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CESIUM NEUTRAL AND TON EMISSION FROM CARBURIZED AND OXYGENATED POROUS TUNGSTEN*

A. ¥. Cho and H.

Shelton

Members of the Technical Staff
TRW/Space Technology Laboratories

Introduction

In the use of hot porous tungsten to
produce cesium ions for electrical propulsion,
the degree of tungsten purity is of extreme
importance. Materials affect the tungsten
performance mainly altering the work-function,
the cesium binding energy, and the emissiviiy.
The materials that raise the work-function
lower the ratio of neutral emission to ion
emission. Materials that lower the work-
function incregse the neutral emission -
aften above the ion emission. If the binding
energy is increased, the critical temperature
necessary to evaporate a given current density
of ions will increase. If the binding energy
is decreased, the critical tempersture will be

lowver.

Tungsten can be brought to a very high
degree of purity simply by raising its temp-
erature, causing foreign materisls to diffuse
to the surface and evaporate. In the case of
practical ion emitters, however, the practical
difficulties of heating large areas, the temp-
ergture limitations imposed by the brazes, and

deleterious effects of further sintering, inter-

fere with the use of this method. The experi-
menter may, therefore, often be working with
other than clean tungsten,.

This paper-describes experiments on
porous tungsten emitters in which speciael
megsures were taken to control surface con-
ditions. Ultrs high vacuum was wailntalned,
emitters were designed to allow prolonged
heating to 2000°K, capability for surface
sputtering was provided, and controlled amounts

of impurities could be introduced.

Results are presented showing that
oxygen decreases neutrals, but ineregses
critical temperature. Carbon decreases
neutrals and decregses the critical temper-
ature, but raises emissivity. Calcium
increases neutrals and increases critical
tempergture. These observations resuli from
careful repeated study of each of these
materials deposited on tungsten which had
first been cleaned by high temperature oper-
ation in high vacuum followed by sputtering.

Experimental Procedures

The measurements were made on one inch
dlameter porous tungsten discs manufactured
by Semicon of Californls. The ions are
focused and accelerated by two fine grids
of tungsten wires. These grids can be heated
to 2600°K so as to keep the surface clean.
Electron currents from the accelerating grid
te the source during ion emission, and from
the focusing grid during electron emission
are thus eliminated. When maintained hot and
at a positive potential, the grids can slso
be used to sputter the tungsten source since
a fraction of the cesium from the source will
be intercepted, surface lonized, and accelerated

back to the source.

A hot ribbon neutral sensor off to one
side of the lon beam "sees" the surface of
the porous tungsten through the fine set of
grid wires. Although the neutral detector
measures propellant utilizatlion as modified
by the accelerating structure rather than
the desired true neutral fracticn, in this
case because of the small amount of neutral

scattering by the fine grids, the two are
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essentially the same.

The vacuum ¢btained by a Welch
"turbomolecular” pump is oxygen-free and
hydrocarbon-free, as monitored by a:ﬁass :
spectrometer mounted In the system. A
large copper surface at liquid nitrogen
temperature surrounds the ilon source, cools
the neutral detector and condenses cesium
and water vapor. The total pressure when
operating is a few times quatorr, and is

mostly untrapped cesium.

A clean tungsten surface is obialned by
first heating in oxygen to remove carbon,
operating for hours at a relstively high
(5-10 ma/cma) cesium lon current density
at ZOOOOK, and then sputtering. Such & surface
can then operate clean for many minutes. During
this time a leak of oxygen producing & pressure
of 1 x 10-8torr will detectsbly alter the sur-
face condition. Because the measurements were
made on thoroughly cleaned porous tungsten at
relatively low ion current density where the
pore distribution has little effect, these
date are believed to be valid for all clean

porous tungsten regardless of manufecturer.

The carbided surface is proeduced by
cracking hydrocarbon vapors (CZHZ’ rH ,CgFu,etc)
and stabllizing by high temperature operation.
The short exposure time (minutes) and the low
pressure {a few times lO'6torr) results in a
very thin costing of WBC a few microns thick.

It has been identified by X-rays. This surface
can be cleaned up by long (at high T) exvosure to
oxygen. It is noteworthy that oxygen at any
pressure up to 107 borr or moye has no effect

on the clectronic properties of this surface

for considerable perlods of exposure. This
effect and the clean up of carbon is sttributed

to the rapid formation and evaporation of CO.

The qualitative features of an oxygenated
surface have been gathered over a long period
of time on many different samples of porous
tungsten. The quantitative effect depends on
the degrec of oxygenation, cesium ion current

density, trace impurities, and the past history

of the surface. The carbided surface, on the
other hend, exhibits the ssme guantitative
cheracteristics time and time again on different
sources carbided in different manners. This
surfdée 15-5150 muéh less sénsiti%e-£o traces

of poisoning contaminents. The truly clean
tungsten surface is harder to achieve and
maintain; after the tungsten is essentislly
clean, the remnant surface contaminants such

as oxygen can be sputtered off.

Experimental Results

Clesn Tungsten

In Figure 1 1s plotted the electron
current density from clean porous tungsten
fed with
as to produce 1 ma/cm2 ion current density,
if the voltage were reversed. Plotted lightly
in the background are constant work-function

cesium, The feed rate was such

lines, based on the Richardson equation,

j =120 7@ exp ~ ef/kT amps/cmz. When the
experimental points lie parallel to these
lines the surface is mmintaining a constant
work~function. The value of the work-function
of any point can be interpolated from its
positicn on the experimentsl curve relative

to the lines of constant}‘. We can see in
this instance that at high temperature cesium
coversge 1s essentially zerc, and we find the
work-function of this clean porous tungsten

to be 4.7 volts. At lower temperatures, the
cesium sticks, lowers the work-function, and
causes the electron emission to increase.

The temperature at which the electron current
crosses the 3.7 volt line ( 13OOOK in Figure 1)
is approximately the critical temperature for
ion emission.

Under different surfece conditions the
"3" shaped eurve may depart from the constant
work-Tunction line at hnigher temperatures and
may increase more rapldly to the right., The
critical temperature then will be higher. The
portion of the curve farther to the right re-
lates to the adherence of large cesium coverages

and hes no bearing on lon production.

In Figure 2 we see the percentage fraction

of neutral cesium emitted from the same surface
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during ion operation at high voltages. At the
right, the temperature is below critical and

the neutrals are nearly 100%. The critilcal
temperature is indeed 1300°K. Constant work-
function lines are shown, based on the Saha-
langmiir equation, which predicts that the
fraction of the total cesium emitted as neutrals
will beed = (1 + % exp. (}ﬂ- Vi)/kﬂ-)_l where

1 is 3.9 volts.
(A report’ by Teem and co-workers shows that

when a patchy surface is involved, it is the

the cesium ionizetlon potential V

electron work-function as we measure it with

A = 120 that should be used in this equaticn

to predict neutrals.) At high terperatures

the cesium coverage is very low and the work-
function is that of clean tungsten. The result~-
ing neutrsal fraction and its temperature depen-
dence agrees reasonably well with the work-

function found from the "S" curve.

Oxygenated Tungsten

Figure 3 shows the "$" shaped curve for
oxygenated tungsten. The dotted curve for clean
tungsten is included for comparison. For the
higher temperatures to the left, we see a high
work-function decreasing towards the value for
c¢lean tungsten. The abrupt steep rise as the
temperature is decreased indicates that the
cesium has a high binding energy and that a
high critical temperature will result. Although
oxygenated tungsten in vacuum results 1n a
Jarger low temperature maximum, the continuous
maintenance of an oxygen pressure in this case
suppresses the electron emission at low tem=-
pergture. In Figure I we see that the critical
temperature is increased and that the neutrals
are lower, relative to clean tungsten. The
broad flat minimum region indicates the adherence
of a sizable cesium coverage to gquite high
temperatures, again indicating a hiéh binding

energy.

Carburized Tungsten

In Figure 5 the "3" shaped curve for car-
bided tungsten is shown. The work-function is
4,9 volts. Also as evidenced by the low valley,

the binding energy is lowered, predicting =

lower critical temperature { 1210°K). It is
of interest to note that the binding energy
for large cesium coversges is increased, glving

a larger low temperature peakt emission. This

characteristic is in close anaslogy to the effect \hd)

of wzc on electron emission from bherium impreg-
nated porous tungsten. At high temperatures,
WZC is used to suppress electron emission by
a’lowing the barium to evaporate. At low tem-
peratures electron emission is enhanced from
W,.C areasz.
2

Figure & shows the neutral fraction versus
temperature for carbided tungsien. We see
that the eritical temperature is lower, that
the neutrals are lower, and that the sirong
temperature dependence as governed by the
Sgha-Langmuiir equation is evidenced.

The improved ion emitfer properties of
carbided tungsten is off-set by its higher
thermal emlssivity, which is approximately
0.k,

Calcium, Fluorine and Other Contaminants
Calcium was studied and found to be a

bad poison -~ it appeared both to lower the
work~function, thereby producing high neutral
emission, and also to hold the cesium tightly,
producing a high criticel temperature. High
temperature operation was necessary to lower
the caleium concentration on the surface by
evaporation. A high pseudo-critical temper-
ature existed where the diffusion rgte to the
surface matched the evaporation. This temper-
ature was often above lTOOOK.

Fluorine acts like oxygen. I raises the
critical temperature and lowers the neutrals.
Silicon and boron were found to have 1ittle
effect on ion and neutral emission, although
they raised the tungsten work-function slightly.

The presented data have all been at the
relatively low current density of 1 ma/cm? in
order to graphically illustrate the basie
effect of work-function and binding energy.

(o~



ELECTRON CURRENT

FIGURE I.

The inerease of neutrals with current density
becsuse of insufficiently fine pore distri-
bution is barely seen here. As pointed out
by the work of HuSSman3 the neutrals increase
at higher ion current densities - badly so
with a coprse grain porous tungsten and less
Also
the eritical tempersture is Jess well defdned
at high ion current densities with a large
range of temperatures where an increase in
High
current densities wp to 16 ma/ﬂmz on many

5o with a fine grain porous tungsten.

tempergbure decreases the neutrals.

different porous tungsten gamples have been
studied by the authors, and the different
characteristics of high current density ion
emission and the deta presented here are not
contradictory and are due to the pore dlstri-
butien.

Conelusion
An oxygenated tungsten surface is
identifiable from its "8" shaped curve by its
high bare work-funchion and high cesium cover-

age at ion coperating temperatures and from its
ion emission by the high erdtlcal temperature
and the small constant percentage value of
neutrals at higher temperatures. A carbided
surface is identifiable from its "S" shaped
curve by its stable 4.9 volt work-function
insensitlve to oxygen and the deep minimum,

and frop its lon emlssion by the low critical
temperature and the rapld rise of neutrals at
higher temperatures. Clesn tungsten Is identl-
fiable by its known work-function and its
extreme sensitivity to small emounts of oxygen.
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