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Introduction 

In the use of hot porous tungsten t o  
produce cesium ions fo r  e l ec t r i ca l  propulsion, 

the degree of tungsten puri ty  is Of extreme 
importance. Materials a f fec t  the tungsten 

performance mainly a l te r ing  the work-function, 
the cesium binding energy, and the emissivity. 

The m a t e p l s  tha t  ra i se  the work-function 
lower the r a t i o  of neutral  emission t o  ion 
emission. Materials t ha t  lower the work- 
function increase the neutral emission - 
often above the ion emission. If the binding 

e n e r a  is increased, the c r i t i c a l  temperature 
necessary t o  evaporate a given current density 
of ions w i l l  increase. If the binding energy 
is decreased, the c r i t i c a l  temperature w i l l  be 

lower. 

Tungsten can be brought t o  a very high 

degree of pur i ty  simply by rais ing i t s  temp- 

erature, causing foreign materials t o  diffuse 

t o  the surface and evaporate. In  the case of 
prac t ica l  ion emitters, however, the prac t ica l  
d i f f i cu l t i e s  of heating large areas, the temp- 
erature l imitat ions imposed by the brazes, and 
deleterious e f fec ts  of fur ther  sintering, inter-  

fe re  with the use of t h i s  method. 

menter may, therefore, often be working with 

other than clean tungsten. 

m e  experi- 

This paper'describes experiments on 
porous tungsten emitters i n  which special 
measures were taken t o  control surface con- 

di t ions.  Ultra high vacuum w a s  maintained, 

emitters were designed t o  allow prolonged 

heating t o  2000°K, capabi l i ty  for surface 
sputtering was provided, and controlled amounts 

of impurities could be introduced. 

Results are presented showing tha t  
oxygen decreases neutrals, but increases 

c r i t i c a l  temperature. Carbon decreases 
neutrals and decreases the c r i t i c a l  temper- 

ature, but raises emissivity. Calcium 
increases neutrals and increases c r i t i c a l  
temperature. These observations resu l t  from 
careful repeated study of each of these 
materials deposited on tungsten which had 

f i r s t  been cleaned by high temperature oper- 
a t ion i n  high vacuum followed by sputtering. 

Experimental Procedures 
The measurements were made on one inch 

diameter porous tungsten discs manufactured 

by Semicon of California. The ions are  
focused and accelerated by two f ine  grids 

of tungsten wires. 
t o  2600°K so as t o  keep the surface clean. 

Electron currents from the accelerating grid 
t o  the source during ion emission, and from 
the focusing gr id  during electron emission 
are  thus eliminated. When maintained hot and 
a t  a positive potential, the grids can a l so  
be used t o  sput ter  the tungsten source s inre  

a fract ion of the cesium from the source w i l l  
be intercepted, surface ionized, and accelerated 

back t o  the source. 

L 

These grids can be heated 
e 

A hot ribbon neutral sensor off t o  one 
side of the ion beam "sees" the surface of 

the porous tungsten through the f ine  se t  of 
grid w i r e s .  

measures propellant u t i l i za t ion  as  modified 

by the accelerating s t ructure  ra ther  than 
the desired t rue  neutral fraction, i n  this 

case because of the small amount of neutral 

scat ter ing by the f ine grids, the two are 

Although the neutral detector 
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essent ia l ly  the same. 

The vacuum obtained by a Welch 
"turbomolecular" pump i s  oxygen-free and 

hydrocarbon-free, as  monitored by a mass 
spectrometer mounted i n  the system. A 
large copper surface a t  l iquid nitrogen 
temperature surrounds the ion source, cools 
the neutral detector and condenses cesium 

and water vapor. The t o t a l  pressure when 
operating is  a few times 10 tor r ,  and i s  

mostly untrapped cesium. 

-a 

A clean tungsten surface is  obtained by 
first heating i n  oxygen t o  remove carbon, 

operating f o r  hours a t  a re la t ive ly  high 
(5-10 ma/cm ) cesium ion current density 
a t  2000°K, and then sputtering. 

can then operate clean for many minutes. During 
this time a le& of oxygen producing a pressure 
of 1 x 10 t o r r  w i l l  detectably alter the sur- 
face condition. Because the measurements were 
made on thoroughly cleaned porous tungsten at  
re la t ive ly  low ion current density where the 
pore dis t r ibut ion has l i t t l e  effect ,  these 

data  are  believed t o  be valjd fo r  a l l  clean 
porous tungsten regardless of manufacturer. 
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Such a surface 
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The carbided surface i s  produced by 
cracking hydrocarbon vapors (C2H2, f!H,+,CZFq,etc) 
and s tab i l iz ing  by high temperature operation. 
The short exposure time (minutes) and the low 

-6 pressure (a few times 10 t o r r )  resu l t s  i n  a 
very thin coating of WzC a few microns thick. 
It has been ident i f ied by X-rays. This surface 

can be cleaned up by lOng(at high T)  exposure t o  

oxygen. 
pressurc up t o  10-5torr or more has no effect  
on the electronic properties of t h i s  surface 
for considerable periods of exposure. This 
e f fec t  and the  clean up of carbon is  at t r ibuted 

t o  the rapid formation and evaporation of CO. 

It i s  noteworthy that oxygen a t  any 

The qual.itative features  of an oxygenated 
surface have been gathered over a long period 
of time on many different  samples of porous 
tunesten. The quantitative e f fec t  depends on 

the degree of oxygenation, cesium ion current 

density, t race impurities, and the past Mstory 

of the surface. Thc carbided surface, on the 
other hand., exhibits the same quantitative 

character is t ics  time and t i m e  again on different  

sources carbided i n  different  manners. This 

surface i s  also much less  sensi t ive t o  t races  
of poisoning contaminants. 
tungsten surface i s  harder t o  achieve and 

maintain; a f t c r  the tungsten i s  essent ia l ly  
clean, the remnant surface contaminants such 

as oxygen can be sputtered off .  

The t r u l y  clean 

Experimental Results 
Clean Tungsten 

In Figure 1 i s  plot ted the electron 
current density from clean porous tungsten 
fed with cesium. The feed ra te  was such 

2 as t o  produce 1 m/cm 
if the voltage were reversed. 

i n  the background are constant work-function 
lines, based on the Richardson equation, 

2 2 j = 120 T 
experimental points l i e  pa ra l l e l  t o  these 
l i nes  the surface is  maintaining a constant 
work-function. The value of the work-function 
of any point can be interpolated from i t s  

position on the experimental curve re la t ive  
t o  the l ines  of constant#. 
t h i s  instance that at  high temperature cesium 

coverage i s  essent ia l ly  zero, and we f ind the 
work-function of t h i s  clean porous tungsten 

t o  be 4.7 vol ts .  A t  lower temperatures, the 
cesium st icks ,  lowers the work-function, and 
causes the electron emission t o  increase. 

The temperature at  which the electron current 
crosses the 3.7 vol t  l i ne  ( 1300°K i n  Figure 1) 

i s  approximatcly the c r i t i c a l  temperature for 
ion emission. 

Ion current density, 
Plotted l i gh t ly  

exp - e+/kT amps/cm . When the 

We can see i n  

Under d i f fe ren t  surface conditions the 
"S" shaped curve may depart from the constant 

work-function l i ne  a t  higher temperatures and 

may increase more rapidly t o  the r ight .  

c r i t i c a l  temperature then w i l l  be higher. 

portion of the curve fa r ther  t o  the right re- 
l a t e s  t o  the adherence of largc cesium coverages 
and has no bearing on ion production. 

The 

The 

In Figure 2 we see the percentage fract ion 

of neutral cesiwn emitted from the same surface 
cwo -L 



during ion operation a t  high voltages. 

r igh t ,  the temperature i s  below c r i t i c a l  and 
thc neutrals are nearly 10%. 
temperature i s  indeed 1300 K. Constant work- 
k c t i o n  l i nes  are  shown, based on the Saha- 

I a n w i r  equation, which predicts that the 
f rac t ion  of the t o t a l  cesium emitted as neutrals 

w i l l  b e d  = (1 + 
the cesium ionization potent ia l  Vi i s  3.9 vol ts .  

(A r e p o d  by Teem and co-workers shows that 
when a patchy surface i s  involved, it i s  the 
electron work-function as we measure it with 
A = 120 that should be used i n  t h i s  equation 

t o  predict neutrals . )  
the cesium coverage is  very low and the work- 
function i s  that of clean tungsten. The resul t -  
i n s  neutral f ract ion and i t s  temperature depen- 

dence agrees reasonably w e l l  with the work- 
function found from the "S" w e .  

A t  the 

The c r i t i c a l  
0 

1 exp. ( j -  Vi)/kT)-l where 

A t  high temperatures 

Oxygenated Tungsten 
Figure 3 shows the "S" shaped curve f o r  

oxygenated tungsten. 
tungsten is included f o r  comparison. For the 

higher temperatures t o  the l e f t ,  we see a high 

work-function decreasing towards the value fo r  
clean tungsten. 
temperature i s  decreased indicates that the 
cesium has a high binding enerw and t h a t  a 
high c r i t i c a l  temperature w i l l  r esu l t .  

oxygenated tungsten i n  vacuum resu l t s  i n  a 
larger  low temperature maximum, the continuous 

maintenance of an oxygen pressure i n  this case 
suppresses the electron emission at  low t e m -  

perature. 
temperature i s  increased and that the neutrals 

are  lower, r e l a t ive  t o  clean tungsten. The 
broad f la t  minimum region indicates the adherence 
of a sizable cesium coverage t o  quite high 

temperatures, again indicating a high binding 
e n e r a .  

The dotted w e  fo r  clean 

The abrupt steep r i s e  as the 

Although 

In Figure 4 we see that the c r i t i c a l  

Carburized s ten  

In Figure 5 the "S" shaped curve for car- 
The work-function is bided t w s t e n  is  shown. 

4.9 vo l t s .  
the binding energy is  lowered, predicting a 

Also as evidenced by the low valley, 

.. . 
lower c r i t i c a l  temperature ( 1210'K). 
of in t e re s t  t o  note tha t  the binding energy 

f o r  large cesium coverages i s  increased, giving 
a larger  low temperature peak emission. 
character is t ic  i s  i n  close analogy t o  the e f fec t  
of 'ii C on electron emission from barium impreg- 
nated porous tungsten. A t  high temperatures, 
14 C i s  used t o  suppress el~ectron emission by 
a2~lowine, the harim t o  evaporate. A t  low tem- 

pcratures electron emission i s  enhanced from 
iJ C areas . 

It i s  

This 

2 

2 

2 
2 

Figure 6 shows the neutral f ract ion versus 
temperature fo r  carbided tungsten. We see 

that the c r i t i c a l  temperature i s  lower, tha t  
the neutrals are lower, and that the strong 

temperature dependence as governed by the 
Saha-Lmgmir equation is  evidenced. 

The improved ion emitter properties of 
carbided tnngsten i s  off-set by i t s  higher 

t h e m 1  emissivity, which is approximately 

0.4. 

Calcium, Fluorine and Other Con tdnan t s  
Calcium was studied and found t o  be a 

bad poison - it appeared both t o  lower the 
work-function, thereby producing high neutral 

emission, and also t o  hold the cesium t ight ly ,  

producing a high c r i t i c a l  temperature. H i g h  
temperature operation was necessary t o  lower 

the calcium concentration on the surface by 

evaporation. A high pseudo-critical temper- 
ature existed where the diffusion rate t o  the 
surface matched the evaporation. 

ature was often above 1700'K. 

d 

This temper- 

Fluorine ac ts  l i ke  oxygen. It raises the 
c r i t i c a l  temperature and lowers the neutrals. 

Silicon and boron were found t o  have l i t t l e  

effect  on ion and neutral emission, although 

they raised the tnngsten work-function s l ight ly .  

The presented data have a l l  been at the 
2 re la t ive ly  low current density of 1 ma/cm in  

order t o  graphically i l lustrate  the basic 
e f fec t  of work-function and binding energy. d. 
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The increase of neutrals with current density 
because of insufficiently rine pore distri- 
'uution is barely seen here. A s  pointed Out 

3 by the work of HUSS- Vne neutrsls increase 
at higher ion current densities - badly 80 
with a coarse grain porous tungsten and less 
SO vith a f ine grain porous tungsten. 
the critical temperature is less well defined 
at high ion current densities with a large 

Also 

range of temperatures where an increase in 
temperature decreases the neutrals. Ugh 
current densities uc to 16 m/cm on many 
different porous tungsten smples have been 
studied by the authors, and the different 
characteristics of high m e n t  density ion 
emiseion and the data presented here are not 
contradictory and are  due to the pore distri- 
bution. 

2 

Conclusion 
An oxygenated tungsten surface is 

identifiable from its "s" shaped curve by its 
hi& bare work-flmction and high cesium cover- 

age at ion operating temperatures and fmm its 
ion emission by the high critical temperature 
and the small constant percentage value Of 

neutrals at higher temperatures. A carbided 
s w a c e  is identifiable from its " S "  shaped 
c w e  by its stable 4.9 volt work-function 
insensitive to oxygen and the deep mlninnUn, 

and from its ion emission by the low critical 
temperature and the rapid rise of neutrals at 
higher temperatures. 
fiable by its known work-mction and its 
extreme sensitivity to small amounts of oxygen. 

Clean tungsten is identi- 
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