak in the motive function, Any positive ions generated at the
surface will have to traverse this peak in order to find themselves in the
space-charge region near B. This quantity é; is very important because
of the fact that if it is less than 3.9 ev then the differcence (3.9 - é;)/VT
is related exponentially to the probability that an ion produced at the
surface of the emitter will be able to pass intc a region between the emitter
and the collector. It is only here that it can be at all effective in rediicing

space charge.

The next problem to be considered in this qualitative manner is the

influence of cesium vapor introduced at a moderately low density. Equation
13 indicates that at a cesium temperature of 390°K, the approximate mean-

free path for cesium ions will be 1 centimeter. Furthermore, the relation




given as Eq. 9% indicates that the minimum temperature for a pure tungsten
surface to remain, on the average, in a state for which good ionization can
take place will be 141 0°K. It follows from this that a dispenser cathode
operating at 1500°K will not be expected to adsorb an appreciable coverage
of cesium. The low work-function areas will be very poor absorbers in
any case, and they will also be very poor ionizers. The most efficient
ionization will take place over those regions of the cathode for which the
work-function is greater than 3.9 ev. Figure 8 attempts to illustrate in
a qualitative manner the various influences which the presence of cesium
is likely to have if the cesium pressure is controlled by a temperature TCs
equal to 392°K, and the emitter temperature is maintained close to 15009K.
The emitier to collector spacing is assumed to be approximately 1 mm.

In Fig. & the dotted lines are a superposition of Fig. 7 on Fig. 8
so that it will be easier to see a comparison of the two. Note that éa and
éb are the same whereas ¢, shows a measurable decrease to é'z". This
decrease is the result of the adsorption on the collector of a film of cesium
which in all probability will reduce the work-function oE the collector by
0.4 ev or more. If no other change took place as a result of the cesium,
this would be a distinct advantage. The new work-function is designated
by ¢',. In the drawing of FFig. 8, it is assumed that some of the ions pro-
duced at the hot emitter surface will find their way into the neighborhood
of the potential minimum at B which in turn acts as an ion trap. In other
words once that an ion is caught at an energy level lower in the diagram
of Fig. 7 than él. it will remain in that area more or less indefinintely
since recombination between ions and free electrons is such an improbable
event that the ion will remain trapped in the potential minimum for a very
long time. As additicnal ions are trapped there, the potential! minimum
will rise. This is illustrated schematically in Fig. € in that ths potential
minimum changes from B to B'’. This change in the potential minimurm
results in a corresponding change in the value of the limiting eieciron
energy needed to transfer current from the emitter to the collector. The
new level is at ¢''. An objectionable change, from the point of view of
being able to deliver ions to the space-charge minimum, is that indicated
by the rise in the level diagram associated with #''. Thus the rise to B"
because of the trapped ions results in 2 change of the motive function whick

inhibits the delivery of additional ions. Finally a balance talies place at




which the delivery rate of ions is exactly equal to the loss rate. This
condition more or less inevitably gives a rise in the electron minimum
from B to B'". This change results in a distinct gain in efficiency of the
unit as a heat-to-electrical-power transducer.

It wili be assumed for the present that if the transducer is working
under the most favorable conditions the voltage output VO added to the
receiver work-function 15’?: will actually be less than the energy difference
from the Ferroi level of the emitter to the "hump" in the potential function
shown as :,é'[; in Fig. 8. In those circumstances the loss of ions from the
space-charge region will be back to the hot emitter and not to the collector.

If the problem were as simple as this then the density of ions at B! could

be related to the ionization potential V; by:
- LA
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In this equation V, is the ionization potential of cesium of 3.9 volts; n is
the density of atoms in immediate neighborhood of the ionization surface,
and the factor {1/4) is a guess made up of a combination of two facts. In
the use of an equation of the form of Eq. 21 a factor of 1/2 is usually intro-
duced as a so-called statistical weight and an additional factor of 1/2 is
being introduced because of the fact that only part of the cathode is capable
of producing ions. Once they are produced and caught in the potential
mwinimum, the entire region is available for their occupation. This
equation cannot be said to be exact but is offered here as a reasonable guess.
An additional fact needs to be considered which is that the ion pro-
duction process will be characterized by the temperature T of the emitter,
whereas the temperature that characterizes the distribution in energy of
the ions that are trapped can very well be a lower temperature. This
lower temperature could approach that of the neutral cesium vapor outside
of the emitier-collector region for experimental tubes in which the spacing
between the emitter and collector is not considerably emaller than the
‘diamieter of these surfaces. On the other hand, if the spacing is small




compared to the diameter, then the characteristic temperature for the
ions in the trap should be assumed to be approximately the mean (empera-
ture of the emitter and the collector.

In spite of the fact that the discussion applies to the conditions under
which the mean-free path is large compared with the spacing, the ion may
nevertheless come to thermal equilibrium with the atoms in the space
because of the fact that it can oscillate back and forth many times and can
therefore have a total distance of travel during its lifetime in the potential
minimum much longer than the mean-ree path. This detail can be considered
to be a refinement which acts in the favorable direction from the point of
view of the making of 2 practical and effective transducer.

Influence of Cesium Pressure in Association with a Nonuniform Emitter

Under the circumstances illustrated in Fig. 8 an increase in cesium
pressure will increase the rate of arrival of cesium atoms at the emitter.
This increase in arrival rate will result in more adsorption of cesium on
the high work-function areas. Once the cesium is adsorbed there, these
areas wiil no ionger be very effective at producing ions. The effect to be
anticipated then will be a raising of the limiting level é';. This change
will work to disadvantage in that it makes it more difficult for the ions
that are produced to find their way to the region marked B''. The lack
of a suitable ion density atB'" will result in a lowering of this level or
an increase in the value of ¢''. Thus it is to be anticipated that other
things being equal, the increase in cesium pressure will first result in a
raising of the potential minimum for electrons from B toward B'' with an
increase in cesium pressure toward its optimum but additional cesium
pressure will result in a decrease in the available current for the transducer.
The important point is to try to establish the cptimum pressure and this
may be possible only by experiment. The theory as so far carried out
indicates that an optimum is likely.

Loss of Positive Ions to the Collector

As the output voltage VQ is increased at the expense of some
decrease in electron current, the difference in potential between the
potential minimum at B'' and the surface of the collector at b will




decrease. At the critical condition expressed by:

Vo + 84 = ¢ (22)

ions will begin to escape to the collector to the same extent that they escape

to the emitter. If VO iz made still larger, then the principal less of ions
will be at the collector surface and this rate of loss must be supplied by
the ions which are able to pass over the ion barrier at é';. As VO is
made larger, it will be slightly easler for ions to escape from the emitter.
This increase in yield may not be sufficient to maintain the desired trapped
ion density.

Under the conditions shown in Fig. 8 there is a difference in
potential between the space-charge minimum at B'' and the surface of

the collector which is numerically equal to

B - [Vt #4) = V. (222)

This potential difference does not represent a loss of energy by the
electrons because of the presence of the neutral cesium atoms, but is
simply a difference needed to satisfv the space-charge relations. The
reader must be reminded that the situation in this part of the plasma
discﬁarge is an entirely different one from that found in self-sustained

low voltage arcs, because there the difference in potential along the plasma
column is one that is determined by the rate at which energy must be put
into the system in order to maintain the excitation and ionization of the
plasma. In the transducer, no ionization whatsoever takes place in the
space since all of the ions are produced at the heated emitier surface
unless some auxiliary electrode is introduced. For the present discussion
it is assumed that the only iwo electrodes in this diode are the nonuniform
emitter and the uniform collector.

An Interpretation of Daia Taken on An Experimental Diode

A diode was constructed for study by Mr. Thomeas Robinson of
the Thermo-Electron Engineering Corporation which had iwo dispenser-
type cathodes, each 3 mm in diameter separated from each other a
distance of 0.68 mm. One of these dispensers was heated to 1520°K
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and before cesium was admitted to the tube, a current voltage characteristic
was obtained over the range of appliec voltage from zero to - 2.2 volts

with the receiving electrode negative with respect to the emitter. These
data were plotted as shown in Fig. 9 and compared with the "master

Zl
curve"( '

The solid line of this figure is the master curve and the
index of that curve establishes the value of (VRIVT) of 10.4 and a
corresponding value of 'VR of 1.37. These numbers combine in the
formulae given here as Eqs. 16 and 1T permit the calculation of the
maximum power available from this diode and the voltage output at which
maximum power occurs.

¢ 172 Vn

P = 3,7%x10°% v R

P
= - ";2* watt/cm

VI,
6.383 ey vn
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Vo = A (24)
$.0.31 terl
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In Eq. 1¢ the distance w is expressed in centimeters for the calculation
of the maximum power available in watts!cmzo The inserticon of the

figures mentioned gives a predicted P = 5.5 3% 10"4 wattslcmz and

max
the voltage cuiput at the maximum power is 0,683, 'The current at

maximum power is given by:

Vr{ 14;’3
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For the present experimeat o 1590 B

Robinson measured the power delivered to the load in his
experiment as a function of the outpui voltage and cbtained the curve .
designated "without cesium'" of Fig. 10 It is clear that the maximum
power was correctly calculated by theory and the voltage output at maximum
power was correct as shown by the circle on that graph. ILater cesium
was admitted to the tube and the availabie power again measured as a
function of the voltage This résult is also shown in Fig. 10 and it is
very evident ihat the favorable action of the cesium increased the power
a factor of 10. '




Before the details concerning this second experiment are dis-
cussed, a few additional computations should be made relative to the
high vacuum experiment. A calculation chart, shown here as Fig. 11,
shows that with thie operating temperature and spacing, a current density
of 100 microamperes per square centimeter should have been expected
in terms of the temperature-spacing relation for the critical current
density I m Which flows to the collector with a space-charge minimum
coinciding with it. This situation is illustrated by the dotted lines of
Fig. 12.

The accual value of tﬁR applicable to this experiment may be

calculated by

1
¢, = 2.3 ‘-JT[Z 08.p 2 Iogm T = logm Ir“il {26)
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The valuz of "SR is 3.73 ev. The fact that the observed current voltagé
characteristic follows the "master curve" so well, as is illustrated by
Fig. ©, indicates that the inhomogeneity of the collector is relatively
small but does seem to be present, and furthermore, such inhomo-
gereity as may exist at the emitter probably represents a small part
of the area. It will become evident as the calculation proceeds that it
will be desriable to invoke the concept that some inhomogeneity does
exist and that potential functions not uniike those shown in Fig. 7 and 8
will be involved as a step in the analysis to explain the increased power
shown by the curve in Fig. 10 in the presence of cesium. The
numerical data mentioned are summarized in Fig. 12.

The basic data upon which the remaining part of this analysis

depends ae illustrated in Fig. 13. The iwo curves on this figure show the

current-voltage relations as observed with and without the cesium. The

-

liquid cesium temperature was 316 X and this according to BEq. 9 gives

A : . 1D :
an arrival rate at the ewmitter of 1.4 x 1¢"" atoms per second for each

square centimeter. The estimated coliector temperature was 780°K.

A suificient coating of cesium was adsorbed on the collecter to reduce
its work-function by 0.45 volts as indicated by the horizontal shift in the
retarding potential range when one compares the two curves. This
yields a collector work-function of 1.9 volts. I ihe entire curve had

shifted horizontally only, then the changes in power output would have been




due only to the lowering of the work-function of the receiver. The new
curve is not one obtained by a parallel shift
The cesium data when plotted es in Fig. 14 can again be reasonably

"master" space-charge curve for electrons. The .

well represented by the
main difference on analysis, however, is that the current under the
critical condition of zero space-charge at the collector is one which
would have bezn associated with a shorter distance than the actual one.
The chart on Fig. 11 permits a quick calculation of this distance to be
0.23 ram. [l is to be aoted by reference to Fig. 12 that the new condition,
in the presence of some space-charge neutralization from cesium atoms,
is practically as though a dicde had been created with the collector
located precisely at the potential minimum illustrated in Fig. 12 for the
condition of maximum power. This resnlt suggests the drawing of the
potential distribution as shown in Fig. 15. The number of electrons that
15 This
‘current would correspond to a density of electrons of 4.6 x 108 electrons .

cross the boundary at B per second for a unit area is 5.6 x 10

per cubic centimeter. This caiculation is based on the estimated average

velocity of a Maxwellian group of elecirons characterized by the tempera-

ture 1520°K to be 1.2 x 107 centimeters per second.

With no more data than we have at present, it is altogether
reasonable to assume that with an arrival rate of neutral atoms at the
heated surface, in the neighborhood of high work-functicn territory,
of 1.4 x 107 atoms per second ior each square centimeter the density
of ions right at the surface will be 1.25 x o ions per cc. This calcu-
lation depends on the assumption that very close to the high work-function
area, the ''random current” of ions given by the equation

Ip = npc f‘g%‘”z {ion:ﬁ/sec}/c‘ma ; (27)
Under this condition ion production is exactly egual to ion ;;nnihilatmﬂ
and the production rate depends on the atom arrival rate. In Eq. 20,
Ip is the random ion current expressed in ions arriving at the surface
per second for each square centimeter. The density npU is taken t{o
be the ion density in the immediate neighliorhood of the surface. The

ion mass is M.




The 2xperimental data permits the calculation oi the encrgy
difference between the Fermi level of the emitter and the limiting
barrier B to be 3.47 ev as shown in Fig. 15. If the density of ions there
is taken to be equal o ithe density of electrons, the energy difiereace
between B and the average surface at which ions are producei can be
approxiruately (.61 ev. Under this condition, the efifective gurface
potential will be close to 4.1 ev. Figure 15 has been prepar:d on the
assumption tha: a surface for ionization doszsg, in fact, exist at 4.1 ev
away from the Fermi level of the emitter. On the basis of present
knowledge wita regard to these surfaces, any ionization z.rface with
a work-function greater than 3.5 ev could deliver ions to the region
at B with approximately the some efficiency, When the work-{unction
ig less than 2.9, then many of the neutral atome that arrive at the
surface are likely to lcave a8 neutral atoms and therefore the ion
production will not be as great as it would be if the work-function vwers
higher. Thus, as the work-function increases, the effectiveness of \he
surface as an ion producer increases but the {raction of those ions p.¢-
duced that can find their way over the ion barrier identified here as ¢
is reduced by an exponential function of the type exp - !3; - 6";3/ Vope

Since the data shown in Fig. 14 fit the idealized masizr curve
within experiraental error, the numbers derived from it may be used to
compule the maximum power to be expected from the device. The valuc
of (VRIVT) for this curve is 11.8. The corresponding value of Vg is
1.53 ev. Equations 16 and 17 may be used to compute the maximum
power anud the voltage output at maximum power. The results thus

cbtained are Pmax ® 6.15 x 10“3 watts per cm™ and the voltage output

is 0.73 v. These calculated results are represented by the cross with

the circle in Fig. 10 and z2gree well with experiment. 7Th: clectro.:

current density at maximum power is £.4 x 107 amp/en”

Determination of the Optimum Cesium Ternperature

=

It is impossible to predict with confidence the optimum cesium
temperature because of the lack of needed experimentally delermined

‘data applicable to this problem. This section will, therefore, have to

depend on the making of a few simple assumptions and if these hypothese:




(23)

are proven wrong, then the predictions basedonthem will certainly be

_in error.

The first assumption is that the zero field condition illustrated
by Fig. 15 is determined by the equality of the positive ion and the electron
densities . Yor equality,the arrival rate of ions and electrons must be
related by:

v_ M 1/2
—) = (=) 28
Y+ at B o 56

In this equation M is the mass of an ion and m is the mass of an elccuron.
The relations represented here imply that both lons and electrons leave

the region by going to the collector and since the velocities are inversely
proportional to the square root of the mass ratio the ion current will be
correspondingly lower for the zero space-charge condition. In order to
use this assurnption in a numerical calculation, the "effective' average
work-function of the ionization region must be known. The experiment
described in the previous section gave a value as E-b = 4.1. The

equation which will relate the important quantities is the following

by, = %‘i - 10.68 V.. +2.3 V., log,, T + ﬁ%gﬂs Vo (29}
The numerical validity of this equation may be tested by inserting inte
it the values associated with the experiment described in the previous
section. When this {5 done the calculated value of GSR is 3.47 ev on the
assumption that B'b is 4.1.

In order to determine the optimum value of TCs' use is first
made of the rzlation shown as Eq.9 .. The implication here is that
unless some other factor interferes, the best choice of the cesium :
temperature will be the highest that will result in effective ionization
on a tungsten surface. Certain interfering factors will be discussed
later in this section.

According to Eq. 9, the maximum cesium temperature is 425°K
for an emitter temperature of 1520°K. These two figures are supple-
mented by the assumption that the previously determined value of Kb
of 4.1 is suitable. The predicted value of q"aR at this higher condensation




temperature of cesium is then 3.0 ev. This new value represents a reduction .
in eS.R of 0.47 and a corresponding increase in electron current delivered to
the collector by a factor of 36. The current density expected is 3.2 x 107%
amp‘/cmz. The chart on ¥Fig. }J1 may now be used to determine that the
effective spacing of the dicde in the presence of this increased cesium pressure
will be 39 microns.

At the lower cesium pressure the average work-function of the
collector was found to be r.ria = 1.94 ev. There is no way to know for sure
than an increase in cesium pressure will decrease this average work-function
still more but for the purpose of illustration at least, it will be assumed that
the increase in pressure will reduce the work-function o 1.70. The predicted
value of Vp, is then: '

Vg, = ¢

R R

-¢, = 3.00~1.70s 1.30 (30)

The corresponding-value of (VRIVT) is 10.

The next assumption ig that having established the equivalent spacing
of a vacuum ciiode which would have the saine current density as the cesium
diode the current voliage characteristics will follow the vacuum diode curve
associated with this reducsd spacing. The new spacing for this calculation
is the one given as 39 microns. Equations 1{ and i7 may be used to determine
the predicted ma:imum power output and corresponding voltage output. The
values obtained are P, . = 0.15 wlcmz‘ and V, is 0.65. The current dansity
is 0.23 amplcmz, The corresponding value for ¢'' is 2.74 ev. It is implied
in these calculations that the true work-function of the emitter éa is less than
2.6 ev. The chief advantage in having a smaller value of éa for the electron
emitting portion of the emitter is its influence on the value of é’; which is the
hump in the diagram of Figs. 15 and 16 that inhibits the loss of ions to the
emitter and thus helps maintain the space-charge reduction.

This prediction that an additional 24-fold increase in power is
available in the cesium diode over that actually obtained ag a result of
increasing the cesium pressure is probably optimistic. The calculation has
been made in this manner in order to indicate the potential advantages in
chosing the most favorable value of the cesium condensation temperature.

At this higher temperature Eq. {3 permits the estimation of the cesium ion

mean-free path to be 1.8 mm. Since the electron mean-free path is undoubiedly




longer than this, the implication is that a diode spacing of 1 mm would be just
as effective in the presence of cesium as a diode spacing of 100 microns.
Associated with the current density of 0.23 amp/cma, the chart on Fig. 11
permits the location of the space-charge minimum to be calculated as 14.4
microns.

In the calculations of this paper, eleciron energy steps are
expressed in terms of their true values at the temperature involved. There-
fore the fundamental equation obtained directly from the statistical analysis
expresses the current density in the following form;

.8
Zo Vg

AT ] 7
« 120 T e amp/cm (31)

This is th.e Richardson type of equation and carries with it the number 120
instead of some empirically-determined constant that could be designated as
LAp to indicate that it is the Richardson constant found empirically to make the
data fit for some set of observations for which the Richardson work-function
would be appropriate. Since "true' values of ¢ are used in the analysis given
here, the coefficient 120 is the only correct one to use.

For calculations in which it is the purpose to determine the tempera-
ture at which a certain emission density will be obtained, Eq. 31 is not the
most convenient one to use. The theory behind the transformation to a simpler
equation is given in Section 50 of ""Thermicnic Emission" and two useful
equations may be obtained from Eq. 31 to be applied over the emitter tempera-
ture ranges associated with each of these equations:

Range 1150°K « T « 2500°K G

- R Cx 1k
e 3y 103-5-046 +1.6) 18

log) ol = 9.48 - (5.04¢ + 1.6) 2902

1G0G

Range 600°K ¢ T < 1150°K

8 ~(5.04 ¢ + 0.76) 2
I=7x10 amp/cm

log ol = 8.85 - (5.04¢ + 0.76) 250°




The principal purpose of the above equations is to show the steps toward the
writing of a simple equation by which the maximum temperature of the
collector can be evaluated readily in terms of the available output volts Vo

and the energy step ¢'' illustrated in Fig. 16 and the temperature of the
electron emitter of the dicde Tl . The wav this eguaiion is written incorporates
also the limifation that the electron current streaming from the collector
toward the ersitier shall be no more than 5 per cent of the electron current

that flows in the opposite dirsction. This eguation subject to these conditions
and definitions permits the calculation of the maximum receiver tempemature.

5.04 (§'! - V) + 0.76
maxT"’ uie 1 1900
X 0.65 + (5.04 @' + 1.6) ——
1

(34)

In the analysis jusi completed it was assumed that ¢'' is 2.74 ev, VO is
0.65, and Tl is 1520°K. With these values substituied into Eq. 34, the
maximum temperature of the collector is found to be 1040°K.

Operation Considerations Related to Diodes Having High Work-Function Emitters

If the source of heat is one which lends itself to the use of a very
high work-function emitter, then other considerations may be important.

Under ordinary circumstances, it should be anticipated that the lower tempera-
ture at which the emitier can work, the more likely one is to have an efficient
device. However, efficiency may not be the most important criterion. In

fact, it could be that power per unit volume would be far more important

than conversion efficiency. Under these circumstances, thought should be
given to the operation of high temperature emitters.

Assume for this discussion that the emitter temperature is 2400°K
and that it is realistic to make& diode of 100 micron spacing. Calculation shows
that the space-charge minimum will coincide with the collector when the
current density is 0.009 amp/ cmz. An emitter with an average work-function

of 4.4 ev would have an emission current available of 0.37 amp/cmZL A high

vacuum transducer would require a low work-function collector which could
under favorable condiiions have an average work-function of 2 ev and a

VR
This diode would have the maximum powe:r available with a current received

= 3,17. Under these conditions, the critical value of {VR/VT) is 15.3.




at the collector of 0.115 ampfcmz. The power available to the external circuit
would be 0.168 wattslcmzs The question that may now be asked is: what
improvement should be expected in this diode by the introduction of cesium,
and what would be the most suitable cesium pressure as determined by the
temperature of the liguid cesium?

The first effect of cesium if the collector temperature could be
maintained at a sufficiently low value would be to deduce its work-function.
Assume that the absorbed cesium would reduce the work-function to 1.4 ev.

Such a change would have a very favorable influence on the power output.
Secondly, all of the cesium atoms which would in their normal motion come

in contact with the emitter would leave as ions. Very few of these ions would

be lost to the collector since its surface would be 0.9 volts more positive than
the emitter surface if the external surface conditions were maintained to hold

the current at 0.115 amp /cm2 in the absence of space~-charge neutralization.
Actually, as the cesium pressure increases, the ions will tend to neutralize
space charge and the electron current achieve its full capability of 0.37 amp/cmz.,
This current should remain constant as the output voltage is increased to 3volts.
The combination of these two effects would increase the available power a

factor of 6.6, since the maximum power we would expect is:

0.37 (4.4 =~ 1. 4) o 121 watt/en™ (35)

Achievement of this power would depend on there being a negligible number of
ions that are generated at the emitter and recombine at the collector. We may
assume that the average energy associated with the moving electrons and
also the moving ions will be 2 VT (that is, 2 kT/q) and that if their energies
are equal, their average velocities will be inversely propoertional to the
square root of their masses. This factor for cesium is close to 490. This
figure will then be used to establish the order of magnitude of the desired
cesium arrival rate if on the average every ion which leaves the cathode
travels more or less unimpeded to the collector. The electron current of
0.37 a.’.rup.cm'2 corresponds to an emisgion rate of 2.3 x 1018 electrons per
second for each square centimeter. If we assume that just the right number
of ions are present to neutralize the space charge of the electrons, there wil
be no electric field and the average velocity of electrons in transit across

the space may be computed to be 1.52 x 107 cm/sec. Since the electrons




will travel unimpeded across this space, the density will be 1.51 x 10“

electrons per cms. An exactly equal ion density corresponds to an ion

emission rate of 4.7 x 1015 ions per second for each square centimeter.

Under these conditions the ion emission rate will be exactly equal to the
atom arrival rate and the next question to be answered is the determination
of the most suitable cesium condensation temperature.

Were it not for the fact that consideration must be given to the
reduced density of atoms between the emitter and the collector, a condensation
temperature of 330°K would give the required ion emission. The average
temperature in the interelecirode space may be taken as about 1600°K.

With this approximate value of the condensation temperature, Eq. 17 shows
that the atom evaporation rate at the cesium surface éhould be increased

2.2 over that calculated by Eq. 8. With this correction factor the theoretical
value foir the cesium condensation temperature becomes 340%K. At this tem-
perature the mean-free path will be long compared with the spacing and
therefore both the electirons and the ions should flow in an unimpeded

manner from the emitter to the collector.

If the cesium condensation temperature is raised above the value
340°K then the arrival rate will be greater than that needed and the excess
ion production will result in an ion space-charge sheath forming near the
surface of the emitter. Such a sheath will inhibit the delivery of the ions
to the plasma. It will also create an accelerating field for the electrons.
This will increase the eleciron emission if the output voltage is reduced
slightly to take advantage of the lowering of the electron work-function
because of the accelerating field produced at the emitter by the ions.

The fact that many of the ions that are produced are returned to the

emitter surface may also result in the establishing there of an average

dipole moment favorable tc a still further reduction of the work-function

in spite of the high temperature. These two effects increase the emission
capability of the cathode over the previously calculated value of 0.37 amp/cmz.
Without experimental experience it is difficult to determine the best cesium’
condensation temperature sxcept to state that for temperatures less than

3400, an insufficient number of ions will be available to neutralize the
space~-charge and as temperatures exceed this value, favorable results

may come bacause of the reduction in the emitter work-function and the

corresponding sxponential increase in available current.




The cesium pressure called for by this discussion is much lower than
that used by some experimenters. For example, V. C. Wllaon(ﬂ experi-
mented with high temperature emitters at relatively high cesium pressure.
The two cesium temperatures he used were 534°K and 564°K. The use of
the higher cesium pressure would result in the creation of an ion space
charge sheath. The fact that an electron emission of 4 amp/cmz was
observed sets the "effeciive" electron barrier at B'' of Fig. 8 at 3 ev.
Equation 29 shows that any area of the hot surface with a work-function in the
range 3 ev to 4.3 ev will deliver ions to help neutralize the electron space
charge. The Wilson experiment would seem to indicate that work-function
lowering actually takes place.

These thoughts are presented by way of illustration of the use of the
equations presented here and the general ideas related to the behavior of a
plasma diode as it might be used in conjunction with a high temperature,
high work-function emitter. It is clear that many experiments should be
performed before too much reliance is placed in these deductions since they
depend on an extrapolation based on data not specifically applicable to
present needs. Additional experimentally determined facts might come into
prominence beyond those considered.

Concluding Remarks

Three principle objectives have guided the preparation of this report.
The first was to discuss in some detail the physical principles that seem to
be involved in the better understanding of the design and properties of a plasma
diode heat-to-electrical-power transducer. The second objective was to '
make available an intricate set of empirical equations by which many answers
to pertinent questions can be obtained numerically when desired. These
equations are consistent with the experimental facts as they are known today.
They depend very largely upon the studies of Taylor and Langmuir and some
very recent measurements made by Robinson. The final objective has
been to apply the ideas here to the experiments of Robinson and indicate by

‘quantitative calculation the results that one might hope te obtain by the

choice of a more favorable cesinm condensation temperature than was
actually used.




In the present report the detailed derivations involved in the development

of the empirical equations have not been given. If the results found here are

ultimately of real practical importance, the more interesting derivations
can be prepared and made available as a supplement to this report. Twenty
of the thirty-six equations used in this report way find direct application

to other problems and are therefore summarized for quick reference in an
appendix.




Appendix

Selected Equations From the Text

Minimum ternperature for surface ionization as 3 function of the atom
evaporation rate at the cesium condensation surface:

. 14,100 ' {7)
min =~ 27.56 - loglopa

T

Equation for evaporation rate of cesium:

3900

loglcpa = 27.48 "TE—S—-

_ 3900

)
Pa = ix 102'7 x 10 Cs atoms/cm2

_ 8980

d
P * 3% 1) T smtomalcmz {10)

Minimum temperature for surface ionization related to cesium temperature

Tm = 3.6 TCS {11)

ion evaporation rate for tungsten surface temperatures less than the minimum

temperature calculated by Eq. 11

logyov, = 54.16 - 1.113 log; o B - _.‘_:E,.TQ_U_O (12)

54 . 26,600
- 1.45'x 107" 14

Pa

-;}Z—E
“’p“""‘"r.—rrsife &

Pa

The vapor concentration of cesium atome in equilibrium with liguid cesium

{14)

8750
Ao = 2.7x% 1023 e Cs atoms_/cm3 {15)




3800

Iogloncs = 23.44 - TE;—-

Mean-free path of cesium ions in cesium vapor

3800
3800

Tcs * 9T+ Tog gn,

Maximum power in a vacuum diode used for a plasma diode after the
"effective'' spacing is determined.

2
Vv
Pmax = 3.7x% 10_6 V‘}r/z ‘?R- wattlcmz

Voltage output

Vr
0388 Lot ) W
T
L = Vg 473
1+ 0.31 ( )
V'

Energy step éR related to current density and temperature

éR % 2.3 VT [2.08 + 2 Iogl0 i i log10 IHJ {26)

Energy step qSR related to ion surface work~function ¢b; surface temperature;
and cesium temperature

i % -10.68V...+ 2.3V log. . T + 3490 (29)
oot s ’ e et 0K p oI _

Simplified emission equation for the range 1150°K < T < 2500°K

logyof = 9.48 - (5.04 ¢ + 1.6) 290

Range 600°K < T <€ 1150°K

log, 1 = 8.85 - (5.04 ¢ + 0.76;1.?1‘32




Maximum temperature of the collector for 5 per cent return emission

5.04 (¢'! - V) + 0.76

0.65+ (5.04" + 1.6) T000_
1

T

toagis® 1000
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Ionization rate as a function of appiied volts observed by Taylor and Langmuir.
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Fig. 5

Hypothetical electron emission distribution over the
surface of a very hot dispenser cathode.
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Experimental results and comparison with space-charge
theory for vacuum diode. Data from Robinson of TEE.
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Fig. 10

Observed and calculated power density; x vacuum diode,
O plasma di.ode;@ : @ theory. Data from Robinson of TEE.




Spacing
w
Current density - Temperature - Spacing relation surrent
densit G.0lem == b
in ideal high vacuum diode for onset of space- y
charge limitation (zero field at surface of current /cm?
collector).

IOma—- 100 amg
+ 80
Temperature T 60
40
- 30

20

T°K  Vqev
- 0.30

I 0.28
3000 4 0.26
2800 1+ 0.24
2600 7% 022
2400 -

+ 0.20

2200 0O.19

T o0.18
20003 0.7

L 0.16 | amp

0.8
= 0518 0.6

1600 0.14 1 0.4
1500 4 0.13 L 0.3

1400+ 0.12 - 0.2
1300 - 0.1

1200

1800
p

0.1 amp
- 0.1 T 0.08
1100 1+ 0.06
1000 - - 0.04
- 0.03

900 0.02

-

800

0.0l amp

0.008
3/2 v3/2

ik R 0.006
1, =7.729x 1012 T 29,664 x 10 6_Tz.. amp/cm®

(for w in cm) i * gt
Section 43 of ""Thermionic Emission", W. B. Nottingham, 0.003
Hand. der Physik, XXI (1956). 0.002

Chart gives distance to space-charge minimum as a
function of current density for diode spacing greater

than w. : O.luo 0.001amp
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Current-voltage relations observed in vacuum diode and
plasma diode at 1520°K. Data from Robinson of TEE.

I I l

<1.6 -l.2 -.8
VOLTS APPLIED




Rig. 14

Experimental results and comparison with space-charge theory
for plasma diode. (Vacuum diode for comparison). Data from

Robinson of TEE.
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Fig. 15
Experimental plasma diode with zero field at the collector.
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