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A Comparison of the Contact lonization of Cesium on Tungsten
with That of Molybdenum., Tantalum, and Rhenium Surfaces

0. K. HUSMANN*

Hughes Research Laboratories, Malibu, Calif.

Evaluation of the surface ionization of cesium on four porous refractory materials regarding
ionization efficiency and critical temperatures is reported. Results from the porous mate-
rials are compared with solid surface data. The ionization efficiency of the porous material
depends upon the flow rate per pore and, therefore, is directly related to the number of pores
per unit area. An optimized emitter has more than 3.106 pores/cm2. In this case the neu-
tral flux at 10 ma/cm2 does not exceed 2.6% under clean surface conditions. The ion engine
power efficiency depends upon the critical temperature and current density. Comparison of
porous tungsten, rhenium, molybdenum, and tantalum indicates the superiority of tungsten.
Power efficiencies for clean and oxygenated porous tungsten at 10 ma/cm2 reach between 80
and 90%. At higher current densities the critical temperature is of less importance, and por-
ous rhenium with its higher ionization efficiency becomes more interesting.

Nomenclature

\j/ = ion atom resonance charge exchange cross section, cm2

F = neutral flux through the acceleration electrode aperture,
per sec

L = ion beam-atom beam interaction length, cm
i = ion current in ions per sec
v = ion velocity, cm/sec
|8 = ionization efficiency
a. = transmission coefficient
V = acceleration potential, volts
Pi = ionperveance, amp/F3/2

e - 1.6 X 10~19C
A = effective emitter surface area, cm2

TE = emitter temperature, °K
M = atomic mass number
p = alkali vapor pressure, Torr
Tp = alkali temperature, °K
IND = neutral detector current, amp
q = collimator cross section, cm2

d = distance neutral detector anode to emitter, cm

Introduction

RECENTLY we have been concerned mainly with the
comparative evaluation of rhenium, molybdenum, and

tantalum with tungsten.1 It seems to be essential that the
melting point by far exceeds the operating temperature of
the porous refractory material in order to avoid change of
the transmission coefficient during the period of operation.
For this reason, platinum and columbium are of less interest
and are not included here.

Quite opposite viewpoints are indicated by some theoretical
and experimental approaches to the effect of the pore size on
the surface ionization on porous material.2 Therefore, a
number of porous tungsten pellets with average pore radii
of between 1 and 5 p have been investigated, each pellet
counted and spectral-analyzed.

Oxygen and hydrogen have been introduced into the ultra
high vacuum system to control the carbon content in the
pellet and to change the surface work function. The electron
emission from a porous tungsten emitter at constant cesium
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flow is compared with the electron emission from solid
tungsten in the presence of cesium vapor.

Pellets under Investigation
The statistical data and transmission coefficients of the

experimentally evaluated pellets are combined in Table 1.
The X and U pellets are porous tungsten from different
manufacturers. In addition to the Re-II rhenium pellet,1
Re-IV was tested, under clean surface conditions. Counting
in general was done after the pellets were polished and the
silver or copper filler material removed. The surfaces of
the molybdenum and tantalum pellets were etched during
polishing and the filler metal was not removed.

All these pellets with the exception of Re-IV were checked
by spectral analysis with an Allied Research Laboratories'
2m focal length grating instrument with high purity graph-
ite electrodes. Table 2 presents these analyses. The data
for Re-IV are from powder analysis (by a different instru-
ment). All data provided by Table 2 are semiquantitative
with the results shown in weight percent. A number of
elements, including carbon, are not indicated.

Regarding residual gases, it may be mentioned that the
vacuum system is completely free of hydrocarbons with the
exception of occasional traces of CH4. During the bakeout
period, the tube is evacuated by an Hg-difTusion pump, and a
zeolithe trap prevents backstreaming of hydrocarbons from
the mechanical pump.

Prior to surface ionization experiments, the pellets were
heated to above 1600°K which proved to be an effective
cleaning method. Carbon (carbides), however, with its low
vapor pressure can only be removed by the introduction of
H20 or 62 into the vacuum system.3 Here 02 was generated
from a Ba02 source with a partial pressure of between 2.5
and 5 X 10 ~5 Torr. The pellet temperature was maintained
at 1600°K, and CO as well as C02 were monitored by a CEC
21-612 mass-spectrometer.4 Particularly with the U-tung-
sten pellets, the development of C02 and CO is typical after
the introduction of 02 into the vacuum system. (Besides
the large amount of oxygen, traces of H20, OH, and H2 are
also present during the introduction of 02.) Introduction
of 02 is started after reaching the lower 8th to 9th scale.

The pellet temperatures are controlled by pyrometer and
their spectral emissivities are measured by comparison with
black body radiation.1 Measurements indicate that in the
temperature range of interest, between 1100° and 1400°K
for all materials under investigation, the spectral emissivity



2608 O. K HUSMANN AIAA JOURNAL

Table 1 Pellets under investigation

Weighted
density, %

X-VII
X-VIII-1 & 2
Re-II
Re-IV
Mo-I
Ta-I
U-I
U-V
U-8-s
U-18

74
86.7
82.8
77
76
73 6
70
74.6
75.9
72.7

Counted
density, %

77.5
84.6
82.4
76.3
79.8
75
61.5
73.1
77.7
73.4

Mean pore
diam, n

4.0
4.3
1.5
3.0
1.4
3.6
1.1
1.9
4.8

10.6

Mean pore
distance, /*

14.1
23.6

6 7
9.6
5.6
4.1
1.8
5.2

16.9
29.3

Number of
pores, cm"2

3 X 105

1.28 X 105

1.49 X 106

6.25 X 105

2 X 106

1.69 X 106

2.7 X 107

1.98 X 106

2.1 X 105

6.3 X 104

Transmission
coefficient

1.0 X 10-
3.3 X 10-5

1.6 X 10-'
1 92 X 10-
3.2 X 10-
2 X 10-
9.1 X 10-
1.7 X 10-
7.3 X 10-
1.8 X 10-

5

is not very dependent upon temperature. The spectral
emissivities for rhenium, molybdenum, and tantalum, respec-
tively, are 0.47, 0.5, and 0.5 at 1150°C whereas the measured
spectral emissivities on porous tungsten range between
0.55 and 0.69 at the same temperature.1

It is difficult to obtain consistent data for the total emis-
sivity of porous tungsten; surface effects, in particular
carburization, play a major role. Data so far available
range between about 0.25 and 0.55 at 1400°K (Gallagher5).

Neutral Detector Characteristics

For a better understanding of the neutral detector read-
ings, its essential characteristics are outlined here.

The neutral detector is placed opposite the ion emitting
surface and its collimator (^ in. in diameter and 2 in. long)
is well aligned. The outer negative electrode is LN2 cooled
to avoid recirculation of cesium inside the neutral detector.
The inner electrode temperature does not exceed 1000°K
which is more than sufficient for current densities of 1 juamp
and less. The perveance of the detector is 2 X 10~8 for
cesium ions, and the potential between cathode and anode
never exceeds 30 v, thus avoiding secondary electron emission.
Photoeffect at the operating temperature is negligible.9 A
shutter in front of the detector allows the elimination of
background readings, and no ions are accelerated toward the
detector. The ion beam is electrostatically deflected 90°.
Atoms coming from structures that are opposite the detector
surface may increase the detector reading. This area can
be measured as follows: the intensity of a beam passing an
aperture under the angle </> to its normal decreases with cos4<£.
Depending on the collimator length and diameter, its shadow-
ing effect further decreases the "preumbra" area. The outer
diameter of the preumbra is the intersection of the collimator

. diagonal with the structure, and its inner diameter is the
extension of the inner collimator wall. As a good approxima-
tion, it may be assumed that the atom evaporation density
from a structure surface element parallel to the detector sur-
face decreases linearly with increase of the preumbra radius.
Assuming cesium saturation conditions on the structure
and known structure temperature, its contribution to the

detector reading can be computed. In the case of a water
cooled structure, the cesium saturation vapor pressure is
5 X 10~~7 Torr and the cesium evaporation to the neutral
detector is negligible, even when the neutral cesium efflux
from the emitter is only 1% of its total efflux. The rela-
tively large cesium ion atom charge exchange cross section
with 2.25 X 10~14 cm2 at 5 kv6 may be a second possible source
of error in the neutral detector reading. Collision ratio at a
total flux corresponding to 10 ma/cm2 and 50% ionization
efficiency becomes 6 X 10~3%, whereas the collision probabil-
ity decreases with v~~QA. At 0% and 100% ionization effi-
ciency, ft, there is no interaction between ions and atoms.
The interaction reaches its maximum at ft = 0.5. The num-
ber of ion-atom resonance charge exchange collisions n is

n = \l/FLi/v (I)
Measurement of the space charge limited current and the
neutral flux (1 — ft) vs the acceleration potential gives a di-
rect indication of the collisions between atoms and ions in
the beam.

and

dft_
dV

dI

eapA3.5 X 1022

dV

(2)

(3)

In Eq. (2), 100% ionization efficiency in the saturation range
is assumed. The actual neutral flux (1 — ft*) in this range,
therefore, must be added to yield the total neutral flux
(1 — ft**) in the space charge limited range.

(1 _ p**) = (1 — ft*) +• (1 — ft) (4)

Measurements of dlnD/dV revealed excellent agreement
with the theoretical curve. Therefore, the interaction be-
tween cesium atoms and ions in these experiments is negli-
gible and in agreement with the forementioned evaluation of
the resonance charge exchange. Since the cesium vapor
pressure is very sensitive to changes in the fuel container

Table 2 Pellet analysis

Be
Cu
Fe
Si
Ni
Cr
Cb
Mo
Ca
Al
Ti
Mg

Re-II
Re

0.08
0.005
0.1
0.04
0.3
0.2

0.02
0.2
0.004

Mo-I
Mo

0.0003
0.2
0.08
0.09

Bal.

Ta-I
Ta

0.0007
0.03

0.009

0.3
0.004

U-I
W

0.07

0.03
0.01
0.07

U-V
W

0.02

0.003
0.06

U-8-s
W

0.9
0.006
0.09

U-18
W

0.02

0.03
0.008
0.1

Re-IV
Re

<10~4

10~3

<10~4

<10~4

<10~4

<10~4
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temperature, small changes in the cesium vapor pressure may
affect the accuracy of the above readings.

dTF (f) Cr -L4)\IF/ \ I F /

At 10 ma/cm2 cesium ion current density and 90% ioniza-
tion efficiency, a change in the cesium reservoir temperature
by 1.0°C results in a 2.3% change of the neutral detector
current IND.

Dependence of the neutral detector current on the emitter
temperature is proportional to — (^)T£~3/2. Small changes
in the emitter temperature, therefore, do not affect the read-
ings.

Evaluation of lonization Efficiency and
Critical Temperature on Porous Material

To find a comparative basis for the evaluation of porous
tungsten, rhenium, molybdenum, and tantalum pellets as
well as for porous pellets in general with regard to ionization
efficiency and critical temperature, a number of tungsten
pellets with various pore diameters have been investigated.7

The porous material serves two purposes: 1) transport
of the alkali to the ionizing surface, and 2) surface ionization.
Regarding the flow mechanism, the porous material may be
treated as a bundle of capillaries, taking tortuosity into
account. The main flow mechanism is molecular flow, with
X > f. (X is the mean free path and f the mean pore radius.)

It has been pointed out1 that high ionization efficiency of
the ion propulsion system is desirable. According to the
Saha equation in connection with cesium on high work func-
tion solid refractory material, ionization efficiencies exceed-
ing 99% are feasible. Of importance is that the surface
work function is not reduced by alkali concentrations.8
Sufficient low surface coverage density can be maintained by
condensation out of the gas phase. Moreover, the surface
of porous material then acts like a solid surface with regard
to ionization, as measured at low current densities with
backfeeding.

Cesium supply at higher flow rates by backfeeding, as used
in the ion engine, is in contrast to the statistically equal dis-
tribution from the gas phase. Alkali gradients first built
up around the pore ends, then reduced the surface work
function in this area, and finally increased atom evapora-
tion results. For ionization, the atoms have to migrate to
low coverage surface areas. To approach a surface distribu-
tion with alkali backfeeding, as from the gas phase, increase
in the number of pores per unit area or decrease in the flow
rate per pore is the consequence. The pore diameter only
indirectly affects the surface ionization. All pellets under
investigation are, therefore, compared on'the basis of num-
ber of pores per cm2.

The measured ionization efficiency of a number of different
tungsten pellets coincides in the investigated range of current
densities when corrected for equal flow per pore. The number
of pores per cm2 was computed from measured mean pore
diameter and pore distance (Table 1). The pellets compared
have pore radii of between 1 and 5 AI. The neutral flux is
plotted vs the ion current density with a constant number
of pores per cm2 as the parameter in Fig. 1. For comparison,
the neutral flux from solid tungsten vs current density is
shown. (4>e = 4.7 ev.) As indicated, the neutral flux de-
creases considerably with increase of pores per cm2, and with
3 X 106 pores per cm2 the neutral efflux at 10 ma/cm2 is less
than 3%. In the range for N > 106 conducting pores per
cm2, the neutral flux in percent is related to the cesium ion
current density in amp/cm2 and the number of pores per
cm2 by

CESIUM ION CURRENT DENSITY, m A / c i n 2

Fig. 1 Dependence of the neutral flux on the cesium ion
current density. (Parameter is the number of pores/cm2.

Dashed lines are critical temperatures.)

By decreasing N, the deviation between (6) and the experi-
mental data increases due to the fact that (1 — £*) increases
more steeply than is proportional to N~l/z.

So far, only the neutral flux from pellets with pore radii
of 2jit or larger and two pellets of lju, pore radius is consistent.
In general, pellets with mean pore radii in the area of Iju
show somewhat lower ionization efficiencies than expected;
this may be caused by partial clogging. Re-check of the
transmission coefficient of two pellets with f ~ Ip, after
longer heat treatment indicated an increase which may cor-
respond to a larger number of open pores. In Fig. 1, some
critical temperature isothermes are given over a range from
solid tungsten9 to 1 X 105 pores per cm2, in addition to the
neutral flux.

In Fig. 2, the number of pores per cm2 is plotted vs the
current density, with the neutral efflux as parameter with
ionization efficiencies between 98.5 and 95%. An empirical
equation can be deducted from these curves connecting pore
spacing, pore diameter, current density, and neutral flux:

log(l - 0*) = Klogj + 9.296 - logAO (6)
Fig. 2 The number of pores/cm2. N is proportional to ion

current density at constant neutral efflux.



2610 O. K. HUSMANN AIAA JOURNAL

d = 1040* X - 2f (7)

with

d = pore spacing, IJL
j = ion current density, ma/cm2

f = mean pore radius, ju

and with N0 depending upon the required neutral flux.
These data are given in Table 3.

The neutral flux from porous tungsten, rhenium, molyb-
denum, and tantalum pellets is plotted in Fig. 3 vs the cesium
ion current density considering an equal number of pores per
cm2 (1 X 106). The four refractory materials show the steep
changeover from low to high ionization efficiency. It was
possible to operate tungsten and rhenium under clean surface
conditions with electron work functions of 4.7 ev and 4.9
ev (see Refs. 10 and 11). The neutral flux from rhenium is
somewhat lower than that from tungsten. The neutral
flux from porous molybdenum exceeds that expected in con-
nection with 4,24 ev work function.12 The measured electron
work function is 3.8 ev, in good agreement with that published
for Mo2C.14 The electron work function, measured on por-
ous tantalum is 4.1 ev, close to published data for clean solid
tantalum (4.19 ev).13 This explains the higher measured
ionization efficiency on tantalum vs that of Mo. At 1 ma/
cm2 the neutral flux from tantalum corresponds to a work
function of 4.3 ev. Carburized (refractory) metal surfaces
have a different work function compared with that of the
clean material. Carburized tungsten has been investigated
repeatedly and it has been recently reported that <£ = 4.58
ev (A = 190 amp cm~2 deg~2) vs <£ = 3.6 ev from another
publication.14

As described earlier, rhenium and tungsten were checked
by mass-spectrometer for presence of their carbides. 02
was introduced into the vacuum system from a Ba02 source
at a partial pressure close to 5 X 10 ~5 Torr. During the
introduction of 02, the pellet temperature was maintained
close to 1600°K and the development of C02 and CO was
monitored.3' 4

Carbon has been at least partially removed from Ta-I
and Mo-I by the introduction of air into the vacuum system
through an artificial leak.

Three existing theoretical approaches attempt to correlate
the neutral efflux with the pellet structure and the pellet
temperature. One of these theories agrees relatively well
with our data taking into consideration the total ion current
and 0.2 fraction of the total cross section open to flow in
combination with IJJL pore radius.2 The pore radius and the
open fraction of the surface yield the number of pores per
cm2 for comparison. - It may be mentioned that published
basic data for quantitative evaluation of such an approach
spread widely. Instead of employing a pore radius it is
considered more favorable to define a radius at which the
alkali surface concentration rapidly changes to a low value.
Because of the instability of a medium covered surface in
the case of ion extraction such a boundary must exist. To
keep this radius for ion emission relatively constant at in-
creasing flow rates, the initial surface temperature must also
be increased.

These critical temperatures are added in Fig. 1 and cover
a range of ion current densities from 1 to 10 ma/cm2 and up
to 105 pores per cm2. The critical temperatures for the solid
tungsten curve are from Taylor and Langmuir.9 With a

__________Table 3 Constants to Eq. (7)__________

(1 - 0*)% Ar0(cm-2)

1.5
2.0
3.0
4.0
5.0

8.5X 105

5.0 X 105

2.2 >^ 105

1.3X105

9.4 X 104

CESIUM ION CURRENT DENSITY, mA/c i

Fig. 3 Measured neutral flux from rhenium, tungsten,
tantalum, and molybdenum compared on the basis of 106

pores/cm2.

decreasing number of pores per cm2, the critical temperature
increases first slowly, then more rapidly. Figure 4 plots the
relationship between critical temperature and number of
pores per cm2. At 10 ma/cm2 and 106 pores per cm2 the
critical temperature exceeds that of solid tungsten by 31 °K,
and with 105 pores per cm2 by 123°K. For fuel and power
economy as well as for an increase in the lifetime of the ion
engine, it is therefore necessary to develop a porous material
with a maximum of pores per unit area. On the other hand,
clogging forms the limit toward very fine pores. Minimum
pore spacing due to free surface area for ion migration is under
investigation. 3 X 106 pores per cm2 seems to be a reason-
able compromise from Figs. 1 and 4. At this pore number
and 10 ma/cm2 ion current density, the critical temperature
exceeds that for solid tungsten by approximately 17°K, and
the ionization efficiency reaches more than 97%. The
points in Fig. 4 at 108 pores per cm2 are for solid tungsten.

Figure 5 shows the critical temperatures for rhenium,
tungsten, molybdenum, and tantalum which are compared
with those for porous tungsten and molybdenum published
by Lebedev, et al.15 (No corrections for equal pore number
per cm2 are made.) Our critical temperature on molybde-

Table 4 Critical temperature equation constants

Number of

B
pores, Liter-
cm"2 ature

Solid tungsten
Solid tungsten

0 Oxygenated porous
tungsten

Porous tungsten
0 Porous tungsten

Solid rhenium
a Porous rhenium

Solid molybdenum
Porous molybdenum

0 Porous molybdenum
Solid tantalum

a Porous tantalum

14 X 103

12.6 X 103

19. 5 X 103

15.38X 103

12. 5 X 103

17.7 X 103

13.08 X 103

12.4 X 103

13.84X 103

13. O X 103

12.9 X 103

12.81 X 103

8.764
6.8

11.12
9.28
7.37 I X 106

9.4
7.06
6.9
8.33
7.48 2 X 106

6.9
6.56 1.69 X 106

9
16

15

16

16
15

16

1 Measured by author.
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1200 1300
CRITICAL TEMPERATURE ON TUNGSTEN, °K

Fig. 4 Dependence of the critical temperature on the pore
number /cm2.

uast)
Last)

Fig. 5 Critical temperatures for rhenium, tungsten,
molybdenum and tantalum.

num somewhat exceeds that of Lebedev; on the other hand,
our porous tungsten data are lower. Direct comparison be-
tween Lebedev's and these data is not possible because of the
lack of statistical information. Of the four refractory mate-
rials investigated, Ta has the highest critical temperature
followed by rhenium, f

f The critical temperatures of porous tungsten and molyb-
denum are close. Mo-I has 1.66 times as many pores as X-III.
A direct comparison between them is limited because of the
measured low work function of Mo-I (3.8 ev).

0.7 0.8

INVERSE CRITICAL TEMPERATURE, I03 /°K

Fig. 6 For check of the accuracy of our readings, two pel-
lets of the type X-V1II have been tested. The dTc at 10

ma/cm2 does not exceed 16°K, and dTc/Tc c~ 1%.

Some critical temperatures for tungsten pellets with clean
surfaces, but different numbers of pores per cm2 (Table 1)
are plotted in Fig. 6. Of the X-VIII-type tungsten material,
two different pellets have been investigated for comparison,
and as indicated, the measured critical temperatures are
within 16°K. Agreement of their ionization efficiency is
within 1%. In the range from 0.1 ma/cm2 to 10 ma/cm2,
the critical temperatures for cesium on tungsten, rhenium,
molybdenum, and tantalum follow an equation in the form

To = A/B - log;; °K (8)

A and B are constants; j = ion current density, amp/cm2.
The critical temperature of oxygenated porous tungsten ex-
ceeds that of all the investigated materials. By comparison
of the critical temperature and ionization efficiency of
molybdenum with that of tungsten, the latter is of advantage.
In spite of its relatively high critical temperature, rhenium
is the most suitable material if a minimal neutral efflux is
required.

With regard to the beam power and the radiated energy
(from the emitter) the power efficiency of the ion engine
increases strongly with the ion current density. If the ion
beam power is related to the ion gun perveance p> it follows
for engine efficiency with accel/decel ratio 2/1

I

3
Pi
e
a

^•6/3p.-2/3)

power efficiency
current density, amp/cm2

the ion perveance, 2.5 X 10~9 (A X 7~3/2)
the total emissivity
5.67 X 10~12 (W cm~2 deg~4)

(9)

Here the total emissivity is 0.3 (see Ref. 5) and the heater
efficiency K is 33%; this means that one-third of the heater
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100

50

30

10 .d2

Fig. 7
CESIUM ION CURRENT DENSITY, A/cm*

Power efficiency for clean and oxygenated porous
tungsten.

input power is radiated from the emitter surface area. The
lower curve, Fig. 7, corresponds to oxygenated tungsten and
the upper one to clean porous tungsten. For clean tungsten
at 1 ma/cm2 cesium ion current density, the power efficiency
does not exceed 20%, but at 10 ma/cm2 it reaches 88%. The
advantage of a clean emitter surface is obvious.

It is possible to make an approach to the critical surface
temperature if data on electron emission in presence of
cesium vapor are available by combination of the Saha and
the Richardson equation.16 Extrapolation of these data to
alkali surface ionization on porous material with backfeeding
is limited by the fact that electron emission from porous
material in the presence of alkali vapor is different from
that of the solid material and that the surface ionization on
a patchy surface takes place on the higher work function
patches.17 In contrast, the electron emission originates from
the low work function areas. In Fig. 8, both upper curves
I and II give the electron emission from porous tungsten,
(made here from spherical tungsten powder). The measured
electron work function of the clean surface is 4.63 ev (A = 110
amp/cm2 deg2) (curve III). With the porous material, two
cesium arrival rates have been used at the surface: 1)
8.6 X 1016 atoms/sec cm2, and 2) 1.1 X 1018 atoms/sec cm2.
For comparison, electron emission from solid tungsten with
1016 atoms/sec cm2 is plotted.9 The change in electron

io2

I
^

io1

10°

10-
0.6 0.7 0.8 0.9

INVERSE CRITICAL TEMPERATURE, I03/°K
Fig. 8 Thermal electron emission from porous tungsten

in presence of cesium.

emission due to cesium coverage from the solid surface ex-
ceeds that from the porous surface.

Surface Contaminants

Surface contaminants such as an adsorbed monolayer or
partial monolayer of any gas change the surface work func-
tion. In general, a vacuum system contains a relatively
large amount of H2 and N2, mostly from outgassing metal
parts. Hydrogen increases the surface work function of
Wn3 by 0.43 ev.18 It is desorbed below the operating tem-
perature of the emitter. The same happens to nitrogen.19

If adsorbed on W113, the surface work function increases by
0.35 ev; hi the case of CO adsorption on the same tungsten
surface (113), the work function rises by 0.86 ev.20 Accord-
ing to Trapnell21 these gases are chemisorbed on W, Mo, and
Ta. (This is also probably true on Re.) The amount of
adsorption is temperature dependent and, in the temperature
range of interest, relatively low, although oxygen, with its
high desorption energy, is an exception.22 Condensation out
of the gas phase is proportional to the condensation probabil-
ity x and decreases with increasing surface coverage:

X = 7/W exp[—E/kT] (10)
with 7 the condensation coefficient, 6 the surface coverage
with regard to a monolayer, and E the adsorption activation
energy. According to Becker, et al.,3>23 at low coverage the
oxygen condensation probability on tungsten is 0.14; this
figure decreases to 0.04 after less than half of the surface is
covered. Adsorption of oxygen takes place rapidly with
6 X 10 ~8 Torr partial pressure on tungsten at 300°K. After

K 
H

EI
G

H
T

8
 

S
 
t

CL 10

o

CEC 21-612 5-31-62
_ MAX SENSITIVITY p = 2 x KT9 TORR

J ' rt~
ATOMIC MASS NUMBER

Fig. 9 Residual gas spectrum at 2 X 10 ~9 Torr.

2^ min the surface work function has increased by 0.3 ev.23

To maintain clean surface conditions for some time, the par-
tial pressure of oxygen must be on the 10th scale or below.
An adsorbed oxygen monolayer would increase <£ by 1.6
ev.22-24

The partial pressures in the lower mass range are con-
trolled with a CEC 21-612 mass spectrometer. Figure 9
shows a typical mass spectrogram at a total pressure of 2 X
10~9 Torr; the electron current is 20/xamp and the main peak
is H2. The sensitivity of the mass spectrometer for hydrogen
is considerably lower than that for nitrogen and hydrocar-
bons. This reading was taken approximately 24 hr after
pumping down with both heaters inside the tube at operating
temperature. At the maximum electron emission of 100
juamp with the 180 liter/sec ion pump running, the partial
pressure of oxygen is beyond the range of the mass spec-
trometer. If there are traces of free oxygen, they should
accumulate with the pump cut-off over a period of time;
however, cut-off times of 2 hr and more resulted only in small
increase of the mass 28 and mass 2 peaks. (Factor 1.45
for M-28.) No oxygen was detected. It was during this
experiment that the cesium capsule was broken. When
the heater was shut off for several hours and then flashed at
about 1800°K, gas evolution was analyzed as hydrogen and
nitrogen. From these results and control of the surface
work function without flashing the filament over several days
it is concluded that the oxygen partial pressure is below
IQ-10 Torr. (It is interesting to note that after shut-off the
ion pump still pumps some gases onto its clean Ti surfaces.)
These results confirm our earlier control of the oxygen con-
tent by surface work function measurements.1
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Some time ago we reported hysteresis of cesium and po-
tassium with surface ionization on porous tungsten, and the
same was observed with cesium on the other refractory ma-
terials under investigation. Zanderberg25 observed this
effect in the pre-threshold region with potassium on solid
tungsten and tries to explain it as an interaction of the alkali
molecules on the emitter surface. At the beginning of the
ion current experiments this effect was strong and decreased
relatively rapidly to a few degrees. Figure 10 shows this
effect on rhenium after the introduction of oxygen into the
vacuum system. lii comparison with oxygen, the partial
pressures of the other residual gases are negligible. This
experiment implies that oxygen is one contaminant causing
hysteresis in the threshold region of surface ionization on re-
fractory materials. Introduction of hydrogen into the
system at pressures in the range of 10^5 Torr did not change
the surface conditions. The flow rate of cesium also was not
affected by either hydrogen or oxygen in this pressure range
with flow rates of 8.1 X 1011 and 2.8 X 1011 atoms/sec, respec-
tively. Both gases were introduced on the critical surface
side, not on the fuel side.

10*

I0~'

Fig. 11 Tortuosity of porous materials related to the
transmission coefficient.

Correlation between the Transmission
Coefficient and the Structure of the Porous

Material
Correlation between the number of pores per cm2, the

neutral flux, and the critical temperature was discussed in
the preceding section. With regard to the flow mechanism,
of interest is the connection between the transmission coeffi-
cient and the statistical information from these pellets. The
molecular flow per pore (with L ^> f) is proportional to

(f)(f/L)T (11)

Regarding the alkali flow, the porous material may behave
like a bundle of capillaries because then the total flow must
be proportional to (11) multiplied by the total number of
pores.

8irf*NA
(12)

where a is the transmission coefficient (ratio of passing
through to impinging atoms), f is the mean pore radius,
L is the pellet thickness, N is the number of pores per cm2,
A is the pellet surface area, and £ may be interpreted as
tortuosity. Because all pore cross sections appear in a single

CRITICAL TEMPERATURE, *K

Fig. 10 Hysteresis at the threshold for surface ionization
on porous rhenium.

capillary of the porous material, r was weighted with its
relative frequencies in the first power. None of the pellets
statistically investigated so far showed Gauss distribution of
the pore radii. This may result from the nongaussian dis-
tribution in the original powder and also may be partly de-
pendent upon the low resolution of the counting technique
in the submicron range.

The transmission coefficient a is plotted vs the tortuosity
£ in Fig. 11. From Eq. (12) one would anticipate a straight
line on double log paper. The X and Y pellets1 (including
Re-II and Mo-I) follow the theoretical slope relatively closely
whereas the U pellets fitting the upper slope have a wider
range of dispersion. It is known that the pellets fitting the
upper slope have been sintered at lower temperatures than
have those following the lower slope. The factor which
appears here as the parameter may be identified as consolida-
tion. The materials sintered at higher temperature have a
lower transmission coefficient at the same tortuosity.

The data available so far are not sufficient to design op-
timized porous pellets. To achieve both high ionization and
conductance (to reduce the consolidation), narrow distribu-
tion of the grain sizes seems to be essential. Separation is
easiest with spherical tungsten powder, which, if treated
properly, also offers the advantage of dense packaging26 and
low consolidation.

Life Test
Five different pellets were under continuous test for 11

months. The conditions were: pellet temperature close to
1440°K and passage of small amounts of cesium through the
pellets. The test was done under ultra high vacuum. H^O,
OH, and some mass 28 were the main residual gases. Prior
to being incorporated into the life test, all pellets were flow-
rate checked several times, and their ionization efficiency and
critical temperature measured. Some results of this experi-
ment after 10 months duration are indicated in Fig. 12.
Pellets incorporated are X-II, X-III, X-V, X-VII, and
Y-III.1 Plotted is the time of test vs the transmission
coefficient. Particularly for the X-II and X-III pellets, the
transmission coefficient increases during the time of test
(average pore diameter, 2/z) whereas the transmission co-
efficient of X-VII with 4M mean pore diameter is constant.
These data are preliminary because the transmission co-
efficient depends upon the pellet geometry which will be
checked after 12 months of test.

It is interesting to mention that the transmission coeffi-
cients have been measured each time at a temperature close
to 1600®K after cleanup. These life test results are in con-



2614 O. K. HUSMANN AIAA JOURNAL

10 < -.

i 1 1 1 1

i i i i i 1 1 1 i i i i i 1 1
10' I02

TIME,DAYS

Fig. 12 Variation of the transmission coefficient with the
time of operation.

trast to the theory of continuous sintering of the porous
material.27

Conclusions

With regard to ion engine power efficiency, tungsten, be-
cause of its relatively low critical temperature, is the suitable
material for surface ionization. Decrease of neutral efflux
and critical temperature with increasing number of pores per
unit area implies the development of fine grain pellets. Em-
phasis is given to spherical powders with narrow grain size
distributions.
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