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A thermionic energy converter with an electrolytically etched
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The bare work functions of etched and unetched plasma-sprayed tungsten were found to be
4.8 and 4.5 eV, respectively. The electron emission of plasma-sprayed tungsten, both

etched and unetched, was measured over a wide range of temperatures in a cesium
atmosphere. Work functions were derived from the saturation current densities. In the ignited
mode, current-voltage (/-V) characteristics were measured. The influence of the emitter,
collector, and cesium reservoir temperatures on the f-¥ characteristics was investigated.
Barrier indexes of 2.06 and 2.30 eV were found for etched and unetched tungsten emitters,
respectively. At an emitter temperature of 1400 °C, in the case of an uneiched tungsten
emitter a power density of 1.5 W/cm?® was found, while for an etched tungsten emitter it was
4.5 W/cm®. This increased power density could be attributed to a lower collector work
function. The lower cesiated collector work function resulted from the evaporation of oxygen,

as WO, from the eiched tungsien emititer.

{. INTRODUCTION

A thermionic energy converter {TEC) is a2 device
which directly converts heat into electricity. It consists of
two electrodes, one of whick (the emitter) is heated to a
temperature where electrons are emitted thermally. The
other electrode (the collector) is kept at a lower tempera-
ture and collects the electrons. Part of the energy is re-
moved from the emitter by evaporation of electrons, trans-
ported to the collector, and transformed into heat by
condensing electrons. The remaining part is converted into
electric power in the load as the electrons return to emitter
potential. The principles of operation and examples of ap-
plications are described in the literature.'™

Higher efficiencies and lower material costs will be re-
quired in order to make combustion-heated TECs commer-
cially viable. For this purpose, we suggest utilizing plasma-
sprayed tungsten as emitter material instead of tungsten
produced by chemical vapor deposition. The efficiency of a
TEC can be increased by electrolytical etching the emitter
surface.* The higher efficiency was attributed to the pro-
duction of {110} lattice planes as a result of the etching
process.? It is known that {110} lattice planes of bee metals
have high bare work functions and low cesiated work func-
tions. This results in high converter efficiency.’

Some experiments with an etched and an unetched
emiiter will be described in order 1o show the increased
efficiency and how it is obtained. Measurements of the
current-voltage {(7-¥) characteristics were performed with
a research diode. A sketch of this diode is presented in Fig.
1. The various parts of the diode were interconnected with
stainless-steel flanges joined by copper gaskets. The diode
was put in an evacuated bell jar for protection against cor-
rosion by air. In order to outgas the diode, it was evacuated
by a turbomolecuiar pump. For the ultimate vacuum
{10~ ® mbar) an AEI triode iongetter pump {120 ¢/5) was
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used. Mo:e details of this research diode can be found
elsewhere >

il THE ELECTRODE MATERIALS

&. The plasma-sprayed tungsten emitier

First, the features of the tungsten emitter will be de-
scribed. A tungsten plate was produced by plasma spray-
ing. According to the supplier {(H. C. Starck, Berlin), the
purity of the tungsten spraying powder was befter than 99
wt %, and the C content was less than 0.05 wt %. After
the spraying process the tungsten was reduced in a hydro-
gen atmosphere at a temperature of 1000 °C. Subsequently,
the plate was sintered in a vacuum at 2000 °C. 78 A disk, 13
mm in diameter and 1 mm thick, was spark-machined
from the plate. In order to degrease the disk, it was rinsed
with freon. After drying it was rinsed with ethanol and
distilled water. The tungsten disk was investigated by x-ray
diffraction, scanning efectron microscopy (SEM)}, and Au-
ger electron spectroscopy (AES) analysis technigues, and
found to be pure, texture-free tungsten. This disk was
joined to the molybdenum emitter substructure of the re-
search diode by vacuum brazing. Mo-42 at.% Ru was used
as filler material. In the research diode the tungsten emitter
faces a molybdenum coflector. The distance between the
two electrodes is variable between 0.01 and | mm.

After a number of experiments, the emitter surface was
electrolytically etched for 50 s at a voltage of 2V inz 3%
NaOH aqueous solution. The same collecior faced both the
etched and the unetched tungsten emitter.

After the experiments in the research diode, the tung-
sten emitter was analyzed again with x-ray diffraction,
SEM, and AES analysis technigues. A SEM picture of the
emitter surface after the experiments is presented in Fig. 2.
Grain boundaries can be seen. No macroscopically fiat
planes are present after the experiment. After some Ar™

® 1980 American institute of Physics

1883




o

\
WA
L)

S5

S

SAPPHIRE
WINDOW

COLLECTOR

YALVE aND
IONGETTER &
PUMP

EMITTER /

o
L

il

CESIUM
RESERVOIR

FIG. 1. Sketch of the research diode. The emitter is made of plasma-
sprayed tungsten. The collector is made of molybdenum.

spuitering in the AES apparatus, only very small amount-
sof carbon and oxygen were detected’ on the emitter sur-
face.

B. The molybdenum coliector

The coliector was machined from an arc-cast polycrys-
talline molybdenum bar. The molybdenum was of ABLZ,
low carbon, guality. According to the supplier (Amax
Inc.}, the C content was 0.003 wt %. In order to degrease
the collector surface, it was rinsed with freon. After drying
it was rinsed with ethancl and distilled water. After the
experiments in the research diode, the collector surface was
thoroughly investigated with x-ray diffraction, SEM, and
AES analysis techniques.”

Carbides were detected with x-ray diffraction. It is dif-
ficult to discriminate between W,C and Mo,C by x-ray
diffraction. However, since the temperature of the collector
has not been higher than 700 °C, and W, is only stable
above 1250°C, it can be concluded that only Mo,C is

FIG. 2. SEM image of the tungsten emitter surface after use as an etched
emitier. The bar corresponds to a distance of 10 ym.
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FIG. 3. Ar-ion sputter (5 keV, 30 uA/cm?) depth profile of the collector
surface after use in the research diode. AES signals of tungsten, molyb-
denum, and carbon are indicated.

present on the collector surface.

The collector surface was also investigated in a SEM
equipped with an energy dispersive x-ray (EDX) analyzer.
Tungsten was detected on the surface of the molybdenum
collector. The EDX analyzer was provided with a Be win-
dow, and so the carbon content could not be investigated.
By the use of various acceleration voltages for the electron
beam, it was found that a thin tungsten layer was deposited
on the molybdenum surface. From the relative x-ray inten-
sities at various acceleration voltages, the layer thickness
was calculated. ° Taking only the W-L radiation into ac-
count, and omitting the Mo-L radiation of the substrate, a
tungsten layer thickness of 3.028 um could be found. Alse,
AES analysis was used to examine the collector surface.
An ArT-ion sputier depth profile of the Mo surface is
presented in Fig. 3. After sputtering for I min, the super-
ficial contamination from the air was removed, and it was
seen that a thin W layer and a layer with € (Mo,C) were
present. If it is assumed that W is sputtered away as fast as
Mo, then a Mo,C layer thickness of about 0.3 pm is found.
This value agrees with the relative intensities of Mo,C and
Mo found in the x-ray diffraction pattern of the collector
surface. The description of the surface layers of the collec-
tor is therefore the following: Cn the molybdenum substra-
tum a layer of 0.3-um Mo,C has grown, and the carbide is
covered with a 0.028-um-thick W layer, resulting from
evaporation of the tungsten emitter. This configuration is
confirmed by both the W-L and the Mo-L x-ray intensities
measured in the SEM (EDX). Carbon shows no surface
segregation in tungsten, and so it is expected that during
the experiments in the research diode, the cuter surface of
the collector consisted of tungsten atoms. During the AES
analyses, Ar "-ion depth profiles were determined for O, Cs
and Si. In the W layer an increased oxygen content was
found.
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lil. WORK FUNCTION

A. Bare work function of the tungsten emiiter

During the outgassing procedure, the eleciron emis-
sion current was monitored. At the ultimate emitter tem-
perature {1640 °C), the total pressure in the research diode
was 1.2 10~ * mbar. It is supposed that water molecules
are the most unruly gas molecules to remove from the
diode. The ultimate pressure in the dicde is thus mainly
due to water molecules. The partial oxygen pressure is
estimated to be 3X 16~ ° mbar.

The effective work function of the electrode (P) is
calculated from the saturation current density (f; in A/
cmz) using the modified Richardson equation:

O =kT,1n(12074/1), (1)

where 7, is the emitter temperature in K and % is the
Boltzmann constant. At two temperatures and at a small
interelectrode distance {0.05 mm), a bare work function of
4.5 eV was calculated for the unetched tungsten emitter,
whereas for the etched tungsten emitter a bare work func-
tion of 4.8 ¢V was found.

B. Work functions of the emitter and coflector in a
cesium atmosphere

In the unignited ion-rich mode, I-V characteristics
were measured at various emitter temperatures (see Fig.
4). The interelectrode distance was kept small (0.05 mm)
during these measurements. It is seen in Fig. 4 that satu-
ration of the emitier emission current density occurs within
the depicted voliage range. The cesiated work function of
the tungsten emitter is calculated, at each cesium reservoir
temperature, from the saturation current density using Eqg.
(1.

The Bolizmann line is indicated in Fig. 4. This line
represents the equation:

F=1207" exp(V/ET,), (2}

where V is the voltage across the diode. The Boltzmann
line depends only on the emitter temperature. The line
describes the current density of the electrons which can
cross 2 potential ¥ if there are no other obstructions
present. To obtain the Bolizmann line within the depicted
voltage range, the line is shifted by 1.5 V. The voliage
difference between the Boltzmann line and the actual mea-
sured -V characteristic in the retarding range represents
the voltage drop in the collector: i.e., the collector work
function. From the characteristics depicted in Fig. 4, val-
ues for the work functions of the collector surfaces which
face the etched and unetched emitter are found: ®,.=1.52
and 1.70 eV, respectively, both of them at T, /T, = 1.42,
where 7, and T, are the absolute temperatures of the
collector and the cesium reservoir.

As indicated in Sec. II B, the surface of the molybde-
num collector facing the emitter also consists of tungsten.
Figure 5 shows the work function of tungsten electrode
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FIG. 4. Electron emission of the tungsten emitter in a cesium atmosphere.
The experimental conditions correspond to an ion-rich unignited mode.
The cesium reservoir temperature is indicated in °C (step 10°C). The
interelectrode distance is 0.05 mm. The dashed line is the Boltzmann fine
(V4 1.5). In (a) the F-¥ characteristics of the unetched emitter are
presented. The emitter and collector temperatures were 1300 and 334 °C.
In {b) the characteristics of the etched emitter are presented. The emitier
and collector temperatures were 1400 and 420 °C.

surfaces at both emitter and collector conditions. It is con-
venient to plot the work function on a reduced temperature
scale. The reduced temperature is the ratic of the electrode
temperature and the cesium reservoir temperature, both in
K. Such so-called Rasor plots for etched and unetched
tungsten are presented in Figs. 5(a} and 5(b). Itis seenin
Fig. 5 that the measured work function of plasma-sprayed
tungsten deviates up to 0.1 eV from the values for tungsten
given by Rasor and Warner.!® Moreover, it is found that
the cesiated work functions of the etched and unetched
tungsten are identical within 0.05 V. The cesiated work
functions of the eiched emitter at 1200 °C were measured
immediately after the emitter bare work function measure-
ment at 1400 °C. The cesiated work functions of the etched
emitter at 1200 °C are substantially lower (0.3 eV) than
the cesiated emitter work functions measured for the un-
etched emitter. This 0.3-eV lower cesiated work function
corresponds with the 0.3-eV higher bare work function.
However, the low cesiated emitter work function of the
etched emitter disappears at temperatures higher than
1200 °C.
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FIG. 5. The work function of the tungsten emitter calculated from the
saturation current density measured in the ion-rich unignited mode (see
Fig. 4). The curve represents the work function of polycrystalline W as
given by Rasor and Warner (Ref. 10). The work functions of the un-
etched and etched emitter are presented in (a) and (b), respectively.
Various emitter temperatures were used: + : 1200; /\: 1300; U1: 1400; and
A 1500°C. In (a) and (b} alsc the work functions of the tungsten film
deposited on the molybdenum collector are indicated, which are mea-
sured in the retarding range of the unignited ion-rich mode (E) (see Fig.
4 and Ref. 7).

V. THE IGNITED MODE

A. The dependence of the /-V characteristics on the
cesium reservoir temperature

At higher cesium reservoir temperatures and larger in-
terelectrode distances, the cesium vapor in the diode ig-
nites, and a plasma is created in the interelectrode space.
Higher currents are generated by the diode. To avoid the
effects of the electrical resistance of the leads, the £-¥ char-
acteristics are measured using a four-point method.® The
characteristics are obtained with a Tektronix 577 D2 curve
tracer with sense connection using alternating voltage (50
Hz). Various {-¥ characteristics were measured keeping
the emitter temperature, the collector temperature, and the
interelectrode distance constant and varying the cesium
reservoir temperature. It is seen in Fig. 6 that there is an
optimum cesium reservoir temperature. At a lower cesium
reservoir temperature, the voltage across the diode is
higher, because the resistance of the cesium plasma is
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FIG. 6. I-V characteristics in the ignited mode. The cesium reservoir
temperature s indicated in °C. The emitter and collector temperatures are
1400 and 630 °C, respectively. The interelectrode distance is 0.3 mm. The
dashed line is the Boltzmann line {(a: ¥+ 2.3V, b: ¥+ 2.0V). In (3) the
characteristics of an unetched emiiter are presented. In (b) the charac-
teristics of an etched tungsten emitter are shown.

lower. However, a lower cesium reservoir temperature re-
sults in a higher emitter work function and thus in a lower
current.

In Fig. 6 the Boltzmann line is again indicated. At the
conditions prevalent a plasma is present in the diode. There
are two processes by which the electrons lose energy: (1)
by entering the collector (®,) and (2) by interactions in
the plasma (¥;). These two losses determine the voltage
difference between the Boltzmann line and the actual mea-
sured -V characteristic in the retarding range. This volt-
age difference is called the barrier index (¥}}:

Vbz CI)C -+~ Vd’ (3 )
and it characterizes the performance of any real thermionic
converter. The lower the barrier index is, the higher the
performance of the converter. The lowest barrier indexes
realized up until now are ¥,=2.0 ¢V.! It is seen from Fig.

G. H. M. Gubbels and R. Metseiaar 1886
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FIG. 7. The influence of the interelectrode distance (indicated in mm) on
the I-¥ characteristics of a diode with an etched tungsten emiiter. The
emitter, collector, and cestum reservoir temperatures were 1400, 630, and
300 °C, respectively.

6 that the value of the barrier index depends on the current
density at which it is determined. If not stated otherwise,
we take the lowest barrier index, which is the barrier index
at the knee of the I-¥ characteristic. At this point the
electrical power density is the highest. The values for the
barrier indexes obtained for the diodes with an eiched and
an unetched tungsten emitter are then ¥, = 2.06 and 2.30
eV, respectively.

B. The dependence of the /-V characteristics on the
interelectrode distance

After the measurement of a family of I-V characteris-
tics af various cesium reservoir temperatures, the condi-
tions in the research diode were systematically changed.
First, the interelectrode distance was changed in the range
from 0.1 to 0.8 mm. Next, the collector temperature was
changed and ultimately the emitter temperature was
changed. In Fig. 7 the influence of a changing interelec-
trode distance is presented. It is seen that a smaller inter-
electrode distance results in 2 higher current density, but
the barrier index increases too. The current in the unig-
nited mode increases too as the interelectrode distance de-
creases. If the voltage across the diode is considered at a
constant current density (e.g., 8 A/cm?), it is seen that a
maximum occurs in the dependence of the voltage on the
interelectrode distance. This maximum can be gualitatively
explained by the competition of two processes: ion gener-
ation and elastic scaitering. At small spacings ion genera-
tion is inadequate and hence limits the flow of electrons. At
large spacings ion generation is plentifui, but elastic scat-
tering collisions are so frequent that they predominate and
limit the fiow of electrons.

C. The dependence of the /-V characteristics on the
coliector temperature
The influence of the collector temperature is presented

in Fig. 8. It is seen that the /-V characteristics are not very
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FIG. 8. The influence of the collecior temperature (indicated in °C) on
the f-¥ characteristics of a dicde with an etched tungsten emitter. The
emitter and cesium reservoir temperatures were 1500 and 310 °C, respec-
tively. The interelectrode distance was 0.4 mm.

sensitive to variations in the collector temperature; a dif-
ference of 100 °C in the collector temperature hardly influ-
ences the current density. In principle, the collector tem-
perature can influence the /-V characteristic in two ways:
{1} It changes the collector work function and, therefore,
the electrode voltage according to the equation

eAV=40%, (4)

and (2} it influences the collector emission according to
the Richardson equation. For low collector temperatures
the collector emission is negligible; therefore, the collector
temperature affects only the output voltage according to
Eq. 4. For high collector temperatures back emission is no
longer negligible, and an increase in collector temperature
results in an increase in reverse current; this tends to re-
duce the converter output power.

B. The dependence of the -V characteristics on the
emitter temperature

An example of the influence of the emitter temperature
on the I-¥ characteristic is shown in Fig. 9. Collector and
cesium reservoir temperatures as well as the interelectrode
distance are the same at both emitter temperatures. At the
lower emitter temperature and at a low cutput voltage, the
current density is higher. This is caused by the lower emit-
ter work function at the lower emitter temperature. The
work function is lower because the cesium desorption rate
at the emitter surface is smaller. If the current at the knee
in the I-V characteristic is supposed to be half the satura-
tion current, then, using the measured work functions of
Fig. 5, the same currents are obtained, both calculated and
observed. They are 5 and 4 A/em? at, respectively, 1400
and 1500 °C. From the slope of the characteristics at low
output voltage, it is seen that the Schottky effect is greater
in case of the low emitter temperature. At an elevated
emitter temperature, the maximal cutput voltage is higher
because the emitted electrons have a larger kinetic energy.
If the difference in kinetic energy were the only effect, a

G. H. M. Gubbels and R. Meiselaar 1887
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FIG. 9. The influence of the emitter temperature (indicated in °C} on the
I-V characteristics of a diode with an etched tungsten emitter. The col-
lector and cesium reservoir temperatures were 630 and 300 °C, respec-
tively. The interelectrode distance was 0.4 mm.

voltage difference of AV = 2kAT,=0.017 eV would be
expected.” However, as can be seen in Fig. 9, experimen-
tafly the difference is ten times higher. This is caused by the
fact that the larger kinetic energy of the electrons also
changes the ionization and recombination processes in the
plasma, resulting in a lower cesium plasma resistivity.

E. The electrical power density

The electrical power density (P, in W/cm?) generated
by the converter can be calculated from the I-V character-
istics simply by multiplying a fixed voltage and measured
current density at this voltage. At the conditicns of Figs.
6(a) and 6(b), power densities of 1.5 and 4.5 W/cm’ are
found for the diode with the unetched and etched tungsten
emitter. Thus the generated elecirical power of the diode
with the etched emitter is three times higher than the
power generated by the converter with the uneiched emit-
ter. An example of the power density at various interelec-
trode distances is given in Fig. 10. A maximal power den-

Power Density (W/om?)

~0.40 -030 ~020 -0.40 000

-07¢ —~080 -050

Cutput Voltage (V)

FIG. 10. The power density of a diode with an etched {ungsten emitter at
various interelectrode distances: +:0.1; A: 0.3, 0: 0.4; O: 0.6; and &
0.8 mm. The emitter and collector temperature were 1400 and 630°C,
respectively.
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sity is obtained at a 0.2-mm interelectrode distance.
It is possible to estimate the efficiency of the converter
{n) using the equation’

G=P/{(F/e}(D®, + 2kT,) + oe(TF — TH], (5)

where e is the charge of an electron, ¢ is the effective ther-
mal emissivity, and o is the Stefan-Boltzmann coefficient.
The efficiency depends strongly on the effective thermal
emissivity, which value is the least known. We shall take a
value € =02 for the effective thermal emissivity.® At
1400 °C emitter temperature and optimized conditions
(T,=630°C, Te,=310°C, D, =24 eV, I =12 A/cm?,
and V=04 YV}, an efficiency % = 12% is calculated.

¥. DISCUSSION AND CONCLUSIONS

The aim of research in thermionic energy conversion is
to gain an efficiency as high as possible. However, the ef-
ficiency strongly depends on impurities on the emitter and
collector surfaces. It is well known that a small amount of
oxygen increases the electrical power density of the
converter.! At experimental conditions it is almost
unavoidable that various impurities are present. Especially
the collecter surface is apt to be covered with impurities
because it faces the hot emiiter. Evaporated atoms from
the emitter condense on the collector surface and influence
the collector work function. As indicated in Sec. II B, the
collector surface consists of W, whereas the coliector body
was made of Mo. Moreover, beneath the 0.03-um-thick W
layer, a 0.3-um-thick Mo,C layer had grown. Organic sol-
vent cleaning (freon and ethanol) of the collector is sus-
pected to be the carbon source for the Mo,C layer. The
outermost surface will determine the work function of the
coliector. Experimentally, it is not possible to detect signif-
icant differences between the work functions of a collector
of pure polycrystaliine Mo or W at unignited mode condi-
tions (T/T¢o= 1.6)."1% We have tried to measare the
back emission of the diode,” but we do not trust the work
function calculated from this current. Because there are no
guard rings present in our diode, the measured back emis-
sion current will be too high.

We measured the collector work function in the retard-
ing range’ and found values in the same range as Gunther'
(see Fig. 3). The collector work function is also evaluated
from the emission current in the retarding range of the
unignited mode, as given in Figs. 4(a) and 4(b). The val-
ues found for the collector work functions are ®,=1.52
and 1.70 eV (7 /T, = 1.42) for, respectively, the etched
and unetched emitter case, which indicates 2 0.18-eV lower
work function for the collector which faced the etched
emitter.

I-V characteristics, at eqgual experimental conditions,
of the etched and unetched emitter are compared in Fig.
11. It is found that both the current and the voltage are
higher in the etched case. The higher voltage across the
diode can be traced back to the lower collector work func-
tion in the etched case. The 0.18-eV lower collector work
funiction in the etched case corresponds with the approxi-
mately 0.2-V higher output voltage [see Eq. (4)]. It is seen

G. H. M. Gubbels and R. Metselaar 1888
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FIG. 11. A comparison of the characteristics of the diode with the etched
(&) and uneiched (u) emitter. The emitter, collector, and cesium reser-
voir temperatures were 1400, 630, and 290 °C, respectively. The interelec-
trode distance was 0.3 mm.

that the slope of the I-V characteristic is the same in the
saturation region of both the etched and unetched emitter.
If the I-¥ characteristic is shifted 0.2 V and the slope re-
mains the same in the saturation region, a higher current
density results. It is seen that the current density at the
knee of the J-V characteristic of the eiched emitter is only
a little higher.

This higher current can be explained by a slightly
lower emitter work function (A® =0.02 eV) for the
etched emitter. This difference is within the measurement
accuracy of the work function measured from the unig-
nited mode emission [see Figs. 4{a) and 4{b)}. The cesi-
ated etched emitter is expected tc be lower because some
{110} tungsten crystal lattice planes are exposed at the
surface. From the barrier indexes (V,=2.06 eV for the
diode with the etched and ¥, = 2.30 eV for the diode with
the unetched emitter) deduced in Sec. IV A, a plasma volt-
age drop can be deduced by using Eq. (3). If it is accepted
that the work function of the collector depends on the
reduced collector temperature (7/T,) as indicated in
Fig. 5, then the collector work functions at optimized con-
dition (¥ /T, =1.6) are ©.=1.6 and 1.4 eV, respec-
tively. The plasma voltage drop then has a value of about
0.7 eV in both cases, etched and unetched.

From the experiments we conclude that eiching the
emitter of a converter lowers the cesiated work function of
the emitter only a little (about (.02 eV). The maximal
possible lowering is much larger, namely, the difference
between the bare work function of a {110} tungsten lattice
plane and a polycrystalline tungsten surface: @y
—~ Dy =08 V.12 The measured difference in bare work
function was 0.3 eV, This difference can be explained by
assuming that only a part of the surface area exposes {110}
planes and that at high temperaitures (1400 °C) the surface
starts to roughen again. However, the effect of a change of
the emitter temperature from 1200 to 1300°C [see Fig.
5(b)] on the cesiated work function is hard to explain with
these assumptions. Besides, from the [-¥ characteristics in
the ignited mode, only a slightly lower cesiated work func-
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tion (A® = (0.02 eV) for the etched emitter was deduced.
A more plausible explanation is that during the elecirolyt-
ical etching process, oxides are formed on the emitter sur-
face. During the “bare” work function measurement, the
oxides evaporate and only part of a2 monolayer of oxygen
remains on the tungsten emitter surface. The result is an
increased “bare” work function compared with the un-
etched emitter. At low emitter temperatures a stable Cs/C
complex can be formed on the tungsten surface because the
“2D oxide” structure on tungsten is not destroyed by
cesium.!! However, at 1300°C the Cs/O complex is Bo
longer stable, and Cs,O evaporates from the emitter sur-
face. As a result, the cesiated work function of the etched
emitter at temperatures of 1300 °C and higher is only 0.02
eV lower than the work function of the unetched emitter.

In addition to the somewhat lower cesiated emitter
work function (A® = 0.02 eV), the work function of the
cesiated collector decreases substantially (A® = 0.2 V).
In our experiments the etched emitter was not outgassed
before it was mounted in the research diode. During the
outgassing of the etched emitter within the diode, oxides
from the etched emitter may have condensed on the col-
lector surface, causing the lowering of the cesiated collec-
tor work function. WO is considered to be the evaporating
oxide!? during the outgassing and bare work function mea-
surement procedures. Moreover, during the heating of the
etched emitter—in a cesium atmosphere—in the tempera-
ture range from 1200 to 1300 °C, Csy,O will have evapo-
rated from the etched emitter. Besides, from the AES anal-
yses an increased oxygen content was found in the
condensed tungsten layer. The lower cesiated collector
work function is considered to be the most important rea-
son for the tremendous increase of electrical power density
{factor of 3) found in the case where an etched emitter was
used.
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