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{. General Theory of the Plasma Diode Energy Converter

Abstract

The introduction of cesium into a thermionic device serves to improve its potential
efficiency in three ways. It can improve both the emission capability of the emitter and
the conduction properties of the space between the emitter and the collector, and it can
lower the work-function of the collector. All of these features are advantageous. In
some respects, the establishing of a plasma in the intervening space might be considered
a most important factor, in that it permits the designer to build in a converter with
realizable spacing. One of the principal points of this report is to show that under suit-
able conditions, a positive ion space-charge sheath forms in the immediate neighborhood
of the emitter and, as a result of this space-charge situation, electrons are accelerated
from the emitter into the intervening space. Here, because the concentrations of ions
and electrons are practically equal, plasma oscillations develop and the energy distribu-
tion of the electrons changes from a monoenergetic one associated with an energy of the
order of 0.5 volt, or more, to a quasi-Maxwell-Boltzmann distribution characterized by
a temperature of 5000° K, or more. Such an electron distribution is sufficiently rich in
high-energy electrons to ionize the gas and maintain it in a state of practically 100 per
cent ionization. Thus a highly conducting plasma is formed to serve the purpose of
permitting a high-density electron current to flow from the emitter to the collector.
Cesium also serves to reduce the work-function of the collector, and it is anticipated
that high efficiency will be obtained as these features are incorporated in the design and
operation of the plasma diode as an energy converter.



(I. A Simplified Method for the Computation of Electrical Properties of a

Closed-Space Thermionic Converter

Abstract

The closer the spacing of a high-vacuum thermionic converter the less its perform-
ance is governed by space charge and the more dependence must be placed on the pro-
ducer to develop superior electron emitters. Whereas. the theory applicable to the
converter with an emitter of unlimited emission capability is less difficult, it is never-
*heless possible to work out in a relatively simple manner all of the equations that are
applicable to the diode of limited emission capability. It is the purpose of this report to
show these methods and to compare the results of our calculations with those published
by Rittner, which are dependent on the application of a digital computer programmed to
solve this type of problem and based on rigorously derived space-charge equations. The
simplified method gives results that are in excellent agreement with the "exact" computa-
tions.

[T1. The Thermionic Diode as a Heat-to-Electrical-Power Transducer

Abstract

The theory of the vacuum diode is worked out in considerable detail, fundamentally
on the basis of Langmuir's complete analysis of the flow of electrons under space-charge-
limited conditions across a diode. The results of his analysis have been put into useful
form that is specifically applicable to emitters of "unlimited emission capability." The
results presented in this report are optimistic, in that no practical cathode achieves this
distinction. Acceptable efficiency can be obtained only with spacings in the neighborhood
of 10 microns.



FOREWORD

Direct conversion of heat to electricity gives sufficient promise, in its relation to

the generation of power for auxiliary space applications and for the generation of power

directly from nuclear energy, to attract much attention and encourage investment of

time and money in its exploitation. Three papers concerning the analysis of the vacuum

diode as a thermionic converter, based almost exclusively on the published contribution

of this author on "Thermionic Emission" (Handbuch der Physik, Vol. 21, 1956, pp. 1-175)

are made available in this report.

The first two papers applied to this study were based on the most optimistic approach

that is associated with such good electron emitters, so that the details of their properties

could be neglected in comparison with the limiting factors of space charge and anode

work-function. Later theoretical investigations, as well as experimental studies, indi-

cated that emitter properties cannot be neglected. The first paper was published by the

Journal of Applied Physics; the second and third, applicable to the vacuum diode, were
published in the Reports of the Twentieth and Nineteenth Annual Conferences on Physical

Electronics held March 24-26, 1960 and March 26-28, 1959 at Massachusetts Institute

of Technology.
It is generally evident that efficiency can only be attained with the vacuum diode as

the result of engineering a device so as to make use of fantastically close spacings of

the order of 10 microns. But the introduction of cesium into the diode could very well

relieve this situation and very likely make it possible to create practical conversion

anits. At least 90 per cent of the development effort is now going into the cesium diode

as a thermionic energy converter. For that reason, the author developed the "General

Theory of the Plasma Diode Energy Converter." This treatment was first made avail-

able to interested researchers by the Thermo-Electron Engineering Corporation, and

an abridged presentation was given to the 1960 Conference on Physical Electronics. It

is the material of this presentation that is reproduced here.





GENERAL THEORY OF THE

PLASMA DIODE ENERGY CONVERTER* **

[ntroduction

The new concept which is put forward in this report is that the presence of a

suitable pressure of cesium atoms near a hot emitting surface results in an ionization

so copious that an ion space-charge sheath can be built up at the surface. If the drop in

potential over this sheath is approximately 0.5 volt or more, then the electrons are

injected into the interelectrode space with an average energy greater than this. The

presence of a large supply of ions in this space essentially equal in number to the

slectrons per unit volume results in a generation of plasma oscillations. Electrons

which entered the region with a more or less monoenergetic energy distribution become

randomized both in direction and in energy. With no change in the total energy content,

the distribution becomes one that could be characterized as being Maxwellian with a

iemperature of 4000°K or more. In the presence of neutral atoms, such a distribution

can generate sucha copious supply of new ions that losses in ion density due to recom-

oination and due to the sweeping of ions across the boundary sheaths can be made up.

The detailed analysis concerning these steps is carried through, equations are

formulated, and methods of analysis are provided so that good approximations can be

made to determine the electron injection energy directly from the known parameters of

ithe problem. These include the work-function of the emitter, its temperature, the

condensation temperature of the cesium supply, and an estimation concerning the

average temperature of the gas in the space between the emitter and the collector.

In the plasma space, ionization and recombination take place. Again, the

equations are formulated so that it is possible to determine the probable fraction of

the cesium concentration there that is ionized. The theory shows that if electron energy

distribution is characterized by a temperature of less than 3000°K, the fractional

lonization is very small; whereas if it is characterized by a temperature of about

5000°K or more, the gas in equilibrium is very fully ionized. The analysis carries

on to a discussion of the formation of the ion sheath at the collector. A calculation is

made concerning the rate of loss of ions from the plasma over this sheath and it is

compared with the rate of production of ions within the sheath at a distance of a

mean-free path from the boundary. Again the critical temperature for the electrons
a in the 4000 to 5000° rance in that if the temperature is too low. the supply cannot

*_Refer to the Glossary of Symbols on pp. 19-20.

ok
This paper is based on a study supported in part by the Thermo-Electron Engineering
Corporation.



be maintained and instability is likely to result.

There are three distinct regions that make up the total space from the hot

emitter surface to the colder collector. These will be identified as (1) the emitter

sheath; (2) the plasma space; and (3) the collector sheath. Details concerning each of

‘hese regions will be presented and the means for relating them to each other will be

discussed. Very close to the surfaces of both the emitter and the collector, space-

charge sheaths will generally be found. These may be either positive ion sheaths or

zlectron sheaths. In the space region conduction will largely take place as a result

of the single-stream flow of ions or electrons or both for the low pressure plasma. In

‘he high pressure plasma a drift of electrons or ions will generally be superimposed

on a random current flow of electrons or ions or both. By random current flow the

implication is that a velocity distribution will exist among the charge carriers which is

more or less isotropic and has superimposed upon it a drift velocity which is responsible

for carrying the drift current.

General Discussion of Emitter Sheath

© Theemitter generally serves a dual purpose. It emits electrons from its interior
and it serves as a generator of positive ions at its surface. All of the discussion that

‘ollows will be dependent on the assumption that the gas used in the diode is cesium.

Any area of the emitter surface which has a true work-function a few tenths of a volt

greater than the ionization potential of cesium which is 3.89 volts will serve as an area

which converts practically every neutral atom which arrives at the surface to a cesium

.on. If the true work-function of the surface is less than 3.89 volts, then the probability

that the valence electron of the neutral atom will make a transition to an empty state

among the conduction electrons of the emitter is very small. This probability decreases

exponentially with the energy difference between the ionization potential and the true

work-function of the emitter at the arrival point of the cesium atom. If the emitter is

aonuniform, the greatest electron emission comes from low work-function areas. This

could tend to build electron space charge. The high work-function areas will be the

most efficient ion generators and will tend to build positive ion space charge in their

neighborhood. These two regions of space charge will then tend to neutralize by the

fact that the ions will become trapped in the electron space charge and the electrons

trapped in the ion space charge to finally equalize the situation. Since it is impossible

to generalize concerning the detailed influence of inhomogeneity, this aspect of the

problem will not be treated specifically.

Figure 1 may be used to define some of the important quantities pertinent to

his discussion. Here the emitter and the collector are designated and their Fermi

levels indicated by "FL." On this motive diagram the difference between the Fermi

levels shown as V is directly measurable as the applied voltage difference between

them. The true work-function of the emitter é, represents the energy difference
oetween the Fermi level of the emitter and an electron at rest in the immediate

r1eighborhood of the emitter surface that is of the order of 1076 centimeters. The
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Fig. 1 Motive diagram for high vacuum diode.

Fig. 2 Motive diagram for medium pressure cesium diode.

Fig. 3 Motive diagram for high pressure cesium diode.

Fig. 4 Motive diagram for high pressure cesium diode under open circuit condition.

true work-function of the collector is defined in the same way and is represented by $,.

If the electron emission is high, then an electron space-charge sheath may be expected

to create a space-charge minimum which lies at én with respect to the emitter Fermi

level. Electrons emitted within the energy band $, to én are returned to the emitter

whereas those emitted with greater energy than é contribute to the observed diode

current.

If cesium atoms are permitted to enter the space between the emitter and the

collector, many of them in their random motion will collide with the emitter. If é,

is greater than 3.89, most of the atoms that arrive at the surface are ionized and

will leave it as though they started at the surface point Sy Since the ions will have

an initial velocity distribution characteristic of the temperature of the emitter, they

will occupy ion states within the motive diagram beginning at s, and move in states

within the space region at energy levels higher than Sy- As long as a net electron

space charge exists in front of the emitter area the ions will be accelerated toward

the collector but they will not pass all the way to it since the positive surface charge



indicated by the motive diagram will bring them to a stop and return them to the emitter.

Some ions even though the mean-free path may be long, will collide with atoms and

lose some of their kinetic energy. That will put them in energy levels below 84 and
therefore they will be trapped. As more and more ions are trapped the space-charge

minimum will disappear.

As the cesium pressure is increased the ion production will also increase until

the ion density in the immediate neighborhood of S$) is exactly equal to the density of
he electrons in transit from the emitter to the collector. The motive field at the

surface of the emitter will then be zero and the "zero field" emission from the emitter

may be obtained. This situation is illustrated in Fig. 2. The zero field electron

emission current density may be calculated by the following formula. The equation in

his form gives the current density in amram,

i, =1.2x 10° T° e h1v

[n this equation T is the emitter temperature, ¢, its true work-function and V is

defined by
1»

v= =F
ql

£

Here q is the electron charge and k is Boltzmann's constant.

As the cesium pressure is increased a positive ion sheath represented as

extending over the space Sy of Fig. 3 will develop. The change in the motive function

‘rom the surface potential to that at the end of the sheath is represented by Vopr In

the space region between SH and the collector sheath at S, we can anticipate that there

will be a small rise or fall in the motive function. This change is necessary because

some electrons that are emitted over the surface barrier at Sq will lose energy by

collision and become trapped in the electron energy levels below the surface potential

of the collector at S,. This trapped negative charge must be compensated for by ions
which are brought to rest and returned toward the emitter. Under the conditions

shown, the surface potential of the collector is negative with respect to the motive

function at the sheath boundary Sy. In this range the trapped electrons are repelled

and the positive ions which enter the sheath at S, are accelerated into the collector.

Again in this region the net space charge is positive.

If the applied potential V is made more negative than that shown in Fig. 3

then it is possible to set up a condition for which the ion arrival rate is exactly equal

to the electron arrival rate. When we assume that there is no electron emission from

‘he collector, then this condition of balancing currents is the "open-circuit" voltage

designated as Vou of Fig. 4. Under these conditions there will be nearly twice as

much negative charge per unit volume in the space region as there was under the

condition illustrated in Fig. 3 because there will be a double stream of electrons

across this space. That change will result in a somewhat lower value of Vv, to permit



more ions to enter the space region for neutralization. Again near the collector a

positive ion space charge will develop because the motive function is such as to turn

back all electrons with a kinetic energy associated with their motion toward the

rollector which is insufficient to surmount the barrier at Sy. If there were no electron

interactions in the space region, then the electron current received at the collector

could be computed by means of Eq. 1 by the insertion of oc in place of $,- A cal-

culation of current density by this formula would in many cases give the minimum

current expected at the collector whereas if some electron energy sharing takes place

because of their injection into the space by the accelerating potential Vp then it is

possible for more electrons to be received at the surface S, than would otherwise

have been permitted. In any case the ion current which is accelerated through the

collector space-charge sheath S, must balance the electron arrival current. It should

be clear from this discussion that the open circuit electron arrival current could very

well be less than the "saturation ion current produced at the hot surface emitter. If

the cesium density is sufficiently low, then the ion space-charge sheath at the emitter

surface can vanish and the electron arrival at s, can, under that condition, equal the

saturation ion emission.

Calculation of Sheath Potential and Sheath Thickness

This calculation of the emitter sheath potential difference depends critically on

a combination of physical assumptions which will be outlined briefly:

Assumption 1. Electrons leave the emitter with an emission density given by Eq. 1,

if the ion generation at the surface of the emitter is more than adequate to compensate

the electron space charge. (See Eq. 7.)

Assumption 2. The ion production rate cannot exceed the atom arrival rate and there-

fore the first qualitative estimate as to whether or not there is an ion sheath at the

emitter depends on a knowledge of atom arrival rate and the effective average work-

function of the emitter. Equation 7 serves as an aid to determine the minimum cesium

condensation temperature needed for the development of an emitter sheath.

Assumption 3. It is only after preliminary calculation that the validity of the calculation

method proposed can be evaluated. Thus if the calculated sheath potential Vs is com-

puted to be less than about 2V, then the approximations used become progressively

poorer. The ion density at the boundary between the plasma and the sheath is taken to

be equal to the electron density associated with the emission current that moves with

a velocity proportional to (Vy + )! /2,
Assumption 4. The total atom arrival rate including both ions and neutrals at the

sheath-plasma boundary is taken to be equal to the equilibrium atom em ission rate at

the highest temperature cesium-condensation surface. In the ideal experiment, this

is taken to be the temperature of the controlled cesium supply but may be higher than

this temperature in experiments in which the free flow of atoms is inhibited by small

communication channels.



Assumption 5. At the sheath boundary it is assumed that an isotropic distribution of

ions of the required density exists. Since in general the sheath thickness is less than

the mean-free path, this implies that the ion arrival rate from the plasma is equal to

the ion emission rate over the sheath barrier.

Assumption 6. As a consequence of Assumption 5, the rate of emission of neutrals

from the emitter surface is set equal to the rate of arrival of neutrals from the plasma.

Assumption 7. The probability that a neutral atom will become converted upon arrival

at the emitter surface will depend on the "effective' true work-function of the surface

(see Eqs. 8 and 9) and its temperature.

Assumption 8. The ion annihilation probability is assumed to depend not only on the

effective work-function of the emitter and its temperature but also on the kinetic energy

associated with the ion as it comes in contact with the surface atoms of the emitter.

The true form of this probability function is not known by experiment for the energy

range involved.

In order to proceed numerically a formula is required for the relationship

between the cesium condensation temperature and the cesium pressure in the immediate

neighborhood of such a surface. From this relation as a starting point, the application

of ideal gas laws permits the derivation of additional formulae for atom concentration,

atom arrival rate, and ion emission current density when every atom is converted to

an ion. These four equations are summarized as follows:

Pressure: _ 8910

o= 2.45 x10 1 1/2 e tes

3870
TT.

sm 2.45 x 10° 71/2 10 ©s x}

Atom concentration:

 8910

N. =2.37x105° 73/2 ¢ ‘cs
Cg = «2X Cs atoms/m"”

Atom evaporation or arrival rate:

_ 8910

T
Pog = 748x107 T/L &amp; TCS

Maximum ion current:

atoms lose

_ 8910

—
= 1.2 x 101° TG: e Cs amp lm

 3870
. 15-1 Tes 2

.2x10°7 Tn, x10 amp/m

3

- r

Y

»

a



Range 300 &lt; Teg &lt; 509
_ 3700

12 Tes ¢
{,=1.11x10° “x10 amp/m (€b)

The square root of the mass ratio of the cesium ion and electron is 494. This

fact combined with Eqs. 1 and 6b yields a simple formula for the computation of the

minimum cesium temperature required for the neutralization of the electron emission

which in turn is a function only of the true effective work-function and the temperature.

The equation follows:

Minimum cesium temperature in °K.

Tes ge 3700 mre
8.65 + (4,/2.3 V)-2 log, T

Since in many cases some cesium atoms will not be converted to ions, it is to be

expected that a somewhat higher cesium temperature will be needed for the complete

neutralization of electron space charge.

The expression "effective true work-function'" may need some explanation.

Generally speaking, the current-voltage relation observed in a plasma diode is one

in which the net current around the circuit increases rapidly as the applied potential

at the electron collector is made less and less negative. A typical curve then suddenly

flattens off when the rate of removal of electrons from the interelectrode space is equal

to the net arrival rate of electrons from the emitter. If, as a first approximation,

"Assumption 5" is satisfied well enough, then the electron emission observed is the

thermionic emission characteristic of the temperature of the emitter and its effective

work-function. In terms of the area a expressed in meters®; the observed current i,

expressed in amperes; and the temperature, the equation for the computation of the

effective work-function is:

$, = 2.3V (6.08 + log, a - log, i + 21log,;T)

The equation used for the ion production rate is:

1

Vo = Fes THVC
= v 1+ 1]

An examination of the researches of Taylor and Langmuir{!) shows that there

exists for the tungsten used a relation between the cesium bath temperature and the

temperature of the hot surface for 100 per cent ionization to take place at the

surface. The relation is:

r .6 Cs



For tungsten temperatures below that given by Eq. 10, a cesium film adsorbs on

the tungsten surface to produce an average work-function lower than the ionization

potential of cesium. Under this condition the ionization probability drops to less than

10 per cent. As the work-function is reduced for a given cathode temperature, Eq. 7

indicates that the minimum cesium temperature increases in order to supply enough

~esium ions for space-charge neutralization. A major reduction in work-function

is likely to create a marked decrease in ionization efficiency which would demand a

5till greater increase in atom arrival rate for neutralization. Experimental data upon

which a clear picture of these phenomena can be based seems to be non-existent.

For moderately high work-function materials (4.1 or more) it is to be anticipated

that the diode current at maximum power would increase with cesium condensation

temperature until perfect space-charge neutralization occurred. Further increases in

cesium temperature would not increase the current much as long as Eq. 10 is satisfied.

Still more cesium would cause a quick rise in current as cesium adsorption takes place

because of the lowering of the work-function. At the same time, there would be a fall

in ion production. There are circumstances, under which in spite of this fall in ion

production, space charge could be neutralized. These remarks point up the need for

fundamental research in this area.

The most qualitative description of the ion sheath model implies that if the

production rate of ions at the hot surface is in excess of (1,/494), a space-charge

sheath of difference in potential Vo will develop over a space near the emitter surface

small compared with the electron mean-free path. After injection, the electron

density required to carry a specified current will depend on Vo according to the

following relation:
I

n = 1.05x1013 !

vi/2 CR 4 1)
x7

11)

It is this electron density which is set equal to the ion density at the boundary of the

sheath. It is further assumed that the ion density at the emitter surface will be

related to the boundary density by the Boltzmann relation as follows:

Vv
Inn, -lnn = 2

’ Y

(12)

If Vo and n, are known, then a Fowler relation?) may be used to estimate the sheath

thickness. This equation is:

3

Vv
p 1,

2Ve 1/2 -r

—2) arc tan (e Vv. 1)
qn,

2

§



Limiting value for (V/V) &gt;&gt; 1

2Ve 1/2 4 v7 1/2
 kK = 3 (=e) =1.65x10" (z—) mqn n

0 0

Numerical Evaluation of Sheath Potential

Two equations have been derived applicable to the estimation of the drop in

potential across the emitter sheath for high work-function and low work-function

emitters. The results computed by these equations cannot be said to be exact but

represent more or less upper limits with the expectation that the actual sheath potential

will be smaller rather than greater than the one computed. High and low work-function

are defined relative to the ionization potential of cesium by the parameter u given as:

u= — —-

AT
(14)

If u is positive, then the work-function is higher than the ionization potential, but if

u is negative, it is lower. The equation given first applies to the positive values of u.

Case I High work-function (u &gt; 0)

V V ¢ - -

Ply (By1=9.49 - $10 sl oma-ntyzmvl- In Teg+Hy(w)(15)
v hd Cs V

[n this equation the symbol H, (u) is a function of u only and given by Eq. 16 for its
~xact value or Eq. 16a for an excellent approximation for the larger values of u.

H.(u)=u-In{(l+e ¥)-1n (u+S"

Hou =u-lnu-(1+=)e”

The series expansion represented by S' is given as follows:

S' =e ¥- leet + 3 e SU - I a

For u &gt; 2B

16)

(16a)

(1 7)

In order to simplify calculations, a table of values of H(u) good for both positive and

negative values of u is given in Appendix 1. A plot of this function is shown in Fig. 5

Note that in Eq. 15 the essential specifications of the problem are found on the

right-hand side of this equation. It remains only to choose the value of (vVy/ Vv)
required on the left-hand side of the equation to give the same value and thus lead to

the correct solution. Figure 6 has been prepared to serve as a graphical means of

relating the corresponding values. The procedure is to insert all of the essential

facts into the right-hand side of the equation, find its value, locate it on the lower

scale of Fig. 6, and identify the corresponding solution on the upper scale.
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Universal function needed in Eqs. 31 and 33. See Appendix |
for tabulated values, p. 112.
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Case II Low work-function (u &lt; 0)

V Vv é _ _

Polini (BR 41y=9.49 - 210 + Loin - 1) 42m Von To + Hy) (18)
hd 7 Cs Vv

H,(u) = u-In(l+e’)-1n(l-Le%+led ! Au (19)

Foru&lt;-

H,(u) = u-.
l

.

r
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Generation of a High Temperature Maxwell-Boltzmann Distribution of Electrons

Associated with this concept of electron injection across an emitter sheath is

the thought that the electrons will find themselves in an ionized region between the

emitter and the collector. Here it is anticipated the "plasma oscillations" will

randomize the otherwise monoenergetic group of electrons. On this assumption, it

is possible to compute the temperature which would be an upper bound for this group

of electrons. The method assumes that the total energy of the group of electrons

remains unchanged in the randomizing process. The result is:

T = 7850 (V_ + 2V)

yt 2 on
Vv = 5 (V, + 2V)

(20)

(20a)

Collision Phenomena

Many plasma diode properties depend on specific properties of cesium atoms

and in particular on the probability of electron collisions both elastic and inelastic,

ionization probability, and radiational recombination probability. Reliable data for

these atomic cross sections are almost nonexistent. The suggested values used in

this section are taken in lieu of better data. By convention, collision phenomena are

most often described in terms of a quantity misnamed as the "collision probability"

P.. Numerically Pp.’ is the average distance travelled by an electron between
collisions in a gas at 1 mm mercury pressure and 0°C. Although it is usual to

express this quantity in reciprocal centimeters, reciprocal meters will be used in

this report. The Brode*) data yield values of P, between 10° and 2 x 10° for the

general range of electron energies of interest in this application. Since the main

purpose of mean-free path calculations is to determine more or less approximate

relations between mean-free paths and diode dimensions as well as sheath distances

a value of P. =1.4x 10° will be used here. The general equation by which the collision

mean-free path may be computed is:



_ 8910 L _ _

In A, Br In Te, tz In T, InP, 24.94 (21)

A more convenient equation suitable for the present purposes including the chosen

value of P_ is:
3670 1

= = -12.8

log; gM, To + &gt; log, 4 Ty 12.86 (22)

[t is sometimes desirable to convert the quantity Pp or its equivalent to a corre-

sponding cross section. This can be done by the following formula:

P

O¢ = RR m®
3.54 x10

(23)

[n this expression the denominator is the number ot atoms per cubic meter when the

oressure is 1 mm and the temperature °C.

Similar to P_ is the "ionization efficiency" P,. If ionization is produced by low
energy electrons upon direct collision with cesium atoms, no ions are produced for

electron energies less than 3.89. Above this threshold, the efficiency rises in a com-

plex manner. Neither theory nor experiment give the functional relation that is most

suited for cesium. Experience with other atoms indicates that a linear rise with a

suitably chosen coefficient is not likely to lead to a misunderstanding of the phenomenon

of direct ionization. The general equation is:

P. = a(V_-V,) mm}

The estimated value of a is 3.5 x 10°. This value in combination with Eq. 23 gives:

Oo, = 10719 (V.-V.) n&gt; (25)

The purpose served by the knowledge of P, is the calculation of the rate of ion

production per unit volume produced by a Maxwellian distribution characterized by

the volt-equivalent of temperature V. The expression obtained is:

 Vi

 9x10 aa -nNe Ve 7 4MT
Vv

25)

As the cesium concentration in the interelectrode space is increased more and

more, it is conceivable that ionization from the resonance level could be important.

Electrons with energy in excess of 1.4 v can excite cesium atoms to this level. After

the atoms are excited, they may lose this energy by radiation to the outside of the

discharge, or they may lose it by collisions of the second kind, that is, collisions

with slow electrons. In the latter case, the density of excited atoms is almost

mdependent of the density of the electrons over a considerable range in electron



density. Suitable experiments applicable to cesium for the evaluation of this concept

have not been made. If we assume it to be true, then ionization with the addition of

only 2.5 v energy can be accomplished.

The recombination rate between free electrons and positive ions may play a part

in the plasma diode. Mohler ?) determined the recombination coefficient for an

electron temperature of 1200°K. Theoretical calculations show that if the recombination

probability is inversely proportional to the velocity of the electron and the electron

energy distribution is Maxwellian, the recombination rate is independent of the electron

temperature that characterizes the distribution. The recombination coefficient R can

oe expressed as:

dn_
a = "veTCRmR

The Mohler value for R is 3.4 x 10710 wm Jgse.

&lt;7)

Fractional Ionization in the Plasma

At the emitter sheath boundary ions are lost from the plasma region while at

the same time this loss is partially or completely compensated by ion production at

the hot surface. Assumption 5 above assumes an equality of this loss and gain. At

the collector boundary an uncompensated loss of ions occurs since practically every

ion accelerated across the collector sheath is converted into a neutral atom and returned

to the space. An upper limit to the fractional ionization in the plasma space region

is obtained by the computation based on the equality of the ionization rate and the

recombination rate. The equation obtained in this manner is:

_3.89

C= 1.96 x ty ec '- (2 + 2:89)
-r

(a)

Curve A of Fig. 7 shows the functional relation between the fractional ionization f

and the electron-volt-equivalent of temperature V_. A corresponding temperature

scale is at the top of the figure. Since there is no guarantee that the probability of

recombination is inversely proportional to the velocity, a corresponding curve has

been calculated on the assumption that the recombination probability is inversely

proportional to the electron energy. The difference between the curves is not great

and the conclusion that may be drawn is that for electron temperatures less than

3000° a very small fraction of the atoms will be ionized under equilibrium conditions;

whereas for electron temperatures in excess of 5000° a very large fraction of the

atoms will be ionized. The actual fractional ionization will always be less than that

calculated by this formula because it does not take into account the loss of ions from

the plasma across the sheath boundary.
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Fig. 7

Fractional ionization in plasma space, computed by balance of ionization
rate versus recombination rate. Curve A for recombination inversely
proportional to electron velocity. Curve B recombination probability
proportional to inverse electron energy.

Collector Sheath Potential and Dimensions

[t seems unlikely that a simple method will become available for an exact

solution of the potential distribution and charge distribution in the collector sheath

that will be adaptable to the great variety of boundary conditions likely to be en-

countered. This section will therefore deal with the general problem and offer

equations by which approximate results can be obtained. The discussion will apply to

that range in the current-voltage characteristic and to cesium pressures for which

a stable mode of operation is possible. The analysis therefore applies to the range

in voltage between the open circuit voltage and that associated with maximum power.

Maximum efficiency is likely to be close to the condition of maximum power and will

be within the voltage range included here.

Typical of the motive function applicable is the open circuit condition of Fig. 4.

At the boundary between the sheath S, and the plasma space, equal concentrations of
electrons and ions are to be found. The surface charge on the collector is strongly

negative as is indicated by the potential function. In order for zero field to exist in

the plasma, an excess of ions must be in transit between the sheath boundary and the

collector surface to exactly balance the negative surface charge on the collector.



Thus the electron density inthe sheath falls off rapidly whereas the positive ion density

falls only slightly because of the acceleration of these ions. The number of ions that

cross any imaginary boundary within the sheath is constant and is equal to the arrival

rate of ions at the collector. The easiest approximation to use to obtain an estimate

of the sheath thickness and its configuration in potential is that of the Langmuir!’

solution to the space-charge problem between the space-charge minimum and the

collector. To use this solution is the equivalent of stating that the exponential decrease

in electron density reduces the contribution of the electrons to the space charge suf-

ficiently so that Langmuir's solution for a single stream of charges is adequate. It

.s on this basis that we visualize that the plasma potential relative to the emitter in

‘he immediate neighborhood of the sheath boundary is practically independent of the

voltage applied to the collector. Thus the ion current across to the collector will on

:his basis remain practically constant and be approximately equal to the random current

of ions close to the boundary surface. This random current would be expressed as

follows:

er, 1/2
[= qf N (=x)

-19 1/2
{ = 5.05x10 f. NT,

(29)

(29a)

In this equation fy is the fractional ionization in the neighborhood of the sheath boundary

in a highly ionized plasma fo approaches 1, but close to the boundary it might be better

:0 take this fraction close to 0.5 since practically every ion that goes to the collector

will return as an atom at this boundary. It will not have had an opportunity to become

re-ionized until the atom stream has penetrated appreciably away from the boundary.
N is the total atom concentration, and the current is expressed in amp/m°. The

calculation to follow will show that the maintenance of good plasma conditions in the

immediate neighborhood of the collector sheath depends on the presence of a Maxwellian

slectron distribution characterized by a temperature of at least 43 00°K. With

temperatures as high as 5000°K the rate of production of ions within the plasma, one

mean-free path away from the sheath boundary, is more than adequate to supply the

ion current that flows out of this small volume of the plasma across the sheath to

secome neutralized at the collector surface. The following equation expresses this

palance between the rate of loss of ions across the sheath and the rate of production

of ions within a mean-free path.

Vv.

1/2 oFkT Vv V.-15 2 =3/2 - i
(50)

With the mean-free path expressed as in Eq. 31 and the constants suitable for cesium

riven just below, it is possible to solve Eq. 30 for the fractional ionization at the



surface of the collector sheath plasma space boundary.
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If it is assumed that the gas temperature Ty is 1500°K then the introduction of

a value of V_ of 0.37 gives the result that if more than 3 per cent of the gas atoms are

lonized, then the flow to the collector will exceed the generation rate within a mean-

free path. In contrast, the use of V. = 0.5 results in a solution which indicates that

94 per cent of the atoms could be ionized and still the ion generation rate would equal

he loss of ions across the sheath. The conclusion that one may draw is that if the

conditions at the emitter are such that the plasma potential is 0.5 volt or more

positive with respect to the surface potential of the emitter, then under the condition

that the surface potential to the collector is equal to or more negative than that of the

emitter, the ion production in the plasma will be adequate for the maintenance of a

stable discharge.

Concluding Remarks

All of the relations of importance presented in this report have been tested to

some extent by comparison with experiments on a quantitative basis. This does not

mean that all experiments have been analyzed in terms of these relations. It is my

nope to carry through a program of systematic application of this general theory of

the plasma diode to all existing data and to use the theory to interpret results of new

experiments which probably will become available in the near future. The most

important features of this report include the concept that in the presence of a hot

surface at a sufficiently high temperature and having a sufficiently high work-function,

ionization of cesium can be so copious that an ion space-charge sheath will form in the

immediate neighborhood of the hot surface and serve as a means of injecting electrons

into the plasma space. If, after injection, the nearly monoenergetic electron distri-

bution becomes randomized so that it can be characterized as an electron temperature

of approximately 5000° or more, a fractional ionization exceeding 90 per cent can be

maintained in the diode space. If the electron temperature is significantly lower than

this value, the ionization of the cesium will be so slight that its function will be largely

that of altering the work-functions of the conducting materials and to some extent the

.ons produced will neutralize space charge. The full development of an adequate



plasma that will be stable requires this mechanism of injection and energy redistri-

bution to obtain electron temperatures far in excess of those characterized by the

neated surface itself.

The numerical relations given to prove these points have depended upon the

interpretation of basic ionization and collision cross section data available in the

literature. A close reading of this report shows that some choices had to be made

nased on a personal interpretation of the existing data. Criticism of these choices

backed up by better data or more conclusive arguments would be very welcome.
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Appendix 1

H(u) functions used in Eqs. 15 and 18. See Fig. 5 for plot.
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Appendix 2

See Eqs. 15 and 18 and Fig. 6
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Glossary of Symbols

General Theory of the Plasma Diode Energy Converter

Area of an electron emitter, Eq. 8

Fractional ionization in the plasma, Eq. 15

Is Fractional ionization near collector sheath boundary, Eq. 30

FL Fermi level, Fig. 1

1, (u) Function of u given by Eq. 16 for positive values
H,(u) Function of u given by Eq. 19 for negative values of u

’ Current in amp. from an area a as in Eq. 8

Current density from an emitter in amp. per sq. meter, Eq. 1

Atom arrival rate expressed in amp. per sq. meter, Eq. 6

Boltzmann's constant of value 1.38 x 10723 joule/deg. Eq. 2

Kelvin temperature
Mass of cesium atom. Value is 2.2 x 10722 kg. Eq. 29

Number of electrons or ions per unit volume at the emitter sheath boundary
in number per cubic meter, Eq. 11

Number of ions per unit volume at the emitter surface Sys Eq. 12

Electron concentration in the plasma proper in number per cubic meter, Eq. 26

Total atom concentration (including ions) in number per cubic meter

Atom concentration near condensation surface in number per cubic meter, Eq. 4

Pressure in mm of mercury, Eq. 3

"Collision probability" expressed as reciprocal of mean-free path in gas at 1 mm
pressure and 0°C. Unit is (meter)~1l.

"Tonization efficiency’ expressed as reciprocal of mean-free path of an electron
for an ionizing collision at 1 mm pressure and 0°C. Unit is (meter). Eq. 24

Electron charge of 1.6 x 10719 coulomb, Eq. 2

Rate proportionality constant of Eq. 27

Surface of emitter, Fig. 1

Surface of collector, Fig. 1

Emitter sheath, Fig. 1

Collector sheath, Fig. 1

Function of u given by Eq. 17 for positive values

Time in seconds, Eq. 27

Emitter temperature in degrees Kelvin, Eq. 1
Temperature of condensation surface of cesium in °K, Eq. 3

Temperature of cesium gas near sheath boundary in °K, Eq. 30

Electron temperature in the plasma, Eq. 20
Emitter work-function related to ionization potential by Eq. 14

Potential difference between the Fermi levels of the emitter and collector, Fig. 1

Potential difference across collector sheath, Ref. 5

[onization potential for cesium 3.89 volt, Eq. 14

1



Glossary of Symbols (continued)

Voc
7

p
-

~

\

Pes
Yon

J.

D
oC

b
m

b)
B,
X

U
~

Potential difference between Fermi levels under open-circuit condition, Fig. 4

Plasma potential relative to surface potential at Sy» Fig. 1

Electron volt equivalent of the temperature T, Eq. 2

Volt equivalent of electron temperature T,Eq. 20a
Emitter sheath thickness with sheath potential V_ and concentration at
boundary of n,, Eq. 13 b

Collector sheath thickness, Ref. 5

Unit distance in meters as expressed in Ref. 5

Coefficient used in Eq. 24

Permitivity of free space of value, 8.85 x 10712 farad/m, Eq. 13

Collision mean-free path, Eq. 21

Atom evaporation rate in number per sq. meter in one second, Eq. 5

Recombination rate in number per cubic meter in a second, Eq. 27

Ion production rate in number per sq. meter in a second

Ionization cross section, Eq. 25

Surface potential of collector (open-circuit condition) relative to emitter
FL, Fig. 4

Space-charge minimum relative to emitter FL, Fig. 1

Emitter work-function, Fig. 1

Collector work-function, Fig. 1

Sheath thickness expressed in units of Xs Ref. 5

Collector sheath potential in units of Vg Ref. 5

2(



A SIMPLIFIED METHOD FOR THE COMPUTATION OF THE

ELECTRICAL PROPERTIES OF A CLOSE-SPACED THERMIONIC CONVERTER

Foreword

The electrical properties of close-spaced thermionic diodes likely to be used

as high vacuum heat to electrical energy converters may be predicted with accuracy.

This method depends on the application of accurate equations that permit the designer

to introduce all of the important factors which are: (1) the emitter temperature,

(2) the diode spacing, (3) the collector work-function, and (4) the emitter work-function.

Although tables and plotted curves may be used, all calculations may be carried through

quickly with only a good slide rule. Results on seventeen different configurations are

compared with the "exact' digital computed solutions obtained by Rittner'?). This

paper was originally prepared for publication simultaneously with Rittner's paper-

It is hope that this medium of publication will make the results of this study available

:0 most of the workers interested in this development. Reprints will be made available

on request.

Introduction

Two publications!) have been made by the author on the subject of electrical

properties of high vacuum thermionic diodes used as heat converters. The scope of

those papers was limited by the requirement that the equations be applied only to diode

configurations in which the electron emitter could be approximated by one having

"unlimited emission capability." For thermionic converters that must function at a

maximum temperature of about 1500°K, the dispenser cathode seems to hold great

promise. Rittner'? has demonstrated, by his detailed and exact calculations applied

to close-spaced diode configurations having limited emission capability, that my

sarlier equations predicted greater power conversion than can be realized practically.

[t is the purpose of the present paper to call attention to the tables and computational

methods outlined in Thermionic Emission®®’ and show how they may be applied to the

analysis of the electrical properties of close-spaced thermionic converters having

practical cathodes. These methods permit the user to predict the anticipated perfor-

mance of any design configuration likely to be of practical interest. The maximum

error need not be more than 4 per cent with a good slide rule as the only computational

tool needed.



General Outline of Procedure

Important symbols needed for this

discussion are illustrated graphically in

Fig. 1 which shows the electron motive

diagram for a diode of actual spacing w-

This diagram applies from the Fermi level

of the emitter through the work-function

barrier é, just at the surface of the emitter,
Electron potential distribution with critical j.pogs the evacuated space to the surface of
condition of zero gradient at the collector.

the collector, and then inside the collector

to its Fermi level. The controllable voltage V has been adjusted to Vr so that the

space-charge distribution of the electrons in transit results in exactly zero field

coinciding with the surface of the collector. Under this condition the current density

carried from the emitter to the collector is In: The following equation gives the

absolute maximum value of electron current Ia that can flow across a diode of spacing

w from the emitter at a temperature T under the condition of zero field at the collector.

20)

_12 13/2 _6 v2?
: 7.729x10712 I = 9.664 x 10

WwW

v. = kT __T
T = gq = T1600°

1)

2)

In this equation the current density will be in amp/cm? if the distance w is expressed

in centimeters. The true value of In is always less than I, since the actual potential
distribution in the space is that associated with a diode of augmented spacing shown

in Fig. 1 as 8. The following equation relates these quantities and defines a new

parameter 22.
w’_ 2 _R

&gt; =z =71— -
3 m

'3)

The true zero field emission capability of a cathode is determined by its temperature

and the value of the true work-function é- This emission, often known as the

'saturated emission," can be computed accurately by:

-¢./V
= 120me + T

[hese quantities may be related by the following equation

Pr ~ 9

Io 2 Vor
— = 2 e
m

7
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The Langmuir space-charge theory applied to the relation in Eq. 5 as presented in
Sect. 43 of T.E. permits the computation of the correct value of 2° as a function of

IL) An abridged table of values is given here in the Appendix as Table 3 and the

graphical presentation of the table is shown as Fig. 2.

Since interpolation between entries of the table is often less convenient than

the use of empirical equations, a ''slide rule" method of evaluating 2° with accuracy

generally better than 2 per cent is given by the following equations:

Apply only to range I
1.5&lt; = &lt; 100

hoe]

0.840

Apply to range

J

tan | log
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+ 1.433

I

9-10.41 log, 1
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Procedure for the Computation of Properties

Step 1: Compute the ratio (I,/1) from Eqgs.
1 and 4 and record the logarithm of

this ratio..

Evaluate the appropriate 2° and use

it as in Eq. 3 to determine Ip.

Step 3: The value of Vir (see Fig. 1) may be
computed as follows:

I

Vp = ¢, + Vp lnT— - 4, (8)
R

Step 4: Evaluate the ratio of (Vp/ Vag)

Figure 3 shows schematically the motive diagram for the diode delivering

maximum power. If V is the voltmeter reading that indicates the separation between

the Fermi level of the emitter and the Fermi level of the collector, there will be a

sarticular value of V, namely Vor for which the maximum power can be delivered to

an external load. The following equation defines a symbol used in Table 9 of T.E.

S' = (Vg - V/V : (9)

f the emitter had had unlimited emission capability a change in collector voltage AV

~elative to that required for the current I, to flow is defined by

AV
2 =v (10)

The collector current density Ip received at any value of 2X is related to La by a
amiversal function in which

I

==U= to (})
m

 )

This functional relation is tabulated in Table 8 of T.E. and an abridged listing is given

here as Appendix Table 4.

A similar relation may be expressed for the actual current density (I) delivered

from an emitter of limited capability

= = a = f(S') .
r

For these purposes, emission capability is best expressed as

fo _ 2
LE

a

1.

2)

\



Thus ug is the factor which relates the zerofield current from the emitter to the

actual critical current In obtained with zero field at the collector. ,
Analysis shows that for all values of u'&lt; use, that is 0.3769 us the

universal function fol Sy ) = f(S'). The correction even under the high current demand

of we = 0.3769 u’ is less than 1 per cent. If ul is greater than 0.3769 ul, an addi-

tional correction is needed as discussed later.

The meter voltage V is related by

Vv

V= Vp be m3) 1)

The current at any value of © is

_

1=2"1_fp(Y). 5)

The power delivered is

Vv
2 R

P=1IV =z 9 Vo [to (3) Vv. -3 |

The universal function for the quantity in the brackets of Eq. 16 is

Vv
2 ,'R

[I - U (= - &gt; ) .
mm

4)

(17;

This relation may be evaluated as a function of 3 for any specific value of V/V

Typical evaluations are shown in Fig. 4.

60

140

4
~~

Fig.

Values of [I as a function of 3 for selected values of (VR/V)

of 4 to 20 and curve I is (Io/L,) of Table 4. Appendix.



For each value of (V/V) it is of special interest to know the value of 3
that gives the maximum [I .

Two methods have been used to obtain the value of 2 very close to the maxi-

mum in [I . These may be applied best to specific ranges,

Range limits: Vv
R

1 &lt; g=&lt;20

VrJf -— pu

Smax 2 max = 0.556 wv;

Range limits:
Vv

. . R

&gt; CT g— &lt; 20

Vv 2
= v)0.

max T

Step b:

Range limits: )
.

V

Ri

The value of J is first calculated from Eq. 18 and the value of ys is deter-
max max

mined from Table 4 (Appendix) by interpolation.

An alternative method good for most purposes uses the following approximate

formula which is correct to better than 2 per cent up to 2 = 100.

2 m
Ynax = 1+ 2 max te (2 max) 20)

Range 0.5to 5; c¢c = 0.08; m = 1.85 Range 4 to 15; ¢c=0.1; m=1.7

Range 10 to 100; ¢ = 0.11; m = 1.65

The voltage output at maximum power is

Vv
_ RVo = Vip (2) -3 max | \C

The current is
2

[ax = In Ul ax

Vv
~ 172 R

Oma = LL ~. 2 max)

eo _=1___ V.=1I,V,U° CR 3
max max 'O "R 'T “max Vo max

22)

23)

ro.
\ &amp;
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Computational chart for determining a as a function
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of Yona for various PB values.

Step 6: An additional correction is needed with emitters of very low capability which

depends on the use of Table 9 of T.E. The range of ul which calls for this step

is identified by:

J &gt; 0.3769 u” .
max oO

(25)

With the help of the curves shown in Fig. 5, it is possible to convert the computed

value of us to a similar quantity directly usable in Eqs. 22 and 23 which is

defined as u The relation between these quantities serves to define the required

multiplying factor a.

~ = a u
max max a

[In order to use Fig. 5, a second parameter is needed which is defined by:

2

Uinax
—— = B .

u
[o]

Li

The method of using the curves is the following: In Step 5, the value of us was

determined and ul serves to define the emission capability as in Eq. 13. The ratio

determines f as in Eq. 27. The lines in Fig. 5 correspond to different values of 8.

I'he bottom line marked ''limit'" is the one which corresponds to a p of approximately

1.3. For any value of us and B value between the limit of about 1.3 to 0.3769, a

suitable value of a can be selected from the coordinate system. Thus for a value of

SS of 3 and 2 B value of 0.7, the best value of a is 0.945. Equation 26 yields

then a value of uo. of 2.84 to be used in Eqs. 22 and 23.



Discussion

There is no better way of illustrating the usefulness of these equations to the

designer of a high vacuum thermionic converter than to apply them to the seventeen

different converter configurations computed so accurately by Rittner(?) for limited

emission cathodes. The first four columns of Table 1 describe the configuration

parameters set by Rittner. Columns 5 through 12 record the results of the application

of the equations given here and constitute the necessary working entries required for

the computation of the electrical properties of these diode configurations. Table 2 is

a continuation of Table 1 with the configurations identified by number only, in which

numerical values are given for the most essential factors used in the computation of

the current, voltage, and power associated with operating conditions which give the

maximum power. Columns 8, 10, and 12 record the values of current, voltage, and

power computed by Rittner's "exact' method. Whereas columns 7, 9, and 11 record

results I obtained by the approximate method outlined here. Note that in all cases

the agreement is remarkably good.
This favorable result is to be contrasted with that indicated in his table which

records the computations he made by his applying equations suitable only to unlimited

emission cathodes. He ignored the fact that all of the correct equations and tables

were in T.E. The basic difference between the calculations which he made dependent

on my earlier approximate method appears quantitatively in column 8 of Table 1.

The specified emitters yield 2° values that range from a minimum of 0.488 to a

maximum of 0.933. The "unlimited emission capability" theory offers a means of

computation when the 2° value is completely unknown and, assumed for the purpose

of calculation, to be 1.0.

The conclusion to be drawn is that a designer of a thermionic converter may

set boundary conditions in terms of dimensions, temperature, and work-functions and

compute very readily after a very few minutes of systematic calculation the electrical

properties of such a converter with an accuracy which is far better than his ability to

construct a converter that meets his specifications.

The reverse process is also important to the designer in that these equations

permit him to analyze experimental results so as to use them as a means of deter-

mining the actual configuration which he has built without a destructive physical

examination.
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Appendix. Table 1

Computed Electrical Properties of Diodes

Configuration Parameters Identical To Those ofRittner(?)
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Appendix. Table 2

Continuation of Computed Electrical Properties of Diodes

Summarized Results. Direct Comparison with Rittner's "exact' values
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Appendix. Table 3
. 2

Relation of z° to (I,/1)

Abridged from Table 4 of T.E., p. 16]
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Appendix. Table 4

Relation defined by Eq. 11

Abridged listing from Table 8 of T.E., p. 165
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[HE THERMIONIC DIODE AS A HEAT-TO-ELECTRICAL-POWER TRANSDUCER”

(introduction

The thermionic diode is a heat-to-electrical-power transducer if a fraction of the

heating power required to maintain the emitter at a constant temperature can be re-

covered as useful electrical power in the external circuit that joins the electron col-

lecting electrode to the emitter. The two broad classes of this device are known as

‘he high vacuum diode and the plasma diode. The main purpose of this paper is to

discuss the theoretical background by which the performance characteristics of the

nigh vacuum diode can be evaluated in terms of the three most important parameters

which are: 1. the temperature of the emitter; 2. the spacing between the emitter and

the collector; and 3. the work-function of the collector. It will be shown that the work-

*unction of the emitter is not critical in most transducer designs of practical importance

I'he necessary detailed technical information to predict the operating characteristics of

a "plasma diode' converter are not available at this time. A rather superficial exami-

sation of this diode indicates that the emitter work-function will play a far more impor-

tant part, even though always secondary to that of the collector.

All of the basic information on which the theory of the high vacuum diode depends

was published by W. B. Nottingham in "Thermionic Emission" (1) 11 this article the

ireatment of the space-charge problem differs from that developed by Langmuir and

sthers only in the choice of the basic reference used to relate the results of computation

to the boundary conditions of an actual experiment. Specifically, the reference condition

of importance is that associated with the coincidence of the "space-charge minimum"

with the collector surface. For this idealized situation to be realized in practice, the

work-function of the collector must be uniform. Failure to achieve uniformity can

generally be recognized as a measurable and systematic deviation between experimental

results and the predictions of the idealized theory.
Many of the details on this subject are covered in a recent article?) It is the

purpose of this report to review some of the facts already covered and supplement

them with additional data and discussion.

Current-Voltage Characteristics of the High Vacuum Converter

A diode may be constructed with plane parallel electrodes and, after suitable

processing, connected in a circuit similar to that illustrated by the insert in Fig. 1.

The voltmeter indicates the applied voltage V_ and the electron current is measured
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as a function of the applied potential. Even if the diode is constructed to have no

appreciable ohmic leakage over surfaces that support the emitter and the collector,

it may be necessary to correct the observed currents for any photoelectric or thermionic

emission that flows in the opposite direction to the thermionically emitted electrons

from the "emitter." After these corrections are made, a plot may be prepared in the

manner shown in Fig. 1 to record the logarithm of the electron current as a function of

the applied voltage. Over many orders of magnitude of current, its logarithm will be

a linear function of the applied voltage. This is the "retarding range." At a critical

value of the applied potential designated Vis this linear plot joins tangentially to a
curve characterized by the "space-charge range." It is not easy to identify this point

of tangency by inspection. The plotting of the data according to a method to be de-

scribed permits the observer to compare his observations with a universal curve to

establish with considerable accuracy the value of Vp and the current flow at the point

of tangency identified here as ie
Accurate data taken in the retarding range serve as the best means of deter-

mining the true electron temperature of the emitter. Equation 1 serves to define the

relation between the temperature T (Kelvin scale) and the electron-volt equivalent of

temperature Ve

x _ T
Veo = 5 T = 1T500 iy|

The basic equations for the relation between the current and the applied potential are

given in the direct and the logarithmic forms in Eqs. 2 and 3.
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The constant i, in these equations is an empirical constant and has no further signi-

ficance. A plot similar to Fig. 1 permits one to establish the best straight line to

represent all of the data taken in the retarding range. Any two points on this line

serve to determine the electron temperature by the following equation:

7 u V2 Vv; _T
- 2.3log,,(L/L)~600T 3 °g10 L/1, 11,00

i

The critical condition, referred to at the applied potential Vr that divides the

retarding from the space-charge regions, corresponds to a potential distribution

retween the emitter and the collector represented schematically by Fig. 2. Note that

the work-functions of the emitter and the collector are respectively é, and $, and

that the voltmeter reading Vr corresponds to the displacement of the Fermi level of
the collector with respect to the Fermi level of the emitter and is, therefore, a

directly observable quantity. If the applied potential is more negative than this amount,

then even though some space charge exists between the emitter and the collector, it

nas no influence on the electron current which can flow across the space w.

Under the critical conditions shown in Fig. 2 the electrons in transit between

the emitter and the collector set up a potential distribution like that shown with zero

field at the surface of the collector. Since the displacement of the Fermi level of the

collector to a more positive value than this critical one results in the creation of a

"space-charge minimum' between the emitter and the collector, this critical situation

therefore corresponds to a space-charge minimum located a distance w from the

emitter and therefore coincides exactly with the surface of the collector. Figure 2

shows the energy difference between the space-charge minimum and the Fermi level

of the emitter to be bp An important relation was derived in "Thermionic Emission"!

oetween the current density Ls the temperature T of the emitter; and the spacing w
subject to the condition:

(4. = $,) &gt;V, 9]

The universal equation which gives this relation is:

12 13/2 -6 vy? z
on = 7.729x10 — = 9.664x10 — amp/m

| b=
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Since Eq. 6 is such an important one in many problems related to thermionic

emission and space charge, a nomographic chart has been prepared and is presented

here as Fig. 3. This chart may also be used to find the distance from the emitter to

the space-charge minimum at w when it is less than the diode spacing.

The left and the right scales correspond to the temperature and the spacing

respectively. Note that the right-hand side of the spacing scale expresses w in microns,

whereas the left-hand side of the scale expresses it in centimeters. Since 100 microns

and 0.01 centimeters are the same, it is clear that the chart is applicable to the entire

range of spacing from 1 micron to 1 centimeter. The current density scale corre-

sponds to the spacing scale in that the densities expressed in amperes per square

centimeter on the right-hand side of the line correspond to the use of spacings between

1 and 100 microns. For the larger spacing up to 1 centimeter the current density units

are given on the left-hand side of the scale and range from a maximum of 10 milliamperes

per square centimeter down to 0.1 microampere per square centimeter. As an example

of the use of this chart, note that a diode of 1 mm spacing operated at a temperature of
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Potential distribution with maximum power in load.

1160°K has a current flow of only 30.6 microamperes per square centimeter under the

critical conditions of zero field at the surface of the collector.

Shown in Fig. 4 is the master curve used in conjunction with experimental data

to establish the most suitable choice of Vr and the corresponding current density IL.
It is defined by the relation L, = (i,/a) in which a is the area of the emitter. The

application of this curve to experimental data is illustrated in Fig. 5. The electron

temperature chosen as the best value consistent with the experimental data was 1535°K.,

The critical current density L of 0.42 amp/ cm? may be related to the spacing w by

Eq. 6 or graphically by means of Fig. 3. The spacing thus determined is 10.5 microns.

The diode used for this study had an adjustable spacing and had been set for 10 microns.

The scatter of the points in the retarding range would have been smaller if more precise

control of the emitter temperature had been maintained during the period of observation.

Power to an External Load

Figure 2 illustrates a potential distribution in a transducer in which the power

available to an external circuit is the product Valg: This seldom represents the maxi-

mum power available from a high vacuum transducer. The potential distribution

illustrated by Fig. 6 shows a situation in which the output voltage has been reduced

from Vr to Vor As this change in output voltage takes place, the barrier across

which the emitted electrons must travel is reduced from bg to ¢' and, subject to the

condition (¢' - é;) is greater than V.., the current flow around the diode increases

according to the relation

- (hibp ~ 9
| Vm
LL = ie

m
(7)

Since the power is the product of Vo and i, the power available increases to a maxi-

mum and finally falls to zero when Vo is zero. Space-charge theory permits one to

establish a universal relation by which the power output may be computed from the

parameter (V5/V.p.).
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As Vo becomes smaller than Vo it is convenient to express this change in
output voltage in units of V,,. This change is expressed by 2 defined by Eq. 8.

T - Vr "Vo
=

2

This equation rearranged to express the value of Va is

VR ooVor Vi|vE-T J |

The power per unit area is the product of the current density and the output voltage and

is written as follows:

1 VR 1A a 8
m

(10)

Since 2 and the ratio (1/1) are uniquely related to each other as shown by Table 8
of "Thermionic Emission." the factor of Eq. 10 enclosed within the square brackets



may be computed as a universal function for any selected value of (Vg/Vor). The

bracketed quantity defines the dimensionless parameter [I and is

Vv
I R

O=1t&amp;-2 11)

Figure 7 not only shows the numerical relation between ¥ and the current ratio

u? = (1/1) but it also shows the relation between [I and Z£ for nine different values

of (V/V) from 4 to 20. Each of these nine curves has a maximum located very close

to the vertical markings shown in Fig. 7. That is, for any choice of (Vg/Vp) between
these values, the 2 ox for maximum power can be determined. Curve I of Fig. 8

shows this relation. Also in this figure is a plot shown as curve II of the current ratio

ul at the maximum. With these quantities known, they may be combined as in

Eq. 11 to establish a unique relation between II OE and the important parameter

(V/V) The fact that a simple "square-law" relation between these quantities

exists could not have been predicted analytically since such a relation is not precisely

correct for all values of (VR/VT) from zero to infinity but is substantially correct for

the range from 4 to 20, which is included by the calculations. Proof of the square-

law relation depends on the fact that a plot on logarithmic paper ofII max 25 2 function

of (V/V) is well represented by the straight line of slope 2 shown in Fig. 9. The
aquation for this straight line is:

Vg ©
ax = 0.385 v2)

The power delivered to the external load is expressed by Eq. 13 and the combination

with Eqs. 6 and 12 in this form gives Eq. 14.

= Im Vp 0. 13)

v2
- -6 1/2 "R

Pp. =3.7x10° vk 5 (14)

Equation 14 is very important to the designer who wishes to obtain the maximum

power since it brings out very clearly the importance of small spacing. The need for

a high value of Vr is also important. Since this critical voltage Vr is strongly influ-
enced by the work-function of the collector, it is of the utmost importance that the

collector work-function be as low as possible in order to increase Vo for any given

configuration and emitter temperature.

The current density at maximum power is given by

Vi 4/3 +»
— L, 10 (v2) | oy }
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Che output voltage at maximum power may be computed by

VR
0.383 (vr) V

; Vo R
out Vr 173

1+0.31 (g—)mm

4 4

[t follows from these two equations that the current at maximum power is strongly

nfluenced by the spacing, whereas the output voltage at maximum power is independent

:0 the spacing.

Since the critical current density as given by Eq. 6 is a unique function of the

emitter temperature and the spacing, it is possible to write a single relation between

temperature and spacing for the quantity illustrated in Figs. 2 and ¢€ and defined as

Pps This relation is

1
Br = 2.3 V, (17.2 + ~&gt;1log,o T +2 log, w) (17)

In order to determine the electron cooling of the emitter, it is necessary to know

‘he quantity ¢' defined by the illustration in Fig. 6. For any value of 2 there is a

inique value of (I/1) as shown graphically in Fig. 7 and tabulated in Table 8 of

'"Thermionic Emission." Equation 18 serves then as the means for calculating ¢'-

I
 Tr J aye

$' = $n 2.3 Vopr log; 4 I
m

[he electron cooling per unit area is then calculated as follows:

P,=1¢'+2V,)

(18)

{ i J)

Efficiency

At the present state of engineering development, the efficiency of the transducer

is usually calculated rather than measured. Radiation losses even when minimized as

far as possible represent a major input to the device. Electron cooling can be of

dearly comparable importance. The useful power output may be diminished by electri-

cal resistance losses in the connecting circuit elements. With these uncertainties it

is nearly impossible to compute true efficiencies and in fact the approach to some ideal

will depend on many design features. An optimistic expression for efficiency is given

oy
off = Pout

= P_ + Pp,
(20)

The power output is divided by the sum of the radiation loss and the electron cooling.

(f the only radiation loss is from the emitter to the collector, and this loss is inevitable

then no practical design can be expected given efficiency greater than that described by



this equation. Based on a very approximate method of calculating the minimum radiation

loss, the following table has been prepared.

br
pt

(V. / Vv
RY
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In order to compare the predictions of theory with experiment, a calculation

was made to determine the efficiency of a diode spaced at 10 p as a function of output

voltage. Also the power per unit area was calculated as a function of output voltage

The efficiency was calculated according to Eq. 20 with the radiation loss figure Pp.
thought to be applicable by Hatsopoulos and Kaye®?) so that a comparison could be

made with their experimental values. The two calculated curves are shown in Fig. 1C

by the solid line for efficiency and the dashed line for power. The dotted line is a

smoothed-out representation of the experimental results obtained by Hatsopoulos and

Kaye. The purpose of this figure is to show the excellent agreement between theory

and experiment in order to support the statement that the equations presented in this

report can be relied upon to predict the performance characteristics of the high vacuum

diode as a heat-to-electrical-power transducer.

Conclusions
An important consequence of this presentation is that little or nothing needs to

be said about the work-function of the emitter except that covered by the inequality

@' = oN 2 Vm (21)

That this is the only requirement which one needs to impose on the cathode work-

function is not obvious unless a careful inspection is made of Table 9 in "Thermionic

Emission in its relation to Table 8. Figures 16 and 17 of ""Thermionic Emission"

show the graphical representation of this fact and prove that Eq. 21 is the most

important criterion as to whether or not the emitter has a sufficiently low work-function.



In the plasma transducer, heavy ions of low kinetic energy can be trapped in the

potential minimum illustrated in Fig. 6. The presence of one ion can effectively

cancel the space charge of many hundreds of electrons in transit. The important

point is that when the ion density equals the electron density, the ion current is a

very small fraction of the electron current.

[t seems evident that cesium vapor is the most suitable gas available for use in

a thermionic diode transducer. It has a very low ionization potential of 3.88 ev. The

density of gas atoms can be controlled either by limiting the total number available or

by controlling the temperature of the excess cesium present in the liquid state. Cesium

adsorbs to most metallic surfaces and in general reduces their work-function. Thus,

an adsorbed layer of cesium of suitable thickness can possibly give the lowest work-

function collector available for this purpose. In order for the maximum current to

flow across a diode in the presence of cesium vapor, partially ionized, the work-

function of the emitter must be low. Such a situation would not of necessity give a

good transducer because even though the current might be high, the output voltage

would be low. As the effective resistance in the output circuit is increased, the

voltage drop across the load increases and the current decreases. The plasma potential

thus tends to follow the potential at the surface of the electron collector and the current

is reduced because there is an electron "retarding potential" in the immediate neighbor-

aood of the emitter. The surface potential of the emitter is positive with respect to the

plasma and an ion retarding sheath exists there which inhibits the loss of ions to that

electrode and encourages ions that might be formed from neutral atoms at the surface

of the emitter to enter the plasma.

Although many details remain to be filled in, it may be stated again that as far as

the operation of the transducer is concerned, the work-function of the emitter is

relatively unimportant. Insofar as the emitter may at the same time be the means by

which cesium atoms are converted to cesium ions, the efficiency of this conversion can

oe expected to be work-function sensitive. The future research in this field, therefore

should be directed toward a better understanding of the most efficient means of pro-

ducing the required number of ions to maintain a plasma. That may be done at the

2lectron emitter itself or at some auxiliary high-temperature electrode.

In spite of the low efficiency of the high vacuum transducer constructed according

{0 presently established techniques, a development of new techniques and the introduction

of cesium can very well bring the device to a state in which it may serve as an important

method of converting heat to electricity.
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