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SECTION 1

INTRODUCTION

This is the first semiannual report of progress under NASA Contract
NAS7-514, an 18-month program to improve the output performance of

low temperature thermionic converters (i.e., emitter temperature less
than ZOOOOK) by a systematic investigation of optimized interelectrode
spacing and of electrodes yielding a low work function collector.
Vapor-deposited rhenium has been selected as the first candidate mate-
rial, since in a deposit with a preferred orientation of (0001) rhenium
should have the highest bare work function of the elemental, metallic
surfaces. Those materials possessing a high bare work function have
experimentally demonstrated a low work function in the cesium covered
condition. To characterize the uniformity of the vapor-deposited
rhenium surface, the EOS thermionic emission microscope has been modi-
fied to operate at higher temperatures and magnifications. In addition
to surveying the surface uniformity, the microscope is being modified

to include measurement of the work function of individually selected

grains. To supplement the microscope study, a vacuum emission vehicle

of guard-ringed design will be utilized to measure the average bare
work function of selected surfaces. From the results obtained on these
two devices, vapor-deposited rhenium emitters which demonstrate the
highest bare work function, and the highest degree of preferred orienta-
tion and surface uniformity will be selected for further evaluation in

a variable parameter test vehicle.

The test vehicle evaluation will consist mainly of three areas of
investigation. The first will be the measurement of a minimum cesiated
work function. Second, the voltage output versus interelectrode spacing

will be measured and compared to the recently acquired data from

7118~-8A-1 1



polycrystalline rhenium. Finally, the test vehicle will be instru-
mented and tested as a thermionic converter for optimized performance,
particularly in the low emitter temperature region. The results from
these three sets of measurements will in turn be applied to the design,
fabrication, and test of high performance low temperature cylindrical

converters. ’

The work accomplished to date on this program is summarized briefly:

a, The EOS variable parameter test vehicle has been demonstrated
to be sufficiently versatile to operate at wide spacings and
low emitter temperatures without extensive redesign.

b. Reproducible data from converter hardware and test vehicles
have substantiated the hypothesis that a higher bare work
function material yields a lower cesiated work function.
And, of equal importance, a lower collector work function
ylelds correspondingly higher power output. This increased
power output in the case of low temperature thermionic con-
verters can exceed 30 percent of presently available power
density output achieved with the more usual cesiated
mo lybdenum collectors.

c. The pressure-distance or '"pd" product of 16.0 * 0.8 mil-torr
is independent of emitter temperature or collector material,

d. Two ultra high vacuum devices have been designed and fabri-
cated for the purpose of characterizing and assessing the
quality of vapor-deposited rhenium surfaces prior to commit-
ting them as electrodes in a thermionic converter. Essen-
tially two types of measurements will evolve from these
devices: qualitative thermionic emission images of the
electrode surface which will indicate the degree of surface
uniformity, and quantitative measurements of the electrode
work function.

A separate task devoted to the theoretical analysis of the experimental
data supplements these experimental investigations. During this report
period the analytic effort has been devoted to examination of the very
close spaced cesium thermionic converter which operates in the space

charge mode with dual emitting electrodes. This analysis 1s being

7118-5A-1 2



extended to larger spacings to describe a thermionic converter operat-

ing in the preignition mode. Subsequent effort will be devoted to

the region of onset ionization, positive column formation, and the
collector sheath.

7118-5A-1



SECTION 2

ELECTRODE MATERIALS EVALUATION (TASK I)

Two special-purpose devices are being assembled to evaluate candidate
electrode materials., The first device, a vacuum emissipn vehicle,

has been designed and built to measure the average bare work function
(effective) for selected emitters of vapor-deposited rhenium. The
second device, the EOS thermionic emission microscope, has been modi-
fied to include a special lens and high voltage section to examine

the fine grain structure of vapor-deposited rhenium. 1In addition, a
Faraday cup will be incorporated into the emission microscope for the
purpose of measuring the work function (effective) of individual grains.
For a large number of grains, the average value of these individual
measurements will provide a comparison to the average measurement from

the vacuum emission vehicle.

The design of these devices allows for transfer of the entire emitter
subassembly from one vehicle to the other. Therefore, characteristics
of a selected emitter surface will be measured and observed in both

devices before being committed to a variable parameter test vehicle.

The major effort on this task has been in the design and fabrication
of the two vehicles. The follewing subsections describe the design
goals, special fabrication considerations and operational features of

both devices.

2.1 THERMIONIC EMISSION MICROSCOPE

Figure 2-1 is an assembly drawing of the modified microscope indicating

the location of the Faraday cup and high magnification lenses. 1In its

7118-5A-1 5
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completed form, the emissioun microscope will be capable of 1000X mag-
nification, 0.1 micron resolution, and cathode temperatures of 2000°K
in a vac-ion pumped environment of 10-8 to lO-9 torr background pres-
sure. Figure 2-2 is a photograph of the thermionic emission microscope
structure with the various components of interest identified. The '
structural material is stainless steel type 304 flanged together with
Varian-type fittings and mounted with high voltage Alite insulators

to permit complete bake-out before operation. The microscope, as
assembled on a 140 1/sec vac-ion pump, has been checked for stray
magnetic field intensity. The presence of a 2 or 3-gauss magnetic
field could disturb the electron beam trajectory and result in poor
quality images on the screen. A gauss meter (R.F. Lab, Inc.) measure-
ment in the microscope interior shows a 0.15 to 0.25-gauss field which

is essentially the Earth's magnetic field.

Figure 2-3 describes the axial potential distribution of the modified
lens system. The cathode is heated indirectly by electron bombardment.
In turn, the thermionically emitted electrons are drawn through the
grid and accelerated into the screen section. The aluminized screen
was purchased from the Video Color Corporation as a nonbrowning phos-
phor screen which will withstand 30 kilovolt electron bombardment. As
indicated in the figure, a beam decelerating collector is used in con-

junction with the Faraday cup.

Figure 2-4 is a photograph of the high temperature tantalum grid, the
copper grid mounting plate, and two of the stainless steel lenses.
All corners and cutouts in these parts are fully contoured to reduce
high local fields and the accompanying possibility of field emission.
The lenses contain a central aperture which is nominally 0.080 inch
diameter with a #0.002 inch tolerance. However, the ellipticity of
the hole is critical to the focusing action of the lens, and a round-

ness tolerance of 0.0004 inch is required for minimum aberration of

7118-8SA-1 7
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LENSES

GRID MOUNTING PLATE

FIG. 2-4 LENSES, GRID, AND GRID MOUNTING PLATE FOR THERMIONIC
EMISSION MICROSCOPE
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the beam. A precision gauge company will provide the finish honing,

inspection, and certification of these apertures.

2.2 VACUUM EMISSION TEST VEHICLE

The second phase in the characterization and evaluation of vapor-
deposited rhenium electrode surfaces will consist of measurements of
their vacuum thermionic electron emission. These measurements will
be performed in a guard ring, planar emission vehicle under ultrahigh
vacuum conditions. The specific purpose of these measurements will
be to obtain the average Richardson and effective work function via

Schottky plots.

The vacuum emission vehicle has three major components: emitter sam-
ple stage, guard ring, and collector. The sample stage is designed to
accommodate the same emitters used in the thermionic emission micro-
scope and will have provisions for heating the sample by electron bom-
bardment to over 2100°C. Sample temperatures will be measured by a
calibrated optical pyrometer focused in a 10:1 hohlraum located in the
side of the sample and parallel to the emitting surface. The sample
stage will be operated at a below-ground potential during the emission

measurements.

The collector electrode is mounted parallel to the sample at a spacing
of 40 mils or less, and will intercept the electron emission from the
central 2 cm2 of the emitter surface. Due to Ehe anticipated high
work function of vapor deposited rhenium, the electron emission may
not exceed more than a few milliamperes at the highest temperature.
Consequently, the applied potential required for saturation will be of
the order of 10 volts. However, to define the Schottky line, it is
expected that the applied voltage may approach two kilovolts. It is
anticipated that the Schottky enhancement of the saturated current at

a spacing of 40 mils will be only about 20 percent.

7118-5A-1 11



The collector is heated directly by radiation from the sample and by
emission electrons dissipating energy gained from the applied field
between emitter and collector. At the highest voltage and current
levels, this amounts to over 50 watts which will be rejected thermally.
The present design of the collector structure includes a radiation fin
with approximately 80 cm2 coated with Rokide 'C'". This radiating area
will adequately control the thermal balance of the collector and allow

it to operate at temperatures less than 500°C.

The guard ring is spaced concentric to, and about 5 mils from, the
collector as indicated in Fig. 2-5. It covers the area of the sample
not covered by the collector. The guard ring also will be provided

with a radiator fin which will operate at about 500°C.

The electron emission currents to the guard ring and collector will be
metered independently. The electrical leads to these components will
be operating at potentials within a fraction of a volt of the ground
potential. This type of operation minimizes the possibilities for
systematic current measuring errors due to leakage. To further mini-
mize leakage currents across the mounting insulators, a null circuit

has been devised which guards the collector current leads.

7118-SA-1 12




FIG. 2-5 VACUUM EMISSION VEHICLE MOUNTED IN TEST FIXTURE
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SECTION 3

ELECTRODE MATERIALS EVALUATION (TASK II)

As a starting point for this investigation, a variable parameter test
vehicle previously built and tested by EOS for high temperature therm-
ionic performance was operated at lower emitter temperatures (i.e., from
13270C to 17350C true hohlraum) to establish the test vehicle usefulness
outside the range of the original design goals. This test vehicle

which was designed to operate at 200 to 400 amperes, steady-state, and
interelectrode spacings varying from 0.0001 to 0.015 inch has been

described elsewhere (Ref. 1, 2).

Figure 3-1 displays the relatively massive structure of the test vehicle
necessary to accommodate the high current loads. In the absence of
such current loads, the possibility existed that the collector might
not operate at a high enough temperature to permit full optimization.
Moreover, even if the collector temperature could be optimized, it
was possible that some portion of the vehicle proper such as the seals
or guard ring structure would operate at a temperature near or below
the cesium reservoir temperature and preclude control of the cesium
vapor pressure. Finally, and perhaps most critically, the question
remained whether or not the single-convolute niobium bellows was
capable of 0.020-inch excursions, a spacing arbitrarily selected
which would enable power output optimization at emitter temperatures

as low as 12500C.

From the data presented in the following paragraphs, it has been well
established that the original design of the test vehicle accommodates
an adequate range of variation in thermionic parameters for the purpose
of this investigation. Summarized, the range of operation from these

test vehicles has been:

7118-SA-1 15
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1735°C to 1327°C true hohlraum (although the

emltter emitter was operated in excess of 2150°C during
rhenium evaporation processing of the collector)
o} ) o
TCollector 480°C to 1000°C
Spacing - < 0.0001 to 0.026 inch
o o
Tcesium - 127°C to 503°C
2 2
qurrent - 2 A/cm” to 180 A/cm

The initial design of the EOS variable parameter test vehicle has thus
provided the present program with a high-precision, high-reliability
design for characterizing the low emitter temperature (i.e.,< 2000°K)

region of converter operation.

3.1 INTERELECTRODE SPACING AT LOW EMITTER TEMPERATURES (< ZOOOOK)
FOR THE RHENIUM-RHENIUM/MOLYBDENUM ELECTRODE SYSTEMS

It was previously noted that the characterization of this electrode
system at higher emitter temperatures had been completed. The elec-
trode system of rhenium-molybdenum has been determined to be unstable.
That is, high temperature operation of the emitter provides a suf-
ficient amount of evaporated rhenium on the collector surface to

change the work function from a cesium-on-molybdenum system to a
cesium-on~rhenium system. Subsequent long term,low temperature oper-
ation of the device resulted in the diffusion of the evaporated rhenium
into the molybdenum collector substrate resulting in a final collector
system consisting of cesium-on-molybdenum. The quantitative difference
between these electrode systems is 0.080 volt, as measured in the test
vehicle and reproduced independently in a fixed-spacing converter of

rhenium-molybdenum electrodes.

To maintain a stable system of rhenium-rhenium electrodes in the

presence of diffusion, the rhenium emitter was periodically operated

7118-8SA-1 17



o
at temperatures as high as 2200 C for 3 hours (with the cesium reser-
voir heater turned off) to insure at least a two or three monolayer

coverage of rhenium on the collector surface.

The data from a previously examined rhenium-rhenium system compares
within 1 or 2 percent of the rhenium-evaporated rhenium-on-molybdenum
system (Ref. 3). Hence the low temperature data reported for the
rhenium-rhenium/molybdenum system is to be considered, within the

experimental error, a rhenium-rhenium system.

Perhaps the most useful data from a variable parameter test vehicle

is the voltage output versus interelectrode spacing for constant
currents, constant emitter temperature, constant collector tempera-
ture, and constant cesium vapor pressure, For if these element
temperatures are truly maintained constant and the spacing between
electrodes precisely determined, some important phenomenological
information as well as engineering optimization data is present in

one display. Figure 3-2 is a typical representation of voltage output
versus interelectrode spacing for a high temperature case of

Temitter 1735°C, From this figure, the region of extremely close-
spaced electrodes may be identified as resembling an electron space-
charge type of operation wherein the voltage output drastically
increased with decreasing spacing. Secondly, a region of onset of
ionization is observed, which leads to an optimum spacing for maximum
power output at maximum output voltage. Finally, a region of the
characteristic is observed wherein the voltage output decreases more
or less linearly with increasing spacing indicative of a positive

column in the more usual gas discharges.
At lower emitter temperatures and over a wide range of cesium reservoir

temperatures, the same general phenomenon is observed with the pressure-

distance product, '"pd", at the point of optimum voltage output remaining

7118-SA~-1 18
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invariable at approximately 16 mil-torr within the limits of experimen-
tal error. Figures 3-3 through 3-9 show the data acquired in the low
emitter temperature region. All data plotted are dc data taken under
steady-state conditions of operation. It is interesting to note the
continuous depression of the voltage minimum in these data as a func-
tion of decreasing emitter temperature, an example of losing contact
potential difference between emitter and collector. In fact, it may

be seen that at the condition of very low emitter temperatures and close
spacing a voltage must be applied to support the electron current flow

between emitter and collector.

Table 3-1 summarizes the pd products from these curves with three
additional sets of data included from previous investigations (Ref. 3).
The average pa product from these data is computed to be 16.0 mil-

torr 0.8 mil-torr. It may be noted from the curves and the tabu-
lated data that the pd product is independent of emitter tempera-
ture, The optimum pd product is also independent ofbthe collector
material as shown in Fig. 3-10, the comparison curve of the Re-Re

and Re-Mo systems. Although there is a difference in the maximum

voltage outputs, the maxima occur at the identical spacing.

From these preliminary measurements, it appears that the pd product
of 16 mil-torr #0.8 mil-torr is a constant for thermionic converters
regardless of emitter material, collector material, or range of tem-
perature operation. It may be further inferred from these data that
the ionization processes in an arc-mode converter occur in the volume

between electrodes both at high and low emitter temperatures.

7118-SA-1 20
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TABLE 3-1
SUMMARY OF PRESSURE-DISTANCE DATA

Temitter Tcs res Egg pd

1327°¢C 289°¢C 1.33 torr 16.7 mil-torr
1427°¢ 291°¢ 1.43 torr 15.7 mil-torr
1427°¢C 303°%C 1.96 torr 15.6 mil-torr
1527°¢C 310°¢ 2.35 torr 116.8 mil-torr
1527°¢C 320°%C 3.01 torr 15.9 mil-torr
1527°% 331% 4.02 torr 15,7 mil-torr
1627°¢C 331°¢C 4.02 torr 15,7 mil-torr
1735°¢ 331°¢C 4.02 torr 15.7 mil-torr
1735°¢ 344°¢ 5.30 torr 15.9 mil-torr
1735°% 350°¢C 6.06 torr 16.3 mil-torr

3.2 SIGNIFICANCE OF A MINIMUM COLLECTOR WORK FUNCTION

Figure 3-10 is representative of the central thesis of this program:
namely, the demonstration of increased thermionic converter perform-
ance attributable to a minimum collector work function. An average
difference of 70-80 millivolts between the two sets of data is
readily seen at the optimum spacing of 3.8 to 3.9 mils. At closer
spacings of 1-2 mils the voltage difference is somewhat less, possibly
because the collector temperature is difficult to control in this
region which can account for 0.1-0.2 mil changes in the spacing. At
the very close spacings of less than 0.0005 inch the collector tem-
perature is easily controlled and the voltage difference is again
near 70-80 millivolts. Since the electron current flow and electrode
surface temperatures are maintained constant while taking data from
the vehicle, the only varying heat transfer quantity to the collector

is gas atom conduction. The problem of controlling the collector
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temperature as a function of interelectrode spacing is: at very close
spacings the heat transfer by cesium atom gas conduction is spacing
independent and follows the classical laws developed by Knudsen, at
spacings from 0.5 to 2.0 mils, heat transfer measurements suggest that
cesium atom gas conduction is spacing dependent, and finally, at larger

spacings the heat transfer by gas atom conduction is constant.

Collector work function measurements were taken from the test vehicle
in both the molybdenum and the rhenium-on-molybdenum configurations,
the difference between the two being 70 to 80 millivolts. Therefore,
from two independent sets of measurements (viz., voltage output versus
interelectrode spacing and saturated emission) the lower value of

collector work function leads to higher power output.

In addition to the data from the test vehicles, two planar thermionic
converters were fabricated and tested during a previeus program which
verified the observation of increased power output resultant from a
lowel collector work function. Both converters were built to operate
at a fixed interelectrode spacing of 3.8 mils, one of which

had a rhenium emitter and rhenium collector, the other a rhenium
emitter and molybdenum collector. At 0.8 Vdc the rhenium-rhenium con-
figuration output is 15.2 to 15.3 watts/cm2 versus 13.6 to 13.7 watts/
cm2 for the rhenium-molybdenum configuration, a 10 percent increase.
At 0.7 Vdc the performance is 21.0 watts/cm2 in the rhenium-rhenium
system as opposed to 18.6 watts/cm2 from the rhenium-molybdenum sys-
tem, a 12 percent increase. The increase in converter power output,
Ap, due to a decrease in collector work function, AE, at constant

current is given by

Ap = 1IAE, since AI = 0

or .
bp _ L
P E

since p = IE.
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For AE = 80 millivolts (the difference between a rhenium collector

surface and a molybdenum collector surface), the increase in power

output at 0.8 Vde is 06028 = 10 percent, the increase at 0.7 Vdc is
0. .
—BQ%% = 12 percent, both of which agree with the aforementioned

measurements. As a point of interest to low temperature thermionics,
where the converter voltage output may be in the 0.4V to 0.5V range,
it is readily seen that the advantage of a rhenium collector surface
over a molybdenum collector surface is 15 percent more output at 0.5

volt and 20 percent more output at 0.4 volt.

In terms of the present program, an oriented vapor-deposited coating
of rhenium free from processing contaminants such as fluorides or
chlorides would yield a minimum cesiated work function of about 1.35
volts. In turn, this is approximately an increase of 80 to 90 milli-
volts of voltage output over an ordinary polycrystalline rhenium col-
lector surface. For a low temperature converter operating at 0.5V out-
put, an oriented vapor-deposited rhenium collector substrate could
produce 40 percent higher output power than a polycrystalline moly-
bdenum collector substrate. The estimate of 1.35 volts is based on two
assumptions which are: (1) a bare work function or vacuum work func-
tion of 5.1-5.3 volts for oriented vapor-deposited rhenium, and

(2) existence of the same trend between bare work function and minimum
cesiated work function which has been experimentally observed for

Nb, Mo, and Re.

As a final part of the effort directed toward evaluating electrode
materials, a comparison of the optimized performance available from

a cesiated rhenium collector converter system was made witﬁ the opti-.
mized performance from an oxygen additive system, The data for the
oxygen additive system was obtained from the final report on JPL
Contract 951262 and is shown in Fig. 3-11 along with cesium-only data

taken from the EOS variable parameter test vehicle. The emitter
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temperature, in both cases, is the emitter surface temperature; the
voltage output, in both cases, is the terminal voltage; and finally,
the spacing, in both cases, is 5 mils. In each case, the collector

and cesium reservoir temperatures are optimized for maximum output.

The additive system employs tungsten-molybdenum electrodes while the
cesium-only system employs rhenium-rhenium clectrodes, and herein

lies the important difference between the two. The rhenium collector
provides the lower collector work function and consequently better per-
formance. In fact, 80 millivolts more voltage output was observed on
the rhenium collector system at cach current level from 20 to 70

amperes than was reported on the additive system.

During the course of the VPTV evaluation of vapor-deposited rhenium
further comparisons will be made between the additive and nonadditive
systems., At the present, however, as Fig. 3-11 indicates, greater
performance is available from the simpler polycrystalline rhenium
collector system than from any other known thermionic converter
collector except perhaps an oriented or single crystal collector. The
equations for increased output which were discussed previously are

still applicable here; for example, the expected increase in output
0.080
0.40 2
data yield 41 amps at 0.4V or 8.2 watts/cm”. The EOS cesium-~only

at 0.4 volt is = 20 percent. From the figure, the additive
, 2
converter yields 41 amps at 0.48V or 9.8 watts/em”, a 20 percent
2 .
increase over 8.2 watts/cm ., If, instead of holding the current level
constant, the voltage level is held constant, then the increase of the

nonadditive system over the additive system is 35 percent.
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3.3 OPTIMIZED CONVERTER PERFORMANCE AT LOW EMITTER TEMPERATURES FOR
THE RHENIUM-RHENIUM ELECTRODE SYSTEM

Summarized in this section is the optimized converter performance at
, o

low emitter temperatures (~ 2000 K) from the variable parameter test

vehicle in the rhenium-rhenium electrode configuration. The data,

shown in Figs. 3-12 through %;}6, should be reviewed with the follow-

ing in mind:

a. All output current and voltage is dc steady-state as ob-

served on 0.1 percent accurate meters. Voltage output is
measured at the converter terminals.

b. All emitter temperatures are measured with a calibrated
micro-optical pyrometer sighted on a 10:1 depth-to-
diameter hohlraum. The temperatures quoted are true
hohlraum, not surface corrected.

c. The active emitter area is 2.0 square centimeter as deter-
mined by a guarded collector,

d. Interelectrode spacings were determined with 0,1 mil
dial indicators.

e. The dc output was reproducible within 1 to 2 percent over

the 1000 hours of test vehicle operation before delivery
to JPL.

The power output at 1527°¢C (true hohlraum) is 7.2 watts/cm2 at

0.,5V; 9.2 watts/cm2 at 0.4V; and 10.5 watts/cm2 at 0,35V. The power
output at 1427°%¢ (true hohlraum) is 4.1 watts/cm2 at 0.4V and

5.4 watts/cm2 at 0.3V,
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SECTION 4

ANALYSIS AND INTERPRETATION (TASK III)

4.1 INTRODUCTION

The primary objective of Task III is to formulate a theoretical
description of thermionic converter performance and apply it to an
analysis and correlation of the parametric vehicle data of Task II

and the data acquired in Task 1. Specific topics that will receive
particular attention in this task are: (1) the similarity laws of a
cesium vapor discharge, (2) the ionization mechanisms in a cesium
plasma, and (3) the characteristics of the collector sheath. Task III
will proceed in roughly three stages, each stage covering one of the
regions of parametric vehicle operation as defined by the typical out-

put voltage interelectrode spacing curve, V(d), shown in Fig. 4-1.

Region 1 of Fig. 4-1 is designated the electron space charge region

and extends from zero interelectrode spacing to the minimum of V{(d)
identified as the plasma onset point. In region I, the output voltage
at small interelectrode spacings is governed primarily by space charge
created by electrons emitted by both emitter and collector in the
absence of significant numbers of cesium ions. The theoretical model
adapted for the first analysis of this region is the double vacuum
diode. This model is undoubtedly valid at very small spacings, but it
will have to be augmented as the spacing approaches the onset point
from below by including the influences of excited cesium atoms and

cesium positive ions.

At interelectrode spacings near the plasma onset point and above, the

voltage output curve begins to display characteristics of a cesium
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plasma diode. For this reason, region II between the plasma onset
point and the maximum of V(d) (identified as the optimum output point

in Fig. 4-1) is designated the transition region. It is in this

region that the plasma becomes fully developed. Region III is defined
by the remaining portion of the output curve beyond the optimum power

point and is designated the positive column region.

During this report period, the Task III effort was directed mainly to
the analysis of region I. The literature on both single and double
vacuum planar diode space charge has been reviewed, and specific appli-
cation of double diode space charge theory to close-spaced cesium

diodes is complete. The approach is similar to that of Dugan (Ref. 4).

4.2 THEORY OF THE VACUUM DOUBLE DIQDE

The analytical problem consists of (1) deriving an expression for the
electron space charge density in the interelectrode space due to elec-
tron emission from the electrodes, both of which are partially coated
with cesium, and (2) combining this expression with Poisson's equation
to derive the electrostatic potential energy as a function of position
in the interelectrode space. The problem is treated in one dimension,
the emitted electrons are assumed to be Maxwellian and the flow,
collisionless. For a double vacuum diode operating in a region of
applied positive voltage, the electrostatic potential will have the
form shown schematically in Fig. 4-2. Although the space charge
potential shown in Fig. 4-2 is typical of a diode operating with an
applied voltage, the analysis of Task III will include the more con-
ventional diode operation in the power producing quadrant. In that
case, the Fermi level of the collector will be below the Fermi level

of the emitter in Fig. 4-2.
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The symbols used in Fig. 4-2 and in the following discussion are

listed in Table 4-1.
4,2.1 ELECTRON SPACE CHARGE IN A DOUBLE DIODE

At the emitter (z = 0: refer to Fig. 4-2), the complete Maxwellian

velocity distribution of the electrons is:

F(u,v,w) = neo(m/ZﬂkTe)3/2 exp [-m(u2 + v2 + wz)/ZkTe], 1)

where u,v, and w are the x,y, and z components, respectively, of the

electron velocity, F(u,v,w) is the number of electrons in the incre-

mental velocity range dudvdw, and oo is the equilibrium electron den-
sity. The density, n.o? is related to the work function of the

emitter and the absolute temperature by

n, " (2/h3)(2TkaTe)3/2 exp (-e@e/kTe). (2)
This density is used appropriately when no electron current is being
drawn from the emitter, a case approached in principle only when

e %g - Vm ~ », When the potential distribution in the interelec-
trode space is such that all electrons emitted are drawn away from
the emitter without return (Vm = Ve - $e) the electron density will
be (1/2) n,. In this case the velocity distribution will contain
all values of u and v from -» to += but will contain w components
from 0 to -+~ only. For intermediate cases such as the one depicted
in Fig. 4-2 where some emitted electrons are returned to the emitter

because of a finite potential minimum, the density at the emitter,

ne(O), is

n_(0) (n, /2) [1 + erf (nl/z)] (3)
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TABLE 4-1
LIST OF SYMBOLS

subscript referring to collector electrode
interelectrode spacing
electron

subscript referring to emitter electrode: -e =

charge

Planck constant

Boltzmann constant

electron mass

electron density due to electron flow from collector
electron density due to electron flow from emitter

electron density at potential minimum due to electron

flow from collector

electron density at potential minimum due to electron

flow from emitter

total electron density at potential minimum
equilibrium electron density at collector surface
equilibrium electron density at emitter surface

dummy variable in definition of error integral

x,y, and z components of velocity

rectangular coordinates

coordinate of potential minimum

velocity distribution function

total energy distribution function

electron current density flowing from collector
electron current density flowing from emitter
total electron current density

collector temperature

emitter temperature
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TABLE 4-1
LIST OF SYMBOLS (contd)

V(z) = electrostatic potential
Va = output or applied potential
Vc = electrostatic potential at the collector surface
Ve = electrostatic potential at the emitter surface
Vm = electrostatic potential at the potential minimum
o = ratio of emitter to collector temperature
B = ratio of electron densities at the potential minimum =
ncm/nem
€& = permittivity of free space
T = dimensionless potential energy
TL = dimensionless potential energy referred to collector
temperature
ﬂe = dimensionless potential energy referred to emitter
temperature
A = Debye length for electron space charge
£ = dimensionless coordinate
§c = dimensionless coordinate of collector surface
4 - dimensionless interelectrode spacing
§e = dimensionless coordinate of emitter surface
qk = electron work function of collector
we = electron work function of emitter
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where

r 7
T = L(e/kTe)(Ve - %, - Vm)J 4)
and
ﬂl/Z
erf(ﬂl/z) = (Z/Wl/z) f exp (-sz) ds (5)
)
is the error integral. Since erf (0) = 0, and erf (+») = 1, the cases

of no electron flow (equilibrium) and electron flow with no return to

the emitter discussed above are satisfied by Eq. 3.

Equation 3 is the expression for the density at z = 0 only. To find
the density in the interelectrode space where the potential is V(z),
the distribution function is written to include the variation in

potential:

F<U)V)W’V) = F(U,V,W) exp [" (e/kTe) (Ve - @e - V) ], (6)

with V = V(z). The electron density as a function of V(z) in the space
between the emitter (z = 0) and the potential minimum (z = zm) is
obtained by integrating‘F(u,v,w,V) over all u and v from -® to +=, and

over the velocity w from -w, to =, where

1

m‘Ji
> = e(V - Vm). @)

The velocity Wy is the minimum velocity in the +z direction an electron
starting at the plane at z (0 < z < zm) must have to pass over the poten-
tial minimum. All electrons starting in the plane at z with velocities

in the +z direction greater than w, pass the potential minimum and

1
proceed into the interelectrode space between zm and the collector.
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These electrons do not return to the emitter and consequently contrib-
ute to the space charge only in the region of the emitter during their
transport from the emitter to z - Since they do not return to the
emitter, the distribution of the w component of velocities at the

. . . . ! ! . .
emilter does not contain velocities greater than w. | directed in the

1
-z direction.

Similarly, the density of electrons in the interelectrode space
between z and the collector (z = d) will be found by integrating

Eq. 6 over all u and v, and over w from +w, to ®. The results are:

1

n i -
n, (2) (neo/z) exp [—(e/kTe)(Ve-T:e-V)J il+erf [(e/kTe)l/Z (V_Vm)l/zj}

for 0 <z <z , and
m

r nip ' =
ne(z) (neo/Z) exp ;—(e/kTe)(Ve-Té-V)J 1-erf I-L-(e/k’l.‘e)l/2 (V-Vm)l/zj}

for z <z <d. Note that Eq. 8a reduces to Eq. 3 at V = Ve - 2.

m
At z = z both Eq. 8a and Eq. 8b yield

| S

ne(zm) = Dem = (neo/z) exp E_(e/kTe)(ve_$é-Vm)

It will be convenient to express Eqs. 8a and 8b in terms of n,

instead of neo and to use the notation
= - <T
IN e(V Vm)/l o
Eqs. 8a and 8b then can be written
= ~ rl 4 f /T\l/z\‘]
ne(z) =n,ef, L= er K | ) >

m e e
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where the positive and negative signs are for the coordinates z 3 z
' m

respectively.

A similar set of expressions is derived in the same manner for the
electrons emitted by the collector for the space between the collector

and z and for the space between z and the emitter. These are:

1

n(z) = n eTL [1 F oerf (TH/Z/] (12)

cm o

where the negative and positive signs are for z Sz . The definitions
m

of n_ and T_ are analogous to n__ and [, in Eqs. 9 and 10; that is
cm c em e

e(V - Vm)/kTC (13)

and

=]
|

r .
om (ncd/Z) exp L-(e/kTC)(VC - Y- Vm)J . (14)

The total electron density in the plane at z in the interelectrode

space is the sum of the densities given by Eqs. 1l and 12. Letting

B o= ncm/nem (15)
and writing
'I‘C = (/) Te (16)
so that TE = w”é, the total electron density, n(z), is
n(z) = N {eT{l + erf (”}/2)] + Bewrl[l ¥ erf (ml/z ﬂl/z)]} (17)

The subscript e has been dropped from T since T now refers only to

the emitter and is defined by Eq. 10.
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4.2.2 POISSON'S EQUATION FOR THE DOUBLE DIODE
Poisson's Equation,
2 2
d"v/dz" = (e/ee)n (18)

where n # n(z), can be written in dimensionless form by using 7, as the

dependent variable throughout and replacing the z coordinate by

(WA}

= G-z )/ (19)

where A is the Debye length for electron space charge. X is given by

A= (eokTe/eznem)l/2 (20)

, -3 . .
which, for n in (meters) and X\ in meters, is
en

i

_ 1/2
» o= 69.0 (Te/nem)

It is frequently useful to express » in terms of the total electron

density at the space charge minimum, nm (=nem + ncm). Equation 20 is
then

2 1/2

r o) 1
Noom “EokTe(l + 2)/e n !

in the notation used here.

The final dimensionless form of Poisson's equation is

s 2,7 8 1/2 1/2"
ayje? = T e VA [ VRMZ L oy

i + Be 11; erf (s

<

where the positive and negative signs are for Z>o.
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4.2.3 COMPUTER SOLUTIONS OF POISSON'S EQUATION

Although Poisson's equation in the form of Eq. 21 can be integrated
once in closed form, the second integration must be carried out numeri-
cally. Therefore, the integration was programmed for the CDC 3100 com-
puter at Electro-Optical Systems, Inc. A typical family of r versus

? computer solutions for a temperature ratio ~ = 2.022 and several
values of B is shown in Fig. 4-3. This temperature ratio (o) was
selected to match experimental conditions of variable parameter vehicle

experiments performed earlier.

Since there is no a priori way to establish the ratio B without knowing
the potential distribution, an iterative procedure has to be used to
compute a voltage output-versus-spacing curve to compare with experi-
mental data. The procedure has been established and.programmed for

the computer. Basically, it involves six steps and requires numerical
inputs on six parameters obtained from experiment. The experimental

parameters are:

a. emitter temperature, Te

b. collector temperature, TC
c. emitter work function,

d. collector work function, TC
e. diode current density, J

f. interelectrode spacing, d
For a given o = Te/Tc' the steps in one iteration are:

a., Select a trial value of the ratio B, say Bl'

b. Using o, T , J, and Bl’ compute n, . This step utilizes an
expression for the diode current gensity which is derived by
summing the current densities from each electrode. The cur-
rent densities are
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FIG. 4-3 NORMALIZED POTENTIAL DISTRIBUTION (7)) VERSUS NORMALIZED
COORDINATE () IN THE INTERELECTRODE SPACE FOR THE
CASE OF o = 2.02215 AND SEVERAL VALUES OF 8.
(o and B are defined in the text)
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1/2
J = enem(ZkTe/nm)

and

1/2
J = —encm(ZkTC/nm)

Using the definitions of = and B, the total current density
can be written

o
1}

e /)20 (1 - et (22)
Thus,

n J(nm/2e2kTe)l/2(l - plat/ -1 (23)

em

c. Using a value of n,, computed with Eq. 2 and the value of
n,, computed with Eq. 23, compute the ratio Neo/ 204 - This
ratio is related through Eq. 9 to the difference in potential
(and its equivalent dimensionless T)) between the emitter
surface and the potential minimum. Consequently, this compu-
tation and the curve of Fig. 4-3 for the trial B establishes
a point on the abscissa of Fig. 4-3 to the left of the poten-
tial minimum. Let this point be denoted by fe.

d. Calculate n.g4/2n., = n.4/2Bngy, by the same procedure used in
step ¢. The equation for n .y is identical to Eq. 9 with y¢
and T, substituted for P, and T . This step establishes a
second point on the abscissa of Fig. 4-3 to the right of the
potential minimum; call this point 7.

e. Using the experimental value of d, compute d/A using Eq. 20.
Call this ratio 4.

f. Compare 7, - I, with T4- IfZ. - 7,>74, the trial value
of B is too small: that is, the dimensionless interelectrode
spacing calculated using By is smaller than the actual dimen-

sionless spacing, d/Nn. If 7. - 7 <74, the trial value of
B is too large.

These six steps are repeated until a trial B is found which yields §C -

lo T iq- This establishes the proper B and the correct potential dis-
tribution for the six experimental conditions itemized above. When

the proper B is found, the difference between the dimensionless potentials
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at the surface of the electrodes is determined. Converting the dimen-
sionless potentials to dimensional form yields the diode electrode
surface potential difference, V = Va + Py " Pt Va’ the applied or
generated output voltage, is obtained by subtracting the contact poten-
tial difference, we - @c, from V. The net result thus is a calculated

output voltage appropriate for the given interelectrode spacing, d.

Prior to setting up the computer program for the interative procedure,
each step was carried out with a desk calculator for a sbecific case.
Although the results are preliminary, it appears that there is agreement
within experimental error between the computed value of Va and the
experimental value obtained from the variable parameter test vehicle.

These results will be discussed in a subsequent report.
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