


CESIUM PLASMA DIODE

AS A

HEAT-TO-ELECTRICAL-POWER TRANSDUCER

BH Y

W. B. NOTTINGHAM





3 w=

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 experiment. 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 characteristicsofthe
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
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Introduction
An analysis of the high vacuum diode as a heat-to-elec-

trical-power transducer has been worked out in detail 1 based
on theories presented in '""Thermionic Emission" published some
years ago? 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 Vo (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. oo

Inthe 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-
jals 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 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
collector are ¢, and d,. Note particularly that these are not the
"Richardson" work-functions. The current emitted over the

barrier dj is given by the equation:

‘1
; VT

 = 120 x T, e amp/cm2 1}
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Fig. 1-Motive of an electron with zero
field between a and b.

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

Vr - kT = T
 q 11, 600

EA8

The available power is the product Ij 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

Yo
Rig =~ —

10 I.
3)

If the tital resistance is less than Ryo’ 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 Ry, 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,

 NN

) VvJeIP = 14)

Equation 4 may be differentiated to obtain an expression for the
deviation in the power as a function of v. A maximum of power
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output will be found when the differential (dP/dv) is zero and the
value of v so determined is identified as vy, The result is given
a8

ne Vp -V, = Vp = (dy ~ 45)
-

\ J

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 Vo 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 Vo. This situation is illustrated by
the diagram of Fig. 2 and the total available power is expressed
bv

d+ Vr oo
7° VT oy, 2Prax= 120 x e Vr w/cm (6)

In the range of work-function difference for which (d; -

3,) is equal to or less than Vor even though dj is greater than dj,
maximum power will occur with an available voltage of Vr and
Eq. 6 applies.

These statements may be summarized as follows, For

work -function differences greater Vp in which the emitter worke
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, whereasinallother cases the maximum

power occurs with an available voltage of Vo.
.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
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less than 10!3 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/
sec-cm?, the minimum temperature for complete conversion of
atoms to ions is approximately 1475°Kk,

~ 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

Hp, expressed in atoms per second for each square cen timeter 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 equa-
tion has been derived to relate this minimum temperature to the
atom arrival rate and is

14,100
[ . =

min". 27756 - Tog) oMa
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

ogg, - 27. 48 "Toe
ny ]

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

- 3900

] | T

pa -3x1¢7 x10 Cs

- 8980

4 = 3x 1047 Tes

atoms fctnd

atoms / cm?

(9)
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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:

Ln = 2.0 Tg

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
Mactivation' 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. 1l. |

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 8 how 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 cons iderable
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 Vp, expressed as the number of ions produced
per second for each square centimeter area is expressed by the set
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of equations that follow:

26, 600
og 1gW = 54.16 - LU3 logygp = = 1)

4 26, 600

p=li45x10% T111
Ba 3

5.28
| v

1.45x1054_ T
1.113

Wa

13)

 1)

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
LI, 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 eq uation 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 thatacesium 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.
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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 l 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-function ¢ 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 ¢ , 28 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 Vo. 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 this rate of
arrival of atoms is 990°K and therefore since the measurements
were made at 980° x iq 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-
Joubtedly 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 retarding
voltage of a fraction of a volt is sufficient to inhibit the flow of ions
irom 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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fg. 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 4 is assumed to be
uniform. The collector work-function is #5; the Fermi level of the
collector is vs 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 dj ig 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
temperature 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 ne ighborhood 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 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
alectron 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 BetweentheEmitterandthe
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 Teg This concen-
tration is given by:

_8750
23 Tce 3

2. T7210 ee atoms /cm {15}

A useful form of this equation for calculation purposes is:

log1g ng©23.44~To
8

| 21‘x

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 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:

yen [oles|
- Cs\Tp+ Te / 7)

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 Te and the collector temperature Tx... To
give some idea of the magnitude of this correction, assume for
example that the emitter temperature is 1600° K and the collector
temperature is 900° K when the cosiwm 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 bg made the cross-section
for energy-losing collisions is 2 x 10714 cm®, This assumption is

the equivalent of stzting that is a fast-movingioncomesclose
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:

Rp” 1 = 5x10 cm
nh oo: h,

x

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:

Log, Ay = m2=9.7
10 Teo

Te 2)

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:

r 3800
-_ 9.7+log. \Cs + 0ggM+

70]

This equation yields the result that approximately 1 mm mean-
free path will be associated with.the condensation temperature of
437° 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 adjustad go 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
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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/cm?, 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/cm%, 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. 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 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 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.

I
S50u
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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 wor k-function of the '"a' region is taken

to be ¢d, and the "b' region dp.
These work-function steps are shown in Fig, 6, If thea 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 gd, 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 Vo and the work-function of the collec-
tor is d3, the motive function the rest of the way across the diode

has no slope and therefore corresponds to the zero field condition.
[f the emitter is heated sufficiently to cause a strong electron
emission, then the motive function will take on a form similar
‘a that shown in Fig 4
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Fig. 6-Motive curves for non-uniform emitter -
no space charge - zero field.

A word 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 1 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 d, to ¢, 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 d4 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 d%is very
important because of the fact that if it is less than 3.9 ev then

the difference (3.9 - ¢4) Vr 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 fot cesium ions will
be 1 centimeter. Furthermore, the relation given as Eq. 11
indicates that the minimum temperature for a pure tungsten sur-

face to remain, on the average, 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°Kwill not be expected to adsorh an
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appreciable coverage of cesium. The low work=-function areas
will be vexy poor absorbers in any’case, and they will also be
very poor-ionizers. The mat 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 controlled by a tempera-

tureT cg 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.

EMITTER

//

Vo

SOLLEGIOR

111LLLL FL

$.

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 é5. This decrease is the result of the adsorp-
tion an.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 de signated

by 65. 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 é}, 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 im 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 ¢',. 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. ;
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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 ¢j will actually be less than
the energy difference from the Fermi kvel of the emitter to the
"hump in the potential function shown as ¢gY 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; py.
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In this equation V; ig the ionization potential of cesiumof 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 producing 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 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
hat 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, To TT

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 ¢%. 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 Vo 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 + #2 = gu 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 Re collector surface and this rate

of loss must be supplied by the ions which are able to pass over
the ion barrier at ¢}'. As Vo 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

$1 (Vy + ¢3) = {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 plogted
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 (Vp IV) of 10. 4 and a corresponding
value of Vr 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.

6 2 Ve
Pax=37x10Vp“=

| 0.383 (&gt;) VR

IJ
- hho. 52 ) #72Vm

2watt Jem? (23)

vo 3

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 Prax ~5.5x 10-4
watts /cmy and the voltage output at the maximum power is 0. 683,
The current at maximum power is given by:

tmax~ VR 43
1+0.31 tv) ]d_

(25)
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For the present experiment L,,,. 7.961

| VAGUUM
DIODE

 (without cesium)
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10.4 Va

c

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 maximum 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. 1l 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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(with cesium)
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(without cesium)
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Fig. 10-Plasma diode (with cesium) vacuum
diode (without cesium).

The actual value of dn applicable to this.
be calculated by:

“iment may

Jp = 2.3 Vp [ 2.0842 logyoT - log 11] (26)

The value of gp 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 thes 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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Spacing
w

Current
density Dole 7p

surrent /cmée

Temperature

ToK Vyev
0.30

0.28

3000 0.26

2800 0.24
2600 2.22

2400

2200

2000

1800

9.20
0.19
0.18
0.17
0.16

0.18
2.14

2.13

0.12

0.1

D.1

1600-
1500

1400

'300

200

100

000

00}
408: 0.07

0.09

0.08

12 7/2 «VE,
lm = 7.729 x 10 Ww m9,664x10 pea amp/cm .

{for w in cm)
Section 43 of "Thermionic Emission”, W. B. Nottingham,
Hand. der Physik, XXI (1956).
Chart gives distance to space-charge minimum as a
function of current density for diode spacing greater
han w.
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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),





8 - 26

rr

EMITTER W680, — COLLECTOR
rrassasisressdo 2004 400. 600

 |[Joosvers
“

$'=3.49

$pear3l

Fig. 12-Motive curve in experimental high-
vacuum diode.

The basic data upon which the remaining part of this
analysis depends are illustratedinFig.13. The two curves on
this figure show the current-voltage relations as observed with
and without the cesium. The liquid cesium temperature was ACK
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 oné 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. ll 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 electrons that cross the boundary at B per second for a unit
area is 5.6 x10”, 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 relations observed in vacuum diode and
plasma diode at 1520°K., Data from Robinson of TEE.
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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
15209K 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 1013 atomis 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 | )

I =n G52 (ions /sec) /cm

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 jon 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. lev.
Fig. 15 has been prepared on the assumption that a surface for
lonization 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, anv ionization surface with a work-funce
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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 — (#, ~ #'% V/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 (V/V) for this curve is 11. 8. The
corresponding value of Vp is 1.53 ev. Eqs, 23 and 24 may be
used to compute the maximum power and voltage output at maxi-
mum power. The results thus obtained are P,,,, = 6.15 x 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?2.

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 28) Sted by:1/2
V- -

Lt B © &amp;)

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 ¢,, = 4.1. The
equation which will relate the important quantities is the follow-
ing:
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I'he 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 dg 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
ls 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
1259K for an emitter temperature of 1520°K., These two figures
are supplemented by the assumption that the previously deter-
mined value of di, of 4, 1 is suitable, The predicted value of dp
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
dy a factor of 36. The current density expected is 3.2 x 10-2
amp/cmé. 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 éo = 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 Vg is then:

Vp = dn - 5 = 3,00 ~- 1.70 = 1.30 (30)

The corresponding value of (VR/Ve) 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 Pyx= 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
iron 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-
ae of the cesium condensation temperature. At this higher temp-
erature Eq. 19 permits the estimation of the cesium ion mean-
 ree. path to be 1. 8 mm. Since the electron mean-free path is
undoubtedly longer than this, the implicationisthatadiode 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 /cm?, 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: Co

¢

1=120T%e VT amp/cm? (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 &lt; T &lt; 2500°K 1000 |
me I= 3x109-(5.04¢ + L6)=F amp/em? (32)

ogiol = 9.48 - (5.04¢ + 1.6) 2220 (32a)
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Range 600°K &lt; T &lt; 1150°K

  8-(5.044 + O. 76) =
[= 7x10 amp/cm? (33)

log gl = 8.85 - (5.044 + 0.76) 200 (33a)
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Fig. 16-Motive function for plasma diode.

The principal purpose of the above equationsistoshowthe 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 putput volts Vo and the energy step ¢!' illustrat-
ed in Fig. 1 an the temperature of the electron emitter of the
diode T,. The(way this equation is written incorporates also the
limitation that the electron current streaming from the collector
coward 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.

maxT2 0.65 + (oa + Lom OF

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-
FunctionEmitters

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 amp/cm?.
An emitter with an average work-function of 4, 4 ev would have an
emission current available of 0.37 amp /cm?, A high vacuum
transducer would require a low work-function collector which
could under favorable conditions have an average work-function

of 2 evand a VR = 3,17. Under these conditions, the critical
value of (V/V) 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 amp/cm?
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 /cm?. This current 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 - 1.4) = 1.1 watt/cm? {ELE
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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 amp /cm? corres-
ponds to an emission 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 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 10ll electrons per
em3. An exactly equal ion density corresponds to an ion emis-
sion rate of 4. 7 x 1013 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.

Uf 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 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. oo

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 amp/cm® was observed
sets the "effective" electron barrier at B" of Fig. 8 at 3 ev. Eq.
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 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 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:

- 14, 100

Toin = Z7756-TogoP
Equation for evaporation rate of cesium:

- a 3900

log; gMa - 27.48 - Tce
_ 3900

Mo ZS 3x 1027 x10 Tcs atoms /cm?
_8980

| 27 Tcs 2
py ® 3x 10°" e atoms/cm (10)

Minimum temperature for surface ionization related to cesium

temperature:

I, = 3.6 Teg (11)

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

} | 126, 000 (12)

| 26, 000
, = L45x 104 lo —T

Pp, 1.113
Ka 3

5.28
 _1.45x10°% “vo

 po Tam ¢
Ma *

1 4

The vapor conc- ~‘~ation of cesium atoms in equilibrium with
liquid cesium:

8750

"Tce
ne,52. 7x 1023

3800
og)gis = 23.44 = T—

28

atoins Jr 3)

"1 5)





2
~

Mean-free path of cesium ions in cesium vapor:

. 3800

logy N¢ ve TT. —- 9.7
Cs

T _ 3800

Cs ~ 9.7 + log oX4

f°+ ¥

(20)

Maximum power in a vacuum diode used for a plasma diode after

the "effective! spacing is determined:

2
1/2V&gt; - 3.7x 10-6 va! RB watt/cm®

max wi
2 -—

Voltage output:

rr

v

0.383 (7) Vg
1 + 0.31 SB 4/3

. 31 (F=0)

PAY

Energy step ¢r related to current density and temperature:

bo = 2.3 Vg [2. 08 4 2 logy, T - logy In) (26)

Energy step dr related to ion surface work-function ¢,5 surface
temperature; and cesium temperature:

- 9 : y 4490

Simplified emission equation for the range 1150°K ~™ ~2500°K:

| : 1000

log,,I = 9.48 - (5.04 é + 1. 6)—5— (32a)

Range 600°K&lt;T &lt;1150°K:
1000

logil = 8.85 = (5.04¢ + 0.76)—— (322)

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

Bion:
5.04 (¢ - Vu) + 0.76

2 Ty 2 1000 ——————0Q (34)

max-2 0.65 + (5.04¢' + 1.6)2000
1
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DiossaryofSymbols
"a" Low work-function region as in Fig. 5
a - a' Designations of emitter surface in Fig, 1

"'b"" High work-function region as in Fig, 5
b - b' Designations of collector surface as in Fig, 1

B Designation of electron space-charge minimum or barrier
BY 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 dp. 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
10~23 joule /dég or 1.38 x 10-16 erg/deg.
Mass of an electron9.108x 10-28 gmor 9.108 x 10-3 1kg
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 10-22 gm or 2.20 x 10-25 kg,
Concentration of cesium atom in atoms Jem? :

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

Concentration of ions at space-charge minimum B'" as in
Fig. 8 -
Power per unit area delivered to the resistance as in Eq.
t

Maximum power as in Eq. 6
Electron charge as in Eq. 2. - Value is 1, 602 x 10" %cou-
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”
slectron 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
[ncremental voltage in '"'negative'' direction as in Eq. 4

FL
l
m

max
D

Ly
le

 Tm
A

NCg
1po’
ng

Dyn

2 max
of

R10
T

r 1
max LZ

I'c.
Tce
Ig
r_

T'min
J





'm

vy
Vo
Vo
re

J
&gt;

Xg
X, Vy Z

4a
a
 1b
#1
#2
Ir

B

8
4

3

A f

!

A |.

V

3
J_

Ja

J a,

Incremental voltage associated with maximum power as
in Eq. 5
Ionization potential - value for cesium is 3, 893 ev

A voltage defined as ¢, - 4, 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 withxperpen-
dicular to the surface oo

Diode spacing. Also used as in Fig. ll 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 Co
Energy at "hump" of motive diagram as in Fig. 7
Energy at electron potential minimum at B as in Fig. 7
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

rig. 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 ecm? as in

Eq. 8
[on emission rate in ions per sec for each em?
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 cross section for an ion in cesium vapor assumed
to be 2 x 10" **em? as in Fa. 18
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ae emitting suriz oe of the omitler may be expressed for a unit area as
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the total rezigiance then fae current around the oiveuls

will remain constant and tf cultpge decrease, thus giving a smaller

availabie electrics! power. 0 Tcad resistance iz made greater than R, O°
then the output voltnge increases while at the same tie the current decreases.

Llentify this nerease o voltaze bv the symbol vv. The {following equation serves

bropelate{hese guentities for the caleuiation of moximurn mower.

Eranaiion 4 may be Adder emi ep expression for the deviation in

the power ©. oc ferotion of 5 marion of power output will be found when
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Ar gry zivon arrival rate, the procuction of ions is discontinuously

reduced aprroxsmatoly a actor of 10 0f the tungsien surface is at a tempera-

ture slightly Deloa the minimum temperature givea by Bo. 7.

The ‘des’ ras laws 2re ved to convert cezium vapor pressure data

to alo arrival data. Tho following forrmuia relates atom arrival to the

cernpersture of (he liguid cezivm in equilibrium with its vapor.
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siraple reatien Lelwesn he temperature of the liquid cesium and the minimum

temperature of Ge heated Langston surizeos at which complete ionization takes

place. This rein ion 1s

{11}

YL ® 5 fede, $2; ey Soe 3 em " Sey ry ny Hen on wg 2 3 2 ww Fo a

sae {oot hat tne minimum cooperatare at which all cesiurg afoms are

tv oy leery Bai fh Be wi yd BIW, rp weds codons Lon Flas or . oh 3 anit i : 2.3 po Er
converted to ond is early related fo the temperature of the liquid cegium
Gam a gp esng mn gm, be Foden db ef £3 wary ~ re ¥. 41, PN MER wy gm Ae . aray net be op oooco aeeident of numbers. In tne broader sense of the word

% Ale Elen (ruse pyar d Goma oF ehemPin eg 0h Tim Lhe am 3 dh my BIT RR ToT: f yyDOF hea § boa Ee LOE 3D ath Iran os wehg bl UL med RIES £2 apora LO IYO a

tryGEWedin of BL ALTIE W so on ae DL owweesd on ww &amp; guts dn wm Ewer, pod n, Go x Fl syfongsten suviass may pussiniy iwolve atomic nHiraciive forces that are not
oo IEE mg wy alm ped Eyes Pr Lay up Ted Tuy emt Flat dled £3 fm re #3 o

sn different from each oiber This would 1nniy thet their vibrational

fr Bry SRT SA Po onde mgm amt = al gen Renn ame ose dé he HT ery wen 1 Gn rm omy nt emg £o-, veo £44 tic +TEQUeNCY Caiole @Vapora uu INI SNE 02 CATICIeTIZon LY a 10rce ancien no

omBide 8%, mB oy write wary dd wie And maine Yor Wt rn oh ¥ da Aes gn Ai 4 z,unlike that of &amp; ~ibrating molecule. In the molecuizr cage there is a dis-

. bq mT rr wy - we 34% By an 7 ~ Seppe 3a T~ J TE © wn $= 12aociatinn 20oroy wharess in "ha case of aiotoic evanagraion there tx the



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

activity which is the waximurs that can be attained by the atom as it is on the

covder ine batween continued adherence to the surface and evaporation. If

ie equations of :aotion are not too dissimilar then ihe factor that relates

these two critical temperatures could well be the ratio of the "activation"

energiza. Oavulion 8 immplics an activailion energy for evaporation from

dre liquid stew thet is not foo {ar from 6.773 ev. Taylor and Langmuir

“educe from holr studies of cesium evaporation fiom tungsten that the heat

ff evaporatioxio £2.83 gv iY the fraction of the surface coated is small. Note

that the ration {2 D3/0.773Y is 3.465 which is consistent with the expiricai

Pegalle preseniod oa the for of Fg. 11.

esis of the Taybo -Langinulr experimmenis as they relate io the

yleld of loos from surfaces "hat have an appreciable fraction covered by

sonorbed cesium atoms show an extremely small yield of ions. A detailed

analysis of the experimental dota available yields some interesting results

The equations to he presented fit quite well over the range of cesium pressures

end tungsten sarizoz temperatures studied by Taylor and Langmuir. The

surpass: in deriving erepirical equations to represent their data is to permit

sorapatationg fo be maces under conditions that involve considerable extra-

polation into une inved aress. The philosophy here is that estirnates based

on zn extrapolation from cxisting data are better than pure guesses without a

swsiematic relationto establish facts. The ion production rate vy expressed
a3 the number of ions produced per second for each square centimeter area

5 expressed by the gel of sguations that follow:

Ine, ov E710 - 1.313 lo. 26.600 xz

—— EK 4 2f Lex
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Attention may be directed specifica’ *o the results shown as Eq. |

The ion yield decrezses rapidly with a decrease in the temperature of the

surface for the raage below the temperature T,,, introduced in Eq. 7 and

related to the licuid cesivn temperature by Eq. 11. Equation 13 has no

eignificance at teraperatuyes higher than Tow since then the ion yield is

precisely equal fo the ators arrival rate Pa it is evident from this equation

that at a fixed surface terrrarature T, the ion yield decreases almost linearly

{1.113 power} with the atow: arrival rate. Stated in another way this equation

shows that the probrbility of ionization at a given surface temperature

decreasas with *12% power of the atom arrival rate. The physics

replamation Doo 0s sold Dipends on Hr Tact thet at 2 givea surface temmer:

ture the fraction of the surlice covered hy adsorbed cesium atoms increases

36 the vate of avrival of neutral atoms increases. This increase in surface

coveraga 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

ton yield decreases as thie average work-function decreases, it is to be

anticipated that a relation not unlike that of Eg. 13 might hold. The insertion

of numbers iato these equations and a comparison with the published data of

Taylor end Langmuir way convince ihe reader that over the range of tempera

ture and cesium zrrival rate for which good data exist, the equations repre-

sent the obgervaticns, It is thought that the failure to represent the true

facts over the ranges of the varisbles likely to be encountered in association

with the plasma frareducer problera will be less than an order of magnitude,

that is a factor of ten. If io hoped that the error will be much less than this

Oman eam rT *nractical interest.

 Ovrfaces
The veadn: ‘ndad that when sdrawings are made which

Show enzrgy relal. © in dicde siructures, these drawings really

relate to the "rooit 1 electron. That is, lines and energy

ievelz apply to tas oo _» eleciron in the pace of interest. Figure 1

may be used 28 an example. We start at 2:2 Fermi level in the emitter and

the line a’ - a represents the potential furdtion of an electron in the neighbor-

hood of the surface, The anergy difference Lztween the Fermi level and

the surface potential at a is the true work-function 8, of the emitter. In this

£73 Ea aKinetics oi on~



energy cGiagram the surface of the emtitaor is ioined to the surface of the

cellector by the line a-b and since that line is drawn horizontallyitrepre-

sents the potential energy of an slectron in the field-free space between the

ginitter and the collector. The work-function of the coliector is shown by

bs as the energy difference betwenn the Fermi level in the colizetor and the

potential energy of an elsctron at ils surfocs ot the point b. The mizalign-

ment of the Fermi level of the emitter with respect to that of the cullector

is indicated by V4» This separation of Fermi levels can be mainiained only

by having some auxiliary and external source of pever and may be measured

directly by a voltmeter connected between the emitter and the collector

electrodes. Tio kinetic energy of an eleciron in this diagrain is reprasented

owtneFact fan the seorron 3 ia an energy level which would exist in ine

alegre belive op Borisontzl line a-% The ssparction between the electronic

energy level oi the line a-b is 8 direct indication of the actual kinziic EHETLY

of the eleciron associated with the motion rereoss the space from a to b.

This direction is taken as the x direction whereas the y and z directions are

taken perpencicular to this one and therefore parallel to the planes of the

sxotiter and the collector. We can show in this diagram only the kinetic

nergy asgociated with the motion in the x direction. If is not suitable to

ry to show the kinetic energy nssociated with the other directions in this

cne-dimensional alagram. Energy levels do not exist for electrons in the

space Detween the electrodes that would be represented bv electron levels

xbove the a-b line. Such levels do exist within the conductors but not

yatside of them.

This gnroe potential diagram apglies equally well to jong that might

oe in tie space between a and bb. Specifically an ion at rest would be

represented as being on an energy level coincident with the lire a-b, whereas

one which is roevieg in the x direction wih some kinetic evergy would be

jceupying an energy level in this Jf ram shove the line a-b. No positive-
ion ansrgy iovels exis! that would be represented Ly states Jrawn below the

line a-b. These remarks are made o anticipate (ve discussion with

reference tu tte crergy distribution of ions creatsd at a ko! surface. One

of the few sets ol measurements on the ion energy distribution that exists

in the literature is that of Fig. 16 of Toylor and Langmuir. Their data are

reproduced as ig. 3. The plot shows the ion current received at a coaxial

collector as a function of the applied voliara with the emitter {temperature



heid constant and the rate of arrival of cevtral siomz established by a

constant bath temperature of 2759. The Titical temperaiure for this rate

of arrival of atoms is 99073 and therefore since the measurements were

made at $8671 11 was proneble that the jon sield vas less than 10 per cent

of the atom =rvivel rate. Under this condition the average work-function

of the emitizcr woz very cinse to 3.4 volts Other evidence would indicate

that the work-{usotion of the coliector was very clrse to 2 volls. Therefore

under these circumstances, the contact difference in potential was close fo

1.4 volts, This fact is exnibited reasonably well by ihe data of Ti-

Under the conditions of this experiment, the heated tunigsten surface

andoubtedly had conziderabls ronuniformity in work-function, and also

space-charge lo0iz cody the ion carvent at zero field, iy may ne

assumed thei howe two factors account for the relalively poor saturation

of the ion current. The evidence seems to be satisfactorily clear that the

application of an on retarding voltage of a fraction of &amp; volt is sufficient

to inhibit the flow of cas from the hot tungsten surface over to the collecting

electrode. The gicpe of the semi~log nial is in agreement with the tempera-

ture of 980%

A Generalize Then

itie Cyrents

UeeeMenecus Emission of Electrons and

in assumed to be uniform. The

collector worl cant towel of the collector is Vo more

negative thay ton’ «Ul Coaitier Dlectrons are being emitted from th

surface a-a' and these thai impinge on the surface from inside the vials

at an energy ievel @ with respect to ihe Tormi level have a chance of eacaping

across the space-casrge barvier at B. i the electron has an excess energy

Vo @8 Ut passes ine barrier then its ener: atate is repreasated by the dot

dash line of © god. Tegium long will eveooratie from the emitter surface

in an appreciable nurrber i the work-function ¢, {sz high enough and the

ternperature suitable An ion which originaiss at the emitier surface with

practically no rinetic snergy cssociated with its mation in the x direction

would find itself Teioraiod Ly tne electrostatic fisid created hy ihe electeny

spacecharges and aooiuire Kinetic energy go that as it masses through the

region Bit will hove seguired a maximum of kinetic energy renrpesented bn

the verticn! Jigs re Deotireen the solid ooteniiod The ang the dociad Jing oof



the diagram. If the ion evaporates from the surface with an initizi kinetic

energy of Vos its energy level wili be that of the dashi-plus line. ia either

case the ion will be accelerated seross the space, impinge on the collzctor

with considerehie energy, aad probably absers an electron from it and

evaporate off c¢ a neutral ators. itis presumed that the collector will be

at a higher terapocature than the liquid cesium surface somewhere within

the tube envelrre ord thorefore maintain o surface coverage of less than a

monolayer. 47 tae preosare of the cesium is increased, the preduction

rate of ions muy lacresss or decrease depending on the temperature of the

neated sucizee and tue rate of arrival of cesium atoms.

This iznuorion nviizates thot if the cathode has a uniform work-

functivn a ructure, tong mony be pro juced at the energy level a or above

ane will not po os effective in neutralizing space charge as they would be if

tay could Leonie {raprad in ihe electronic space-charge potential mini-

mum at I. As he cesiuns pressure fs increaved, there will be a greater

and greater poobability that the cesiurs ion will encounter a neutral cesium

atony in such a way as to doliver energy to the atom and thus find itself in

34 Ererey level below the surface potential of tne collector shown in the

diagra.o ot ©.

The interaction between the neutrzl cesium and the jonized cesium

way fuliow either cue of {wo mechanisma. The cesium ion may collide

with the cesium aon with an euergy-sharing and momentum-conserving

celiigion. The ebsequent products then would be a slower-moving ion
2 1 : ; Brag t 8} pe ” Bo . : kl \

which mwhight thea becorne rapped, and a faster moving neutral atom. An

alternate mechanism wrich algo covld have a good probability of occurring

would be that the fast-moving toa wonld come into the neighborhood of a

slow-moving cesiux atow, absorb the electron from the atom, and continue

co ils way £8 A seutre’ foun with o relatively high kinetic energy. The

pa thug orestod would Lo a slow-moviag on and therefore lie close to
iL , . hed 8 oad Loin BE o 3 Yuu ys 3 TU 0% ; . ~ d 4

tae electroric motive function and be trapped. Either of these processes

would aco wp ash the dealood result, namely, that of altering the energy lave

of the ion 10 bring it iate a state that is below the energy level of the moss

nezative surface. Mmofhe cuample shown in Fig. 4 this is the energy level



As the cesium pressure is increased, the probability of such energy-

losing collisions increases in direct proportion to the concentration ¢”
cesium atoms in the spoue between the tvio plectrodes. It mov therefore

be of some intevest to have equations by which this concentration may bea

estimated with reasonable accuracy. These equations in turn can be

cornbiaed with an ezlima’ed cross-section’ associated with the cnergy-

losing transition to try to determine the fraction of the ions produced that

find their way iio the spsce-charge minitavm. Finally in the steady state

situation as the space~chavge minimum is reduced, the rate of arrival

of ions inte the plaza will equal their rate of loss. UW the ion concentration

builds up fo be practically equal to the electron concentration then the wain

frace-charge field will be wiped out and ‘he only fields that will remain will

be space-charge fields near one or the other of the two electrodes or both

and the "dri" field needed to carry the electross across the space from

the neighborhood of the emitisr space-charge sheath to the surface of the

rollector.

Atom Concentration ir the "=~ Istwgaen 4 - Fe~ittor and the Collector

In order to calculate an ion mean-free path it is “rat pecessary to

have an approvimete formula for determining the atom density in the

immediate nzighbortood of liquid cesium in equilibrium with ite vapor at

: tempersiore T,._. This concentration .z given by

hd
 hn

ew87
=
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atoms fom’
I

n - oy J % moni Tw Lig % -~ ~ hd — n - 8A useful form ~f this equation for caleculr tion “urnoseag ia
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The fact that the exponenis of Bq. 10 and Eq. 15 are different iz not an

error but resulis fram the inclusion of a tempercidre coulliciont {erm into

the exponent. Although the above two equations serve to give the density

of cezium sicms in equilibrium with the liguid, 8 corrzction should Le

aged to relate {he estimated temperature in the srace between the emitter

and the collector fo the tesopevaiure af th» casio Yinuid surface



A suitable forin of this correction term is given as

*
les ' Hr 1"

Trig equation wakes this form on the assumption that the effective tempera-

ture in the dinde space :oay be taken as the average of the emitter tempera-

ture To and toe collector temperature Tee To give some idea of the
magnitude of this correction, assume for example that the emitier tempera-

tube is 1600%E and the collzetor texnperature is 900°K when the cegium

temperature iz 5307K. The correction factor is then G. 62.

 order to catiroate the mean~frae path of zn ion it is necessary

to knew Le effeciive croas~soction for an energy-ivsing collision. This

quantity 8 vnoonntedly energy-dependent and therefore any statement

concerning its value should praferably be backed by experimental dat:

net known accerzfely at present. For the purposes at hand, the assumption

will be made thai the cross-section for energy-losing collisions is 2 » 10714

cra, This azsumption is the equivalent of stating that if a fast-moving ion

cor es ctoze enough io a slew-moving atom for the center-io-center distance

to be 8 x gS cm, there will be @ nigh probability that an exchange of

some sort will take place between the two in a manner to leave as a product

2 glower-moving ion. If the cross-section is represented by 0, and

the density of zioips by 2a then the best estimate for the mean-iree path

{or the ions ia given be

h|]£ by
erA TT —
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A second uaelul form. of (lila equation serves to determine the condensation

gmperaturs seeded 10 aanrr ash a Grsiyed mean-iree path, His equation
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This equaticn yields the re~r" "°° -—»=rvimately mm mean-free path

will be zsrociated with the condensation temperature of #27°K and one-

tenth of a millimeter will be the approxiisate mean-{ree path at 493°%.

If {hese calculations and estimations are valid, they may be helpful

0 the dasgigner of a praciical heat-to-electrical-rower transducer that

operates according to the nlasma principle. It has been pointed aut’

that the high vi coum transducer must have a very amall spacing in order

to operate with satisfactory efficiency. The conclusion that one would

draw from this digcuseion ig that such a small spacing could work as a

definite disadvantage in the plasma transdre--

For itlustration purposes, assume 2 spacing of 0.5 cm for a diode

and a cesium prosaure ad’iuasted sn that the ion-free path would be approximatels

haif this distance or 4.5 wm, The cesium temperature would be 418°K.

Equatioa 11 is used to estimate the minimum teraperature of the cathode

for moderately efficient {on production. This temperature is T = 1500°%

and is a reasonable one for a dispenaer-iype cathode. Jf its average work-

function is approximately 2.5 ev, then the available electron emission would

be about 1 amp {era®. Assume that a space-charge sheath near the surface

of the emitter added an additional 0.4 vo!f step to make the effective value

&gt;f ¢° shown in Fig. 4 equal to 2.9 ev. This would reduce the available

electron emission a {actor of 20 and bring it to 4.05 amp/cm®&gt;. This

current dengity would be 25, 000 times the current density that would have

been gvailatle from the sare cathode in a high vacuum diede of this

spacing whan the space-charge minimum coincided with the collector

Again with this cathode operating at this temperatures, the current density

»f 0.05 atop. oat imaplies that the location of the space-charge minimum,

would be approvimaizly 30 microns {rom the emitiar. The point in

mentioning these figures is to lead the way toward an evaluation of the

production rats of logs nended to hold the space-charge minimum at this

point and give a very small potentizl difference batweszn the minimn

point at B and the elactron coilecior surface at b. The next zection

wiil atterant to eveluate these factors.



ion and Bleciren fvaporationfroraaNoauniformCathode
Then ymetics Siagprm ~bown in Pie. 4 is a one-dimensional cizgram

suitable for »r ~raitier and 2 collecier. ech of which has a uniform surface

sork-function. fa many practical exaroples of emitters this situation does

pot represent the facts. dpecifically for pure tungsten the variation of work-

uncilon even witout the adsorption of films may range from 4.3 to 5.3 ev

Adsorhed filing may resull in still wider differences. Details concerning

Tiepenger tuthedus are very uncertain. Specifically one may picture a

wori-function structure of a dispenser cathode as ore in which there are

many isiands or wells of sirong electron emission to be found at crystrl

worIariesLat ca thr giaterad crysials of which the slructure is made.

muon of fae nos dual pieces of the powdered tungsien used in this fabrication

meay exnuiit considerabls rege in work-function., In order to illustrate lis

woint, the sketen in Fig. 5 has been produced and represents a completely

hypotihetical siruation which may not differ too much from reality to be worth

congldering. The lines on the diagram resresent Lraginary crystal boundaries

between the solid tungsten crystalites or sintered powder particles and the

spading is related io the thermionic emiss lon. Regions that are white

reprasent slrong electron emission and ro jions that are dark represent high

work-Iunction areas of weak e! :ciron emission. The scale used on this figure

ivapiies thai each of the individual particles of tungsten that were sintered

together to make a porous block hud an average linear dirnension of EPpProxi-

reately 10 microns, The activation material is assured to have raigrated out

selween ze tungsten particles and activated them locally. The higher the

temperature fat "he cathode is operated, the more iikely a situation of this

kind exists

It iz iovpertant for tig discussion to alte mri I represent in a (wo-

dimensional doprom motive function to Lo associated with this situation

itis qriite avicent that it fs {impossible 0 draw an cxact representation but

Fig. &amp; may Lely to bring out the ideas that are involved.

fn Fig. o one of the strongly emitting regions is identiiied as the

‘a' region, while a neiglboring dark regicn is identified as the "b" region

The work-function of the "a" region is taken to be ¢_ and the "hb" region



These work-funciion steps coe shown im Fig, © the » and b regions

are of comparable size, then the motive function becomes scruething close

to the average ot a distonce comparable to the avernge dimension of the

patches of high work-function and low work-function area. This is illustrated

bw Fig. 6 bv t7« fact that coe line sisris af 2 and the other line starts at ¢,

and they coe together at a dictance just outside the emitter comparable

with the size of the individual patches involved. If the required potential

is applied, shown as Veo and the wark-furction of the collector is @,s the
motive function the rest of the way across the diode has no slope and there-

fore corresponds to the zern field condition. If the emitter is heaied

suificiently to couse 2 glooag elsctron emission, then the motive fuaction

will take on a {orm similar to that shown in Fig. 7.

Aoword description of Tig, 7 may be in order. The drffvatire of the
ractive function indicates the existence of space charge. The minimum in the

wotive function found at 7 establishes the minimum electron energy within

the interior of the emitter for which elecirons can escape from the emitter

to the collector. The valus of this energy is shown as ¢'. Thus any

electron eraitind from ihe high work-fonciion aren dy is accelerated into

tie space #nd rooves over fo the collector. It is 0 be expected that there

will be a gradation in work-function from $10 i, cloge to the boundaries

of the activated ares. It iz impossible to show ix this diagram that additiona!

detail, and thercfore only the extrerses oF the motive function are itlustrated

Note that ie this {igure there {3 an encrzy level indicated af 4, which repre--

senis a peaz ln ine motive function. nv pusitive ions generated at the

surface will have to traverse this peak i order oc {ind themselves In the

space-charge region near IM. This quantisr J is very important because

Gf the fact that if it is less then 3.9 ev thon the differ ace {5.9 - £0

13 related exponentially to the probability (hat oa inn produced at os

surface of the emitter will ba ahie to pass into a region holvoen dw omilio

and the cotlector. {tis only heve that i can be at 21! 7 wotivs in “ete

Spee oh trop,

The next problem to be crusiderad a thls ovalidafivs ruainsr 1s the

influence of cegivm vapor introduced at a me devetel: low density. Eguation

12 indicales thal at a ceslum temperature of 39 2 x, the anprovimats wean-

free path for ceciom fons vill be 1 centimeter. Vartieranore., he relation
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givea 28 Eo. © indicalss that the men ouam temper sicre for 2 pure tungsten

surface fo rerzin, on the average. ws a state {or which good ienization can

take place will he 141075 1 follows from hid that a dispenser cathode
nD - .

operating at 15007K will not be expected to adsorb sa apprecinhle coverage

cf cesium. The low work-function creas will be very poor absorbers in

any case. snd hoy will also be very poor omizers The most efficient

tonization will take place aver those regions of the cathode for which the

work-funciion is greater than 2.9 ev. Figure 8 attempts to {llustraie in

a qualitative mancer the various influences which the presence of cesium

is likely to have if the cosiur pressure (8 controlled by a temperature Tes
oa

equal to 232°K and the sogitter temperature 18 maintained close to 1590Y%

Che groytieor fo colonia cone ig assumed 1 be approximately 1 ommes.

inet the dota ines are a goperpositon of Fig, 7 on Fig. #8

50 fafa will Me senior In see 0 compspigon of the two, Vote thoi cA ard

by are the sama wheveas ¢, shows a mensurable decrease to 4’ This
IY Fa

decrease is ite vesull of the adsorption cu the collector of a fils of cesium

which in si probability will reduce the vork-function cfr the collector by

0.4% ev or more. I no other change took place 59 a result of the cesium,

this would be a distinct ad qantroe. The new work-function is designated

by &amp;'5. Inches drawing of Tig. 3 it ig zesumed out gnome of the ions pro-
fa

duced at the het emitler surface will find their way into the neighborhood

of the pofentinl pmiinimure of B which 1m turn acts as an ion trap. In other

words once thei an lon is caught ot an enargy level lower in the diagram

of Fig. 7 than £°, it will remain in that tres roore or less inoofinintely

since recombisatior between long ond free electrons iz such an unprobable

event that the Won will rercain trepped in (he potential minimure for g vers

wing Tine. As odactional tons are trapped there, the natentis’ monnnun

will rire. Tig is illustreted schematically im Tig. 0 in that © lenin

mina changes from B Mo BY This change Ia Sr potentisl oo inimurs

resulis in a enrreezonding change in the voloe of he limiting olociron

energy peeded to fransicr current from the ganitier fo the collector. The

new devel iz at #°% An obiaciionshie chance, Trom the point of view of

being able tn dolivar tons © the space-charge? rinivauin, ig that sedicnted

bv the rise in the level dia gram azseriated with 477 Thus tis rig to 57°
+

because of tar Trapped ons results ino change of the motive Tonciion whic

wihibite to delivery of se liiiomal org Tinnlls x boloree 1a 0a TARE 7



which the delivery rate of ions is exactly equa! to the loss rate. This

condition mor. or leg inevitably gives » rice in the electron mininzum

from 1 to B''. This change results in a distinct gain in efficiency of the

unit as a ceat-to-electrcal-power transdne -

It vw i111 be assum J for the present that if the transducer is working

under the soot faveral’s conditions the voltage output Vo added to the
receiver work-~faanction &gt; will actually be less than the energy difference

from the Feria: level of the emitter to the "hump in the potential function

shown as ¢') in Fig, §. In those circumstances the loss &gt; ions from the

space-charge rogion wii be back to the bot emitter and not to the collector

IH the problazr sere as aliople as this then the density of ions at B? could

be related to the ionization potential ¥™

IA. wm .

(Z

In this equation V, is the loaization votential of cesium of 3.9 volts; n is
ine density of atoms in ‘romediate neighborhood of the ionization surface,

and the factor {1/4) is a puess made up of 2 combination of two facts. In

the use of an equation o ihe form of Iq. 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 producieg tong, (Once they are produced and caught in the potential

rminjrours. the eotire region is available for their occupation. This

equation caanct be said ic be exact but is offered bere as a reascnable guess.

An acii'ional fart needs to be considered which is that the ica pro-

duction process will be characterized by the temperature 7 of the emitter,

whereas tne lemp roture that characterizes the distribution in energy of

the lens that are tro--nd can very well be a lower {smperature. This

lower temperetare cov’ i approach that of ihe neutral cesium vapor outside

of the emiver-collector region for experimental tubes in which the spacing

batween the exaittor and collector is not considerably smaller than the

diaraeter of these surfaces. On the other hand, if the spacing is email



compared to the diameter, then the characteristic temperature for the

ions in the treo should be assumed to be approximately the mean tempera-

ure of the er: .tter and the collector.

In apite of the fz ct that the discussion applies to the conditions under

which the mezr~free path is large compared with the spacing, the ion may

nevertheless ~wre to thermal equilibrinm with the atoms in the space

yocause of the fact that it can oscillate back and forth many times and can

therefor: have 2 total distance of travel during its lifetime in the potential

miniraua mush longer than the mean-ree path. This detail can be considzred

‘0 be a refines ont whicaacts in the favoreble direction from the point of

view of the muking © ~ proatinel ome offoctive tronsducer.

FES dee Ts cpm bg TFlyymdinn —

aressn fms m0 a seb of arrive! of cesium atoms at the emitter.

This increase in e~~'~~1 rate will result in more adsorption of cesium on

the high work-function areas. Once the cesium is adsorbed there, these

areas wiil no longer be very effective at producing ions. The effect to be

anticipated then will be 2 raising of the limiting level el). This change
vill work io disadvantage in that it ragkes it more difficult for the ions

‘hat are produced to find their way to tie region marked B'. The lack

of a suitehle ion density ail" will resell in a lowering of this level or

an increase in the value of ¢''. Thus iv iz to be anticipated that other

things being equal, the increase in cesium pressur» will first result in a

raising of the poteniial minimum for electrons from B toward B't with an

increase in cesiurn pressure toward its optimum but additional cesiuni

pressure will result in ao decrease in the available current for the transducer.

The importart point is to try to establish the optimum pressure and this

msy be possible only by experiment. The tneory as so far carried cut

indicates that an odour L077

Loss of Positive Tons io the Coliector

T ~n increase in cesiunn

voothe oul lage V7. is increased at the expense of some

decrease in sleotron cui tre gifferonce in potential between the

sotential minimum at 1" and the surface of the rollecter at b will



lecrease. ut! ihe critical condition expressed by

lL fo

long will begin to 2aerme to the collector to the sare extent that they escape

io the emitter. F177, i. made still larger, then ihe principal loss of ions

wiil be at the veliecter surfnee and this rate of loss must be supplied by

the ions which ore sble to pass over {te lon barrier al gn As Yo ic

made larger. (4 will bo slighty eesier for ions to escape from the eritlier.

This increases in wir’ ziev not be suff. cient to maintain the desired tranped

lon dengite
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This polantial difference does not represent a loss of energy by the

zlectrons because of the prezence of tic neutral cesium atoms, but is

simply a difference needed to satisfv the space-charge relations. The

reader must oe reminded that the situation in thig ort of the plasma

discharge iv an entire’y different one Irom thet found in self-sustained

low voltage arcs, hecause thors the dilierence in potential along the plasms

column ig one that is delermined by the rails at which energy must be put

nto toe eveten: in order to maiatain the excitation and tanization of the

sasmea. in the transdacer, no ionization whatsoever tales place in the

space since 211 of the long are produced at the healed amitier surfren

enless some ~~ zlectrods is introduced. Tor the present discussion

it is assamc™ 0 7 Tor iwo electrodes in this diods sre the nonuniform

emitter oo

an Interest 7
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and before ecesiam wes admitted to the tube, a current veliage characteristic

was obtained over the range of applied voltage {rom zero to =. 2 volts

with the recoving elecirede negative with respect to the emitter. These

Jata were ploited as ¢wwn nn Fir. 9 and comparad with the "master

curve mie satia fine of this figure ig tie meester curve and the

index 0 'sar curve es uh vex the vale of ¥e [7 1 of 10.4 and a
A

correzponct se valae of 7 cf 1 37. These sumbers combine in the

formelas goes here © Bor. 14 and IT perrneit ii» ecniculation of the

maxirsuin pover ev Vo le from this diode aad the voltage output at which

IG RXiImnyn pews ares
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Before the details concerning this second cuperiment are dis-

cussad, © “ow additioral computations should be made relative to the

high vacuum evpzritoyet. A calculation chart, shown here as Fig. 1),

shows tant with this operating femperature 2nd spacing, &amp; current density

of 180 wieruamperes 2er sjuare centimeter shoold have been expected

in terms of the temperaivre-spacing relation fur the critical current

density Lom viich lowe 0 the collector with 2 snace-chargs minimum

coinciding vith it. Tris sitcation is illustrated bv the dotted lines of

Fig. 12.
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ave proven wrong, then the predictions based ontherm will certainly be
in error.

The Liesl agsv aption is that the zero field coadition illustrated

by Fig. 18 ig determined by the egualit of "bo mogitive on and the electron

densities . Dor equality the arrival rate of jong aed electrons must be

related Live
y

A

a

&amp;
(

in this oration Mis the woes of an lop and 5 18 the mass of an efovesbi

The red Tove repeal. Ind hore Doopls Lad boll ines aud electrons leave

ne regio by going tn Je ootlecior and inca he veloeilies ore inverssly

rroportionadfo he seuss root of fhe mass ratio the fon current will be

correspanaligly lower for ihe zere space-charcge condinon. in order to

uge this azz zaption in &amp; wumerical caleulation, the "effective! average

work-funativrs of the {aoization region must b- ovo The experiment

sescrited in ie previous section gave a velv~ ~ Co “he

rauation wie” will relate the bnportest quant™ to Tolieeying
por=

- 7 ~~
P+ yr ’

Tongs AF

- wy 31p oe gos

80

17
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ternperature of cesium is then 2.0 ev. This new value represents a reduction

in hy of 0.47 and a corresponding incresse an olertron current delivered io
«2

the collector Ly = factor of 36. The current density expected ig 3.2 21°

snp] em. hie cbr em Mies MT omgy ow De asad to determine that to

effective spacing of the dieav 7 = pregeccr of this increagen or ine nregsurs

will be 29 micrs «

AL Ly jovwep contre mopping 4a sere en ane Sametion of the

collector wee found to be Cem To mae

han an increase wo coglve pron Sf ren average work-function

still more but for the pornos of rate tics of least °t -7ill be assumed that

heincrease wv presiare 300 peduce the work -funetlor 00 "% The predicts

sglae of V,, is tho
rN

5 VLT0 = : . ® {: (30)

The correspondingvaloo

The pest pae he rem mete Tieined thie eguivalent Spacsilg

of 2 vacuum diude which vo 7 arn the sarge current density as the cesivim

Zlode the curren! voliage characteristics will folio © the vacuum diode curve

asgociated with this reducsd spacing. The new roscing for this calculation

is the one given re 39 microns. Lquatiovs 16 and 17 wey be used to determine

the predicted we Umum poorer output and corrvan co dine salinge output. The
&gt;

vaiues oblained arse Prine * 0.15 w/o” and © C77 Tha current density
~ ded Gait oF Ea r

is 0.23 amp/ vei”. The corre sponding value for Fi 2.74 ev. It is Lionlied

in these caleulations that the rae work-function of ihe emiiter £y iz less than

2.€ ev. The chia advanio oo Le having a smaller value of , for ihe electron
nod

emitting portion of the emitter 8 ds infinsnees un the calves of “ which is the

ninp in the diagram of Flips, 15 and 16 tha! hthig the loss of ions to the

smitterand thug n2lds malintaia the gpuoo-chargs roduniio

Trig vredintion that aa adcitions) Z-fold woreass in power in

available in the cosiurn dione over that sctually obtaines ag 2 renelt

vrrreasins the cerium pressure ie probably optisnistic. The enlculation has

ren made iv this casper border lo indinnte the potters] advantoges in

shegiag the most Dwrorable valae of the cos win ooadensall on temp. ratur

At ENLE higher tern seraturcs Bel 32 nermits the aniimnaiion of tos co iors jop

neen-frce potato Se 1.0 nom, Since the glootrol rasan-frae path is vedonbhiedly



innger than this, the imolication is that a diode spacing of ¥ mm would be just

2s effective in the presence of cesium as a diude spacing of 100 micrenn.

desociated with tte current density of 0.23 ample”, the chart on Fig.

periaiie the loca fun of the space~charge minimum lo be caleulat~~ ar “oA

microns.

chilecadealstongofthis paper. elaciron euergy steps are

expressedivzrsofthelr true values at the temperature invelved. There-

fore tus fundaxoenial equation ol:tained directly from the statistical amalvsis
axpesges the corrant density in the following form

Nomenwre fm

Phin ds the Slchos dro or of cguetion gad carries with it the number 120

inc tead of gone ooviries doteprgined constant that could be designated zs

fp tO indicate that it ir fhe Dichardson constant found empirically to make the
Low .

data fit for gome sot of olssrvations for which the Richardson work-function

would be appropriate. Since "true" values of ¢ are used in the analysis given

rere, the cosificiznt 129 i the only correct one io use.

Sor esaculations in which it is the purpose to determine the tempera-

dure at which a certain emicsion density will he obiained, Eg. 31 is not the

msl convenicni one to vse, The theory hehind the transformation to a simpler

sriusiion 18 piven 1m Section 50 of "Vhorinicnie Emission” and two useful

cquatiors roo bo obtained row Bg. 31 to Da applied over the cinitter temnpera-

are rangsy sueooated wile azeh of these covationg:s
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The principal purpose of the above equations is tu show the steps toward the

writing of a simple equation by which the maximum temperature of the

collector can be evaluaied readily in terms of the available output volts Vo

and the energy stop ¢'° illustrated in Fig. 16 and tlie temperature of the

»lectron ermnitier of the dicde Ty . The war this sualion is written incorporates

alee the Mal oiion that the electron current streaming from the collector

towerd tae ersitler ghall Ls no more than L per cont of the electron current

that flows in the cppesite cirsction. This equation subject to these conditions

and definitiors rormits th: calenlation of {he maximum receiver tempsature.

50

FY Es a
ines ac

“gue
q

in the analysis justi com-leted it was assurnaed that 74 ev, Vo is
0.¢5, and T, is 1320 ith these values substituted t= Eq. 34, the

» - ”~ Y &gt; Se - Na we

maximum temperature os enlleator iz found to by 107

Ouveration Consbicretions Helated {0 Diodes Having High Work-Fupction Emitters

StmereanofDecti one which lends itgelf to the use of » very

high work-functinn emittee, then other considerations may be important.

Under crdivary ¢ reurestaaces, {tt should be anticipated that the lower tempera-

ture at which the emitter cen work, the more likely one is to have an efficient

cavice. However, efficiency may not ve ie most important criterion. In

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

thar, conver: on ¢ificiency. finder these circumstances, thought should be

given to the operation of high temperature cmitiers.
Agave for tive discossion tazt the emitter temperature is 2400%K

and that it ig reclistic to naked alode ofl 100 micron spacing. Caiculation shows

that the space~-ciarye miriourn i) coincide with the collector when the

current density ig 0.00% sup/ era”. An ernittey with an average work-function
of 4.4 ev would Lave an enission current available of 0.37 ams/ —— A high

vacuum transduce: r would require a low work-Lfuepction collector which could

under favorable condivons have an average work-function of 2 ev and ©

Va = 3.17. Urlder these conditices, the critical value of Vo, [Vo ig 15.35.
Tris diade waul? rave ie Maximum powe: svailoble with 5 current received



st the collecior of 0.115 avapen®. The power available to the external circuit

would be 0.1468 watts fem”. The question that mav now be asked is: what

improvement should be exsectised in this diode bv the introduction of cesium.

and what wou'd Le the mos! suitable cesiurn pressure xs determined by the

rermperature of fae lioald cesiom?

The Virst cifect of cesium if the collecior temperature could be

maintained at a ov ficientlv low value would Le tn deduce its work-function.

Assume that the ah3orbed cesium would reduce the work-function to 1.4 ev.

such a change would have 2 very favorable influence on the power output.

secondly, all of the cesiwn atoivs which would in their normal motion come

 fa contact will the ennitter would leave a3 wns. Very few of these ions would

se lost to the collector si-cu its surface would be ©.9 volts more positive than

the emitter surface if the external surface conditions were maintained to hold

the current at 0.115% amp [cea in the absence of space-charge neutralization.

Actually, as the cesium pressure increases, the fone will tend to neutralize

space chargn an} the elzctron current ach eve its full capability of 0.37 amp/cm®

Ibis curren’ should remain constant 2s the ouiput voltage is increased to 3volts.

Tre combinaion of these two effects would increase the available power o

actor of 6.0, since the mavimurm power we would 2ypect is:

Nn ETT0.37 ¢4.4«1.24%+ | 1} )AY LY wnt fom
1 {3 —

Achievement of this now sw" dame? on there being a negligible number of

wns that are generat = to 77 7 recovibine at the collector. We max

asgunee tuat the averag- ~~er  ragociated with the moving electrons and

also the moving ions wi” © that is, 2 WT/q) and that if their enzrgies

are equal, their avernge + “nities will be inversely nropeoertional to the

square root of their messes. This factor for ossium is close to 49%. This

figure will tuen be used to establish the order of magnitude of the decived

cesium arrival rate If ou the averse every lon which leaves the cathodes

travels more or lzss anirpeded (0 the ccellector. The elactron current of
&gt; it

0.37 amp.cmy” corresponds to an emission rate nf 2.0 x io electrons per

second for each square centimeter. If we assuro? that just the right number

of ions are present to neutralize the gpace crarge of the elecivons, there wil

be no electric ficld and the average velncity of electrons in tie git across

the space 1n=vy be computes tc Le 1.52 x 1¢7 om /oec. Since the electroas



will travel unirpeded scross this gpace, the density will be 7.51 x 101!

electrons per ers. An z2xactly equal jon density corresponds to an ion
cs fg 15 Cae " :

emission raje cf 4.7 x 1077 ions per szccond {or eacli square centimeter.

{Inder thes: corditions {2 ion emission rate will be exactly equal to the

atom arrivel rele and ths next question to be answered is the determination

of the mest sulin le cessing condensation temperature.

Ware it not for the fact that consideration must be given to the

reduced density of atoms between the emtiter aud the collector, a condensation

temperature of 53071 would give the required ton emission. The average

temperature in the inierclecirode space maw be taken as about 16007

With this approvimate valve of the condensation temperature, Eq. 17 shows

sat the gto oor onretion rato sg tne calvin surface should be increasgd

Z.E2 over that oninudated Lv Eg. B, With this crvicction factor the thecrsiical

waive fou the ceroum cond -asation lew ruere ture becomes 340°K. At this tem

perpiure the mean-fiee path will Le long coinparsd with the spacing and

therefore both the electrons and the ions should flow in an unimpeded

manier from the emitter to the collecior.

if the cegiuvry condensation temperature is raised above the value

340K then the arrival rate will be greats r than ihat needed and the excess

won production will result in an ion space-charge sheath forming near the

surface of the ernitter. Such ¢ shesih will inhinit the delivery of the ions

to the plasraoa, it will also create an accelerating field for the electrons.

This will increase the eleciron omission i fhe output voltage is reduced

slightly to i2ke advaniage of the lowering of the z2lectron work-function

because of the recelerating field produced at the emitier by the ions.

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

zinitter surface mav alo result in the ediablishing there of an avaooage

dipole moment favorable to a at) further reduction of the work-fuaction

Tr spite of the hish foinperatare. These two effects acreage the emicsion

capability of tha cathode over the previously caloulated valoe of D.37 amn/ern

Without experircental soserisncs it is difficult to determine the best cesium

condensation tempersiure 2xeent 0 tale that for lewperaiures legs then

346°, an Ineaificisot number of ons wild be aveilabls to neutralize the

space~charge snd as temperatures exceed his value, favorable results

may come Bactusae of the reduction in the coitize work-function and the

rrespencding cooneinentizl incoregsge in avilable corrent



The cesium pressure calied for by this discussion is much lower than

that used by some experimenters. For example, V. C. Viilson' ) experi-

mented with high temperature emitters at relatively higa cesium pressure
The two cesium temperatures he used were 534K znd 564°K. The use of

the higher cesivi pressure would result in the creation of an ion space

charge sex hh. The fact that an electron emission of 4 arp cr” wes

cbserved g2is tue "elfeciive' electron barrier at 3"! of Fig. 8 at 3 ev

Tiquaticn 29 shows thai any area of the hot surface with a work-fuaction in the

range 3 ev io 4.3 ev will deliver ions io help neutralize the electron space

chargs. The Wilson exp riment would seem to indicate that work-function

Wnwering aciualls takeg winon,

Towse fvoogats sre presented by wav of illustration of the use of the

eouations presvrded hers and the gensral ideas related to the behavior of a

plasma diode az it might bo used in conjunction with a high temperature,

high work-function emitter. It is clear that many experiments should be

performed before too rauch reliance is placed in these deductions since they

depend on én extrapolation based on data uct specifically applicable to

present needs. Additional experiinentally determined facts might come into

prominence bh yond those considered.

Three principle chiectives have guided the preparation of this report.
The first was to discuss in some detail the phyeical principles that seem to

be involved in the betler understanding of the design and properties of a plasma

diode heat-io-electrical-nower transducer. The second objective was to

make available an intricate set of erapirical equations by which many answers

to pertinent questions can be obiained numerically wien desired, These

equations are conzistent with the experimental facts as they are kuown today

They depend very larg:ly upon the studiss of Taylor and Lanymuir and some

very recent! mensureyaents wade by Dobinsoa. The final chiective has

been to app'y the ideas binre [© the experiments of Robinson sod indicate bv

quantitative calculation the results that ore might hove to obtain by the

choice of a wore favorable cesivm condensation tomiarature then was

actually used



In the present report the detailed derivations involved in the development

of the empicical equations have not been given. if the results found here are

nltimately of resl practical importance, the more interesting derivations

can be prepared and meade available as a guppiemert to this report. Twenty

of the thirtv-six equations used in this roport way find direct application

to other probleras and are therefore sumrearized for quick reference in an

sppendix.



Aprendix

selected Equations From the Text

Minimur: toraverature for surface ionization as - function of the atom

evaporation rate at the cesium condensation surfaces

~rY

Ls 09
Ey 0 Fa

cquation for evaporation =f Ce

joe.
G0

27.40 - Fe
{ss

35040
FA
‘a

“i
“T

y —. 3,
2atorns/om

an,

7 Cs ntomes form
)

inimum temperature for surface ionization reizted to cesium

T
By

-~ Ap
_ Lg

tercperaturse

{11}

ion evaporation rate for tuneoten surfsce temperatures less than the minimum

temperature calculated by Er

Levey, 10y 3 54, Ye ~  Yee
‘ t

- Cis, £1

1.45 x 107% TTT
I. ©

A.

|.
bh

_ 5.28

1.45 » 1072 *

n,
)

or
w

 26,600 [ 4 Zz .

3

The vanor concentration of cesium atoms in eouilibrium with liguid cesium

»

Heo ayBEdaG
he FRR
a

Ld Ca| poYYvom f FalYi



G8 Pr = 23.44 - Te
8

|

Mezn-free path of cesium ions in cesium varor

n
LOD, 3. a LL

Cg

- “N -
.

Te
] 38C0

Maximum power in a vacuuin diode used for a plasma

'effeciive" rroacing in detormined.

2
—

ew

2
p——

1 ’-

YY]ne

diode after the

vatt/cm®

{
i

! i
£L

voitage output

0.383 1’.

Lergy step 4 relat: 7 curr 7 Tome and temperature

- 2757

4 1, 7 oelog, q TT - log, , r

; “Ok 5 cork~function ¢, ; surface514 elateg fc 8 curiace work-func nsEnergy step 3p related *~ ‘on gurd
znd cesium temperate

10
*

To Vn
oJ

gin} » 4490
. SER

Ro
i

Simp’ ied emicr~'on egusiicn for the range 1150 RX &lt;&lt; &amp; PED

log,oI= 9.48 ~ {5.04 4 + 1.6)
00010¢

) Q., -

Range 6407" - apt - "Nh -

&gt; 3 4
wi

wu:

Tv {5 0A ome 1060

{2 £,

temperature:

iL

(32a)



Maximum temperature of the collector for 5 per cent return emission
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Fig. 9

Experimental results and comparison with space-charge
theory for vacuum diode. Data from Robinson of TEE.
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Fig. 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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