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'ABSTRACT

The surface ionization properties of
porous tungsten ionizers which have been
sintered from powders with diameters of
0.1, 0.9, 5, 8, 12 to 18, and 44 to 74
microns and with densities from 60 to
80 percent have been determined experi-
mentally with a neutral atom and ion’

detector for through-fed cesium,
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1. INTRODUCTION

The phenomenon of surface ionization is being used for the generation

of ions in one of the several types of electrostatic thrustors under
st et SEREIPS - S

"development. The over-all power efficiency, propellant utilization

efficiency, and thrustor lifetime are dependent upon the fundamentals

of surface ionization. Most thrustors utilizing surface ionization are
of the through-fed type employing porous tungsten for the ionizer. It

is desirable to use porous tungsten ionizers which have properties that
optimize the current-producing aﬁd propellant-utilization characteris-
tics. The relationships between porous tungsten properties and current-
producing characteristics and propellant utilization have been under

investigétion since the onset of experimental work in electrical propul-

[ NI

N

sion. However; the relationships are not yet resolved to the point

e ——

“that permits ionizer design optimization.

This paper presents the results of experiments performed for the cesium-
tuhgsten system with ionizers having different porous properties. While
Lhe work reported here docs not determine unequivocably all of the char-
acteristics of this system, it does show directions and dependencies of
current production and propellant utilization as functions of the proper-

ties of porous tungsten ionizers and of operating conditions.



THIS PAGE
WAS INTENTIONALLY
LEFT BLANK



2. SUMMARY AND CONCLUSIONS

The surface ionization properties of porous tungstén ionizers which have
been sintered from powders with diameters of 0.1, 0.9, 5, 8, 12 to 18, and 44
to 7% microns, and with densities from 60 to 80 percent have been deter-

' .mined experimentally with a neutral atom and ion detector for through-

fed cesium, The neutral- and ion-current producing characteristics, the
‘ionization efficiencies, and the critical temperatures for ion production
were obtained as functions of ionizer temperature, the ion-accelerating
electrostatic field, the cesium vapor pressure at the rear of the ionizer

(as calculated from the vapor temperature), the particle fluxes from the
ionizing surface (neutral, ion, and total), and the-basic tungsten powder
diameter. "The values of the variables in the ranges studied are: ionizing
surface temperature;, 900 to 1600 K; cesium vapor temperature, 360 to 600

K, and corfesponding'desiumfvapor pressure at the rear of the ionizer, 4

X 10_4
3.6 x 107 v/cm; particle fluxes (current densities), 0 to 3 x 1016 particles/

to'3 mm Hg; ion-accelerating electrostatic field (nominal), 0 to

éq ci-sec (0 to 5 m@/sq cm); and ionizer powder diameters an@'porosities,
as above. The background pressure was maintained in the IO—b mm- Hg range,

‘with data obtained occasionally in the high 10”7 range.

The'expefimental apparatus used separates and measures independently the

ion and neutral currents. Grid electron suppression and  liquid-nitrogen

‘cooling are employed. The neutral atom current is measured by ionization
with a hot tungsten filament inside an isolated chamber. A neutral-beam

interrupter is employed to provide background -filament current readings-

for all neutral-current measurements. A process believed to be cesium
- gettering was used to clean the ionizing surfaces before data :were' taken,
All data were obtained by thé decreasing accelerating field technique

described herein.

To make correlations between the surface ionization properties.of these

ionizers and their porous structure parameters, the results of gas-flow-

«”



measurements with these same ionizers, and of metallographic studies of
identically fabricated comﬁécts; aré preseﬁted; The porous structure
parameters reported are the basic powder diameter, the density (porosity),
the mean pore diameter, the mean grain diameter, the mean interpore spac-
"ing, the viscous flow permeability, the specific surface, and the specific
periphery (defined herein). The effects pfAthe.origihal powder size and
porosity on parameters important for application to the electrical propul-
sion program are discussed, and it is shown that the trends are not always
compatible. = It 1is pointed out that improvements in the sintering fabrica-
tion-techniques.will~bé required for powder-diameters less than a few

microns if long-term operation at optimam conditions is to be:attained,

The theory and equations for patchy'surface,ionizétion are sumpnarized.

The differences between the application of .the.equations to filament ioni-
zers.and to porous ionizers are outlined. Simplifications of the theory
and equations for the special case of the cesium-tungsten system in the
region of .the normal and anomalous Schottky effects are discussed. The.
experimentally observed influence of the applied electric field, E, on

the .current.density is illustrated and discussed. The mode most commonly
observed was that in which.a decrease in current density with E is followed
by an increase. The éonclusion‘is.drawn that the influence of the normal
Schottky effect.is being observed at high values of applied voltagc when
the ion current increases with E, and that the anomalous Schottlky effect
my be causing the decrease in the ion current at values of E in thc weak
field region, . The minimum in the, ion current (vs E) occurs at successi?ely
higher values of the electric field as the magnitude of the emission—

limited ion current -is increased. .

The apparent perveance increases with the ion current density. Differences
are -noted depending upon vhether the.cesium vapor pressure or the ionizer
temperature is used to increase the ion current density. Experimental
perveances at comparable conditions of cesium vapor pressure and ionizer
temperature are tabulated.. Results reported here show that the perveance

increases with decreasing powder size.



The O.l-micron ionizer showed little porous structure and developed
pumerous well-defined cracks under even mild heat treatment, and .there-
fore could not be used for surface ionization measurements. For the
ionizer of 0.9-micron powder diameter, the ionization efficiency in-
creased uniformly, while the current-producing. capabilities decreased
severely with accrued operating time,vparticularly at high ionizer

temperatures (1400 to 1600 K).

The various modes for the passage of gases through pdrous media are
considered. The validity of the basic assumptions underlying thzir
appli&ations to the case of alkali metals and refractory porous metal
ionizers for surface ionization systems are examined, and comparable
equations governing the flow of the cesium through the porous ionizers.
are displayed for the various modes. Consideration.of the basic assump-
tions for. these equations and the dependence upon vapor pressure, ionizer
temperature, and porous structure, compared with the experimental results,
indicate that the cesium transport occurs primarily as simple (monolayer
or less) surface diffusion or migration, with the possibility of some
free molecular flow, particularly at the higher flowrates. It is also

indicated that viscous flow, turbulent flow, multilayer adsorptive flow,

~and flow by capillary con&ensation are, at most, secondary modes of trans-

port. This conclusion is consistent with the ionization efficiencies

that are observed for these ionizers,

The dependences of the four variables which influence the flow of cesium
through the porous tungsten ionizers (the cesium vapor pressure at the
rear ionizer surface, the ionizer temperature, the porous ionizer per-
meébility,_and the electric field at the front surface of the ionizer
and the resulting rate of ion formation and extraction) are illustrated
and discussed. For all of the ionizers studied, a linear reiationship
is exhibited between the neutral flux and the cesium vapor pressure

when the latter is the only variable influsncing the flow. The ion flux,

.n_or J+, is also observed to increase with the vapor pressure, though

. not necessarily linearly. An interesting relatioaship between the ratio

of total particle flux for emission-limited (FL) ion production to the




total particle flux for E = 0 (no ion emission) and the ionizer powder
size, and therefore the influehcelof E on the cesium flowrate, is observed.
This ratio decreases consistently with increasing powder size, having a
value of unity at'ébouttlﬁtmicrons and beinu less than unity for larger

powder sizes. The ratio n_ (EL)/n (B = 0) is as high as 2.5.

Data which show how the neutral and ion fluxes, n, and J+, increase with
the ionizer temperature, T, are presented. When ln J; Vs l/T is plotted,
fairly straight lines are observed for all ionizers with rather constant
slopes which result in ao a&erage exponential coefficient of ~0.68 eV/

atom. Several possible signiticances for Lhis observation are discussed.

Data showing the deoendehce of thz ionization effieiency upon the extracted
cesium ion flux or current density produoed by the variation of both the
cesium vapor pressure and the ionizer tempefature for the porous tungsten
ionizers of various initial powder sizcs are presented. These data are
compared to the results reported by other workers for porous tungstent
ionizers. The results of this work support the conclusion that the ioniza-
tion efficiency decreases with increasing J; at constant T,:with some ex-—
ceptions. The data are consistent in leading to two new conclusions. 1In
every case whete J+ was increased by incredSing T at constant'vépor pressure,
the ionization efficiency was observed to increase with increasing J

The second observation is that the ionization efficiency decreases with J+
more rapidly as the ionizer powder size increases. The details and explana-

tions of the dependences are discussed.

Two critical temperatures are distinguished: the lower critical temperature,
defined as the ionizer temperature at which ion formation first occurs,

and the upper critical temperature, defined as ‘the temperature at which the
emission-limited ion current is first drawn. The concepts of critical
temperature,llb,.for both filament and porous ionizers are discuséed and
compared. The most reliable data obtained in this work for the varlatlon

of T, with J+; together with most of the other publlshed data for porous

C
‘tungsten ionizers and ce51um, are plotted on a common graph. For the data



4

-of this work, the range of J+ is extended to lower values. The lower

critical temperatures fall within the raﬁge of 1123t5"K. The values of
the upper critical temperature for the higﬁer J+ fall among the data |
reported by other workers. It was observed in this work, that if TC was
obtained from simplg;plots of,J+ V%,T at some arbitrary value of applied
voltage (eleqtric.fielq),the points for TC vs:J+ fell with a great deal
of scatter, mich as do the points reported by all investigators. A tech-
nique was discovered and is discussed for which the points fell more

nearly on.a smooth curve and fairly close to the empirical curve for

filament ionizers, although still toward higher values of T. Several

-possible reasons for the scatter of the data from all sources are con-

sidered. The rate of'ingrease of the difference between the lower and
ﬁppep critical temperatures witﬁ J+_was'obser§éd to fit a straight line'
on a log-log plot. An extrapolation of these data to J+_values one decade
higher allowed the empirical curve of T, vs J+ for porous ionizers to pe
extended to. 10 ma/sq cm. It was observed that the maximum ipnizatiqn}

efficiency occurs at tempefatures above Tg..

The theory for porous ionizers predicts that little .or no critical tempera-
ture hysteresis effect should exist for porous ionizers, and that the
single critical temperature‘which does occur, should be.the crifical_tem—
pergture obtained for a decrease of. ionizer temperature in the case‘of
filaméqt ionizers. 'An experiment was performed with the 5-micron porbﬁs
tungsten ionizer to measure experimentally the upper limit for this effect
for porous tungsten ionizers (for cesium). The technique used was the
standard one employed throughout this work to obtain emiss10571imitgd.ion
current densities as a function of ionizer temperature. The results of
this experiment., which show that the magnitude of the criﬁipa1 temperqture

hysteresis is <5 K, are presented in detail.

The largest-powder-size ionizer studied (44 to 7&,microns) yielded some
characteristics which were different from the smaller-sized powders studied

in this work and by other investigators, particularly at a high cesium vapor




pressure. Low ionization efficiencies and sharp drops in ion current with
ionizer temperature are examples. These observations are discussed in

detail.

If ﬁigh values of ionization efficiency and ion current density are
simuitahebusly desirable, and if.J+ is to be increased by increasing the
vapor pressure at constant T, then this work leads to the conclusion that
as small a powder ‘size as'pqssible (within the lower limit imposed by
sintering changes) and as high an ionizer temperature as possible (within
the limit impdséd by power efficiency--higher T results in higher radiated
power loses) are required. The observation that‘TC increases with J, is
consistent with this desirability of a high T, because T must exceed Tb,
but a strong contradiction occurs when the relationship between J+ and
powder size is examined. In that case, the permeability to cesium flow
decreases significantly with decreasing ionizer powder size at constant
porosity, and hence high J+ and snaller‘powder size are incompatible.

One method for partially correcting for the inhibition of J+'by small
powder size may exist in the observation that the ionizer permeability
increases with increasing porosity at constant powder size. Thus, a
benefit is gained for J+'by combining small powder size and high ionizer
porosity at no apparent loss in ionization efficiency, according to the
results of this work. The optimum relationship among powder size (prob=
ably between 2 and 20 microns), porosity, ionizer temperature, and vapor
‘pressure mast be found for each specific application of porous ionizers,
depending upon the system.limitations on the ion-current density, the
ionizer temperature (from power considerations), and the ionization
efficiency (from charge-exchange electrode sputtering considerations).
That is, a higher ionization efficiency can be had at fixed T, although
a sacrifice in J+ may be required; or a greater ion-current density (sub-
ject to other system limitations) can be had if a sacrifice in ionization
efficiency can be tolerated. 1In any case; high porosity ( 2 1/3) seems
"to be valuable in increasing ion current density with no sacrifice in

ionization efficiency.



3. PHYSICAL AND METALLURGICAL PROPERTIES
OF THE POROUS TUNGSTEN IONIZERS*

3.1 IONIZER FABRICATION:

The porous tungsten ioﬂizers used in this sﬂudy.are 0.030-inch thick

and 0.25 inch in diameter. They were'fabridatea by the compaction of
tungsten powders of single-sized grains for:the 0.1-, 0.9-, 5-, and 8- .
micron ionizers and of the indicated ranges of'grain'sizes for the 12- to
18- and 44- to 74-micron ionizers, Compaction was‘folloﬁed b& sintering to
bulk densities of from 60 to 80 percent df‘the_theoretical density (19.3
gm/cu cm) as listed in Table 1. .Exampleé of sintering cohditions are:
2350 C for 2 hours for the 5- and 8-micron spe01mens, and 1300 C for 15.

minutes for the O. 9—m1cron ionizer.

3.2 SINTERING EXPERIMENTS

Further long-term 51nter1ng experlments with the 0. 9—, 5-, and 8—m1c10n‘“
samples (100 hours at 800 C, followed by 100 hours at 1200 C, followed
by 100 hours at 1600 C) showed (Ref. 1 and 2) a decrease -in 1on1ze? i
porosity in all three cases, following the 1600 C test; but little or
none following the 800 C and 1200 C runs for the 5- and~8—micr6h Sbeci—
mens. The dafa for the 0.9-micron ionizer,at'iQOQ C were incopplusive
but later flowrate measurements with cesium‘(seétibn 5.5) prové that a
significant decrease in permeability (and porositY) occﬁred with orérat—
time in the‘range of 1200 to 1300 C. ' The 0.l-micron.specimen exhibited
cracks and signs of ‘pore shrlnkage even after 100 hours at 800 C, whlle

the 1200 and 1600 C conditions showed 1ncrea51ng tenden01es for grain

¥The gas-flow:and metallographic studies described in this section were
performed by Dr. Peter Schwarzkopf of Materials Research, and the results
reported here were communicated through his kindness. ‘
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TABLE 1

SUMMARY OF AIR—FLOW CALCULATIONS AND METALLOGRAPHIC ANALYSES

OF SINTERED POROUS TUNGSTEN IONIZERS

The informatién presented for the sequence of 8-micron ionizers of varying density was obtained
" before the specimens were operated as cesium ionizers.
information was obtained after considerable use at elevated temperatures as cesium ionizers.

For the varying grain-size sequence, the

4

e

‘-_eAssumed from 8 (70 percent)_valués

S Mean Pore . : Mean Inter-Pore Specific Specific
Unsintered | Percent of _.Diameter Mean Grain Diameter Spacing . | Viscous Flow | Surface Periphery
- Powder Theoretical (a), - (D), (s), + | Permeability (sv); (r),
Diameter, - Density microns ) microns microns -’ (x), sq cm/cu cm microné/
- microns Dénsity Air Metallo- (Poiseulle) [ Metallo- | Air Metallo- 3q cm Enudsen) sq m1crons
Quoted Measurement | Flow | graphic Air Flow graphic Flow | graphic Aif Flow Air Flow 3.6 d/S
0.1 This ionizer exhibited numerous cracks and no definite pore structure. ‘
0.9 .76 11 | 13 0.9 3.4 5.4 4.2 8.7 x 10712 9.6 x10° -| 0.13
-5 80 . 2.8° 5.59 124 3 x 107104 0.070
8 68 - 5.9 | 6.0° , 17° 2 x 10-9 0.062
12 ‘to 18 68 16 9.7 ‘13 23 27 27 ‘2.1 x 1073 2.9 x-10* - | 0.064
44 to 74 63 1357 | 40 " 40 58 61 77 9.3 x 1078 8.3 x _101‘ 0.027
.8 - 60 - 6.6 6.4 3.9 8.8 28 17 7.2 x 10—9 25 x 104 0.081
8% 70 5.9 6.0 5.9 “10 0 |32 17 3.7.% 1077 2.1 x"10" 0.073
‘g® 80 6.2 6.6 8.3 14 42 19 2.3 x 107° 1.4 x 10" 0.06%
8" .90 q:s 5.4 19 16 35 17 1.2 x'1077 4.5 x 10° 0.063
8prom Table 2, sectlon 5.4 . N
bNot Studied mth the neutral atom detector
“CFrom reference 1 or 2 : . ]
dDeterm;ned from comparisons with cesium flow characteristics




coalescence and disappearance of the smaller pores, resulting in an increase
in the mean pore size and decreases in the porosity and permeability.

After the 1600 C run, the surface of the specimen was so ruptured.and S0

few pores remained, that its use as an ionizer was impossible. Data'présented
in section 5.5 show that for the 0.9-micron ionizer, significant decreases
occurred in both the neutral cesium flowrate through the ionizer and in the
perveance, or ion-current producing capabilities, with operating time and
temperature. This indicates that the permeability and number of active
pores .decrease for the temperatures and times to be indicated. This
deterioration observed in both the 0.1~ and 0.9-micron ionizefs made it
clear -that an upper limit on ionizer temperature should be observed if
changes in structure and operating characteristics were to be prevented

for all of the ionizers. For this reason, experimental data were obtained
for all specimens measured at ionizer temperatures limited to less than

1250 C, except for a few short-term experiments up to 1350 C.

This information for the 0.l- and 0.9-micron ionizers also clearly indi-
cates that powders of less than 1 or 2 microns in diameter cannot be used
_ te fabricate satisfactory sintered porous tungsten ionizers unless signif-

icant advances are made in the techniques of pdwer metallﬁrgy and sintering.

3.3 POROUS IONIZER PARAMETERS

- The pores formed by the voids between neighboring tungsten particles act
as capillary channels through the body of the ionizer. These channels are
not straight, may change irregularly in cross section along their length,
and may be distributed in a nonuniform manner throughout the:bulk of the
porous structure. Isolated, noninterconnecting porosity and dead-end

. channels are possible. The porous tungsten ionizers used in the sﬁ;face
ionization studies, and the compacts formed and sintered under ideﬁtical

. conditions, were subjected to density measurements, gas-flow festing, and
metallographic examination to determine a group of parameters for compari-

. son of their porous structure.

11




The permeability, k, is a measure of the ease with which a fluid flows.
thrbugh a poroﬁé medium under the influence of a pressure gradient. It is
- defined ﬁsing_Darcy's law (an empirical relation). If v is the volume of
fluid éroséing a unit area per unit time under .the pressure gradient
(dP/ax) (for small v), Darcy's féfétion is:

I dP - : : S .

kh ax =V A A (1)

/ .

where k 1is a constant dependent upon both the fluid and the porous medium.
Because it is desirable to have the permeability be essentially a function
'of the porous structure and not the fluid, k, the permeability is defined as

where
T) = coefficient of-sheér>viscasity of the fluid.

The units.of perméability are sq .cm. Another frequently used quantity, the
conductance, F, is related to the permeability through F =. vA (in Cuvcm/sec)
where A is the flow area of the:porous medium.: ‘The permeability and: con—.

ductance are then related by

(B

AdP

(3)

From gas-flow méasurements, the following parameters were determined: - F,

the ponductance;.S;; the specific'internal surface area per unit volume;

k, the permeability to viscous flow; D, the mean grain diawmeter; d, the

ﬁean pore diaméter; and s, tHe meah interpore‘spacing. The metallographic
examinatibns yielded the statistical distributions of the interpore spacings,
ihé grain sizéé, and'the pofe sizés, from which the mean interpore spacings,
the mean pore sizeé, and the mean grain sizes were determined. - A brief
summary of these studies is presented here, together with Tablé 1, which

tabulates the combined results,

12



3.4 . GAS FLOW ANALYSES

The treatment of gas flow, due to Adzumi (Ref. 3), was used to calculate the
mean pore size and pore density. Similar considerations were used to calcu-
late the specific internal surface'arealéf fhe porous microstructures accord-
ing to treatments of'Kd;é;y (Ref.,4) andlﬁér&agin (Ref. 5).fof“viscous and
molecular flow, respectively. Assuming a series-parallel capillary arrange-

ment to exist in the porous plug, the total conductance was obtained from.

I a7.8 G
F‘snap+3'8Z'/ ™ | ‘ (%)

Qhere

M = gas viscosity

M = gas molecular weight

T = plug température "

RG = universal gas constant . ‘ i

Z = a semi-empirical constant related to the mean free path g
of the gas molecule and gives the fraction of molecular O
flow

P = mean pressure across the plug

equivalent conductances of the series-parallel capillary

Q and ﬁg

arrangement

The values @ and [3 are related fo R, the mean pore radius, and to N,‘the
pbre density by '

-
4 _ A
voBr O

=
I

plug thickness

A = cross-sectional flow area

13




Experimentally F was measured as a function of P. . The data fell on a

straight line:

F=-CP+b

- [TRT . ,
R?%IL‘;;? % yA A 3 g (mean pore radius) (6)

and

d_ b oM .
w3 T RgT (pore density) (7)

N =

o

Similarly, the specific surface area per unit volume, SV’ was written in

terms of the straight line parameters corresponding to each pure flow regime.

For viscous flow:

2 _ 3 Al . ‘
Sy Tsm-e)2 L O | . (8)

whefe
€ = bulk plﬁg porosity".

For molecular flow:

s .2 __€® oa it (%)
A A 1 (1 =€) L ™™ b R o

The permeability of -the plug to viscous flow was obtained from

FLT)
R 5y

(10)

where

FV = conductance for viscous flow

14
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It has been shown experimentally (Ref. 6) that the mean grain diameter is

given by

D - 6_ (11)

where

(SV)p = specific surface area‘calculated from the viscous permeability

The ionizers were experimentally tested with dry air, hydrogen, and argon

to,obtaiﬁla range of viscosities and molecular weights. The results of air
flow as a function of pressure drop through the specimens is plotted in
Fig. 1. The slope-of this log-log plot is unity, i.e.,'thg'equation is

1ihear, which is characteristic of Knudsen molecular flow. A slight increase

'infslopg at hiéh values of AP for some specimens indicates a transition to

'Poiseulle viscous flow. From these and other data, ~plots of the conductance

as a functlon of average pressure were drawn From the resulting slopes and

Zero pressure 1ntercepts, the various mlcrostructural propertleq of the

tﬁofuus plugs were calculated. A summary of the results is presented in

Taﬁle 1{.‘

3.5 METALLbGRAPHIC ANALYSES

The problems posed b&'météllégiaphic'analyses of éorous microstructures are
twofold. First, %or an ahalysis to be reliable, a large number (>600) of
grains or pores must be measuréed on a representative metallographlc sectlon
Secondly, the pore and grain size measurements made- on'a two- dlmen51onal
cross section must be related to the actual volume distribution in the

specimen.

The grain and pore size distributions were determined with a semi-automatic

measuring and counting instrument, the Zeiss TGZ-3 Particle Size Analyzer.
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The ionizers were first infiltrated with a copper/2—percent nickel alloy.
Photomicrographs were then made of polished representative sections of each
ionizer. , The magnifications were chosen for easy use with the Zeiss Par-
ticle Size Analyzer in that the minimum diameter measured was not less than
1 millimeter. The pore size distribution curves were plotted in cumulative
form, and a few of them are'shown.in Fig. 2. The mean pore size occurs at

50 percent.

© 3.6 COMPARISON OF AIR FLOW AND METALLOGRAPHIC RESULTS

A compériseh of the metallogfaphic and air flow‘fesults of pore and grain
.sizeé is, 'in most cases;,quife good. However, the'values for the interpore
spaciég are in)all ceses lower for air flow tﬁaﬂ when’observed directly by

' metallography. Two'explanetions are possible. .First, the low values could
" be a shortcoming of the gas-flow method, attributable to the nature of the
assumptions made concerning'the capillary nature of the flow channels.
Secondly, they could be an indication that not all of the pores observed

by direct metallography are active, i.e., open. From the experimental
results, it would seem that the effective free area to gas flow is much

~ less than observed by metallography. ‘This observation may be the result

of a:?eetricfion'of gas flow through ‘a relatively small number of high-
conductance chanheié formed'by'fhe bulk pore structure of the material.
The‘previously mentioned decfeases in permeability ana porosify with operat—
. ing tlme with ce31um for the small graln sizes tend to support this

theory The values for mean grain diameter of the sintered 1onlzers obtalned
from gas flow analysis were in agreement with the quoted initial partlcle
31zes,'but were smaller than the metallographic values (Table 1 ). This
result is probably because of the technique of measurement of initial

© grain size. ‘Irregulariy shaped particles, with. surface areas larger than
the same-diameter sphere, would. register a smaller mean diameter than the

average rounded metallographic size.

The gas-flow permeability is related to the transport rate by Eq. 3. The

transport uniformity for ionizers of the same permeability increases as the
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total number of channelways, measured by the specific surface, increases.

The permeability is affected by the porosity, pore size, and plug thickness,
increasing as the first two increase, and decreasing as the last one in-
creases, The permeability shown in Table 1 for the 0.9-micron ionizer is
seen to be much lower than any others. It should be pointed out that the
value reported for this ionizer was measured after the ionizer had been

used in the neutral atom detector as a cesium ionizer at temperatures as

high as 1300 C. As poinfed out above, the 0.1—microh-ionizerApermeability
was essentially zero after sintering even at temperatures below or comparable

to the critical temperature for ion production (~1150 K).

3.7 POROSITY AND SINTERING EFFECTS

. ’ ( - '
The data for the 8-micron porosity sequence (Table 1), obtainéd by varia-
tion of the sintering time, show the following: (1) the mean pore diameter
and the wmean interporé spacing remain relatively unchanged for decreases in
pdrosity (yery small changes in the opposite direction account for a change
in the specific periphery PS’ defined in Section 5.4); (2) the mean grain
diameter, D, increases significantly with decreases in porosity, particularly
the gas-flow values.which tend to be a better meuasure vl the internal
sfructﬁre than the metallographic values measured on the surface (the.
mefallogréphic values are, in turn, more significant in relation to surface
properties such as the specific periphery ); (3) the permeability decreases
with decreases in pbrosity; and (4) the specific periphery increases slightly,
but significantly, with increasing porosity. The increase in' D is seen to be
accelerated with increasing sintered density, roughly 4, 5, 8, and 19 microﬁs
for densities of 60, 70, 80, and 90 percent, respectively. The permeability,
on the other hand, is observed to accelerate with increasing pofosity (1

minus the density), very nearly as k,. = 2k = 3k10, and k

. 20 10° k30 40
There is more than a 25-percent increase in ion-emitting area, which is

= 6k10.

proportional to PS (within a given range of surface coverage), between 10-
and 40-percent porosity. BecauseAB and 4 above are favorable to the
attainment of high J; with no apparent reduction in ionization efficiency,

a higher ionizer porosity, at any given powder size, is expected to be desir-

able for electrical propulsion applications.
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L. EXPERIMENTAL APPARATUS AND TECHNIQUES

4.1 INTRODUCTION

The experimental device used in these studies measures directly and in-
dependently the charged and neutral particle fluxes (current densities)

extracted and evaporated, respectively, from the porous ionizers. The

-+ lon flux is measured by collecting and recording the entire extracted

ion current. The neutral flux is determined by selecting and isolating
a portion emitted through a known solid angle, ionizing it with a hot
tungsten filament, measuring the resulting electron current in this aux-
iliary ionizer, and calculating the corresponding total emitted neutral
flux. from knowledge of the geometry and the solid angle, and from the
assumption of a cosine distribution of neutral atom emission‘from tne
ionizer. This method is far superior to those in which the neutral par-
ticle currents are obtained as the difference between two measured.ion
currents or are calculated from the measured depleted propellant mass

and the time-integrated ion current.

4.2 ELECTRON SUPPRESSION

Suppression of all kinds of electron emission from all ion-collecting sur-
faces is accomplished with highly transparent grids maintained at a nega-
tive potential and properly spaced. .The suppressed electrons are pr1—

. marily secondary electrons resulting from ion 1mpact photo electrons
resulting from the absorption of radiation from the hot ionizer, and
thermionic electrons resulting from heating of the surface because of

ion impacts. The last process is also inhibited by the low temperatures
produced by liquid-nitrogen cooling of the entire ion collector-neutral

. atom detector assembly. This grid suppression technique is much more
reliable than that of creating a magnetic field parallel to the collectlnc

surface.
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4.3 NEUTRAL FLUX

A shutter in the neutral particle beam path is employed to ensure accﬁrate
' measurement of the neutral flux by providing recordings of both the total
(shutter open) and background (shutter closed) electron currents in the
ionizing filament of the neutral atom detector for each set of experimental
conditions. This allows correction for any electron current comtributions
arising from thermionic emission from the filament, photoelectric emission
from the detector body to the filament caused by the-absorption of electro-
magnetic radiation from the hot filament,'or ionization in the background
vacuum gas in the detector volume. Secéndary emission from the filament is

negligible because the impinging neutral atoms have only thermal energies.

Contrary to the cases of surface ionization by the bulb and.the molecular
beam methods, the neutral particle current and, hence, the effective neutral
flux, n_, reaching th§4ionizer can be measured for a porous ionizer by
electrically shorting the ionizer to the entire surrounding environment
(reducing the surface electric field to zero) and measuring the subsequent
equilibrium rate of-evaporated neutrals, which is equal to the‘flowrate of
neutrals through the ionizer. The effective incident neutral flux is then

obtained by dividing by the total ionizer area.

4.4 VACUUM CONDITIONS

The- apparatus used for these measurements is located in' a vacuum chamber

(8 irches in diameter and 24 inches long) in which was maintained a vacuum,
during source operation, of from 2 x 10_7 to 3 x 10—6 millimeters Hg. A
particular value depends upon ionizer temperature and beam current, with

1 x 10~ millimeters Hg being a normal value. A schematic of the -entire
system is shown in Fig. 3 and a photograph of -the device and ionizer
houé&ng in'Fig."A'. Porous:iohizers, 0.25 inch in diameter and 0.030 inch
thick, and similar to the one shown in Fig. '5 , were employed. Sustained

.currents of 1 milliampere could easily be drawn from these. Currents
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higher than about 1.5 milliamperes could be drawn but tended to cause the
vacuum and electrical breakdown properties of the system to deteriorate
with operating time. A l-milliampere current corresponds to a current

density of 3.17 mq/sq cm.

4.5 CESIUM STORAGE

The cesium is stored in a stainless-steel reservoir, the temperature of
which can be maintained in the range of 80 to 350 C by a Nichrome heating
element embedded in Sauereisen. The reservoir capacity is about 1 gram
of cesium. A thermocouple is inserted into the body of the reservoir to
monitor the temperature of the cesium vapor. To maintain the purity of
the cesium at a level as high as possible, the cesium is loaded from 1-
gram ampules into the reservoir in an argon atmosphere, after the reservoir
and other loading equipment have been in an evacuated chamber adjoining
the dry box for several hours. The sealed, loaded reservoir is mounted,
with the ionizer assembly, as quickly as possible, onto an end plate to
minimize leakage of air into the reservoir and is placed in the vacuum

system with the neutral-atom detector.

4.6 STRUCTURE

A mechanical valve and a molybdenum delivery tube serve as the link
between the reservoir and the porous ionizer, which is joined to the

end of the delivery tube (Fig. 5 ). The ionizer is heated radiatively
by an adjacent tungsten heating element. The ionizer and heating unit
are entirely surrounded by man& layers of 0.001-inch tantalum heat
shielding. The ionizer temperature is monitored by a platinum, platinum-
rhodium thermocouple attached at the junction of the ionizer surface and
the lip of the delivery tube (Fig. 5 ). Downstream from the ionizer is
a large copper structure which serves as the accelerating electrode, the

beam collector, the neutral beam collimating tube, the housing for the
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neutral atom detector, and the support for the ion beam deflector. -This
entire structure is cooled by liquid nitrogen flow which enhances the
vacuum conditions as well'asiﬁerving to condense the neutral cesium vapor

from the detector volume.

4.7 SEPARATION OF NEUTRAL AND ION BEAMS

The charged portion of the beam, which passes through the hole in the
-accelerator-collector, is deflected from its initial path into a deep,
Faraday collecting cup (Fig. 3) by means of an electrostatic field
which must be maintained between 0.5 and 0.7 of the accelerating voltage
to ensure direction of the entire ion beam into the cup. The beam of
neutral particles continues along its original path andvpasses through a
collimating tube 0.125 inch in diameter and 1.5 inches long. The neutral
atoms which bass through this collimating tube impinge upon. a tungsten
filament,-B/éiinch long and 0.25 inch wide, which is maintained at a
temperature of 1325 K. A hole in the neutral atom detector hoﬂsing'allows
this tempefature to be monitored continuously by means of an optical
pyrometer, and corrections are made as needed to maintain it to within

the accuracy of the pyrometer.

4.8 MEASUREMENT OF NEUTRAL FLUX

Ionization of cesium on tungsten, for low incident fluxes, is -close to
100 percent and almost constant between 1200 and 1500 K (Ref. 7).
Because of this plateau of constant ionization efficiency, and because
the background current (a function of the filament temperature) is meas-
ured before each data point is recorded, the accuracy with which the
températhre of this filament is maintainéd is not a critical factor in-
the performance of the instrument. The cesium atoms, after being ionized
at the hot tungsten surface, are attracted by a negative 90-volt poten-

tial to the main body of the detector. Each atom which is ionized at
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the filament and drawn to the body af_the detector, leaves an electron
at the filament, and the resulting'electroﬁ current is megsuréd and ﬁséd
~ to calculate the ionization efficiency of the ionizer being examined.
The magnitudes of these currents were measured with a Kiethley micro-

10

microammeter. Typical value ranges are 3 x 10~ to 5 # 10_9 amperes

for the background, and 4 x 10710 4 2 x 1077

for the total current
depending upon the ionizer temperature, beam current, and ionization

. efficiency. Neutral current values are read to three significant figures
with an error of about three in the third place. The values obtained are
then corrected for the solid angle seen by the filament and for an assumed

cosine distribution of neutral atom emission from the ionizer.

4.9 SUPPRESSION GRIDS AND ION DEFLECTOR

Grids constructed of parallel 0.005-inch-diameter nickel wires with about
1/8—inch gridwvire spacings exist in both collecting cups where the beam
strikes the copper of the detector body (Fig. 3). These grids are main-
tained at. a negative potential of between 100 and 150 volts for the pur-
pose of suppression of elcctrons. The ion beam deflector is a stainless-
steel plate insulated from the accelerating electrode structure above the

exil, aperture.

4.10 LIQUID-NITROGEN COOLING-

To maintain the cesium vapor pressure in the vacuum system at a valuec as
low as possible, the neutral atom detector is cooled to near the tempera-
ture of liquid nitrogen by circulating liquid nitrogen through a cooling
coil attached to the body of. the detector. Excellent heat conduction is
ensured because the narrowest heat path anywhere in the detector is 1/4
inch, the detector is made of copper, and copper screws are used wherever
parts are joined. The temperature.of the body of the detector is monifored
during operation by means of a thermocouple. Typical values range between

90 and 120 K.
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4,11 NEUTRAL BEAM. INTERRUPTER

The shutter for interrupting the neutral beam is suspended from the vacuum
tank wall and operates at the upstream end of the collimating tube. - This
beam interrupter is a strip of 0.005-inch-thick tantalum foil 0.25 inch
wide. A cylindrical insulator, which extends to 1 inch above the neutral
beam and which may be rotated by means external to the vacuum system,
supports. the tantalum foil. The foil is mounted on the edge of the cylin-
drical rod so that a 90-degree rotation of the rod in either. direction will
move the foil from a position in which it completely blocks the measured
neutral flux to a position completely out of, and parallel to, the neutral
beam. - Thus, both the background filament current and the actual neutral

flux are measured and recorded at each data point.

4.12 IONIZER CHARACTERISTICS

With this device, it is possible to measure the ionization efficiency and
current-voltage characteristics of each porous ionizer as a function of
the ién accelerating potential, the ionizer'temperature; the uapor'pres—
sure (temperature), and time. The experimental perveance of the ionizers

-9 3/2

studied was as high as 3 x 10 amp/volt a110w1ng a current of 1
milliampere to be produced at an accelerating potentlal of about 4 5
kilovolts for a reservoir temperature of about 300 C and an ionizer
temperature of 1100 C. Greater space—charge—llmlted currents can be
drawn by increasing either the ionizer or reservoir temperaturé, but
_currents in excess of.l—l/Q milliamperes tend to éause problems'in the

reliable operation of the neutral atom detector.

" 4.13 NEUTRAL EMISSION DISTRIBUTTON
The theory of surface ionization with porous ionizers (Ref. 8), which

differé'significantly'from that for filament ionizers becausé either the

bulb or molecular beam method of presentation must be employed in the
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latter, indicates qualitatively that the emission 0f neutral atoms from -
porous ionizers should not be a cosine distribution except for suffi-

" ciently large flowrates in the absenéé of any ion-extracting electric -
field and subsequent ion emission (Fig. 6 ). As the magnitude of ‘the.
electric field is increased and the extracted space-charge-limited cur- -
rent consequently increases, ‘the neutral emission distribution should

becomeé more of an overcosine, i.e., represented by larger values of n

in cos” \P:(where\P is measured from the normal and n>1 corresponds to over
4'onercoéiné, and n<1 corresponds to undercosine), until the extreme is"

reached for the emission-limited current condition.

The theory also predicts that this effect will vary inversely as the
magnitude of the emission—limiﬁed current, i.e., as the emission-limited
current increases, n should approach unity. The details of this theory -
are presented in Ref. 8. A quantitative description of .the effect is
difficult unless the details of the geometry of thé pore openings and

surface structure are known.

The same theory‘predicfs that the experimental ionizer.perveance.should
increase with the magﬁitﬁde of the emission-limited ion current and that
the ionization efficiency should decfease with the magnitude of the
emission-limited current, i.e., with the cnfrent density. Bulh of ‘these
last predictions have been verified experimentally; the first, in this
work, and the second, in this work as well as in'othér laboratories, e:g.,

Ref. 9 and 10 . ' . -

Beéause the total ﬁeutral emissioﬁ is deterﬁined from the normal direction
only, the total calculated néufrél’emisSidn, assuming a cosine distribu-
tion, will be too large if the actual distribution is an overcosine.
Therefore, the ionization efficiency values reported here are lower limits
for the true values, although no large deviations are eipected for sintered
powder ionizers. Iflg'was 98 percent, a 10-percent error in the calcula-

ted total neutral emission would,chaﬁgelg by only 0.2 percent. If n was
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as large as 2, the fraction of neutral atoms would be two-thirds as large
and [3 would be 98 percent instead of a previously‘calculated 97 percent,
or 99-1/3 instead of 99 percent.

During the preparatioh of this paper, some preliminary experimental
results were reported (Ref. 11), which were performed with a differ-
ent type of ionizer (wire bundle) for which a large degree of forward
peaking in the neutral emission distribution might be expected because
of the dlfference in pore structure. However, the statement is made
l'that the experlmentally measured neutral distribution, in the absence

of ion emission, is consistent with a cosine distribution. Prellmlnary
data are. also presented - whlch indicate - that the dlstrlbutlon for one |
emission- 11m1ted condition is strongly forward peaked with a resultlug
poor 1on1zat10n effLCqupy. A poor ionization efficiency and a rather
large dev1at10n frbﬁ the cosine are consistent and indicate fha£,a large
fractlon of the cegiumfis passing through the pore openings with trajec-
torles at smallhanglgs ( 41) to the normal, having left tlhe porexﬁalls
fairly deep within the pore where few if any electfic'field lines ter-
minate and, hence, few if any ions can be extracted. (Tons aré'returnédA
to the surféce under. the influence of their image changes; only néutfal
atoms are ehitted). 'Comparing the structure of the wire bundle (Ref.'ll)
to the sintered porous'powder ionizers of this work, it appears that the
average pore size and interpore spacing of the former are about 6 to 13
microns, respectively, whicﬁ compare roughly to the same parameters for

the 8-micron specimens of this work.

4.14 COMPARISONS ‘OF WIRE BUNDLE AND SINTERED POWDER POROUS IONIZERS

Thus, the basic difference between the wire bundle and the sintered
powder structures may be that in the former, the pores are fairly
straight, deep channels.of‘rather uniform radius and small angle from
the normal, from which‘néutral pérticléé can escape with an overcosine

distribution and, consequently, with a larger neutral fraction. For
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the sintered powder structures, the very crooked, relati&ely shallow,
pore exits of nonuniform radius and larger angles from the ﬁofmal tend
to cause the adatoms to be emitted much more randomly with respect to
the normal, and to be in contact with the ionizer much nearer the sur-
face, i.e., where the elgétric field can better allow ion emission to

compete with neutral emission, thus enhancing the ionization efficiency.

4.15 SURFACE CONTAMINATION AND CLEANING

For the case of nonporous or filament ionizers, the surface can be .
largely cleaned of adsorbed foreign atoms by flashing to high tempera-
tures for short periods of time in a high vacuum. This technique evap-
orates the atoms adsorbed on the surface to the point of equilibrium,
with the incident fluk of atoms of the background gas corresponding to
the vacuum pressure. If the temperature is then decreased, the back-
ground gas atoms can condense back onto the surface, but other foreign
atoms have been removed. If, however, the cesium vapor were introduced
during the flashing time, thus changing the composition of the back-
ground gas, little contamination by atowms olher than the desired adatoms
could occur. Even then, as discussed in detail in Ref. 8, for the
cesium-tungsten system, because oxygen is chemisorbed on the fungsten
surface with strong adsorption energies and deep penetration, it cannot
be completely removed from the surface by other than destructive pro-
cesses, e.g., field evaporafionm In addition, because oxygen cannot be
completely removed from the cesium, oxygen is always contacting the sur-
face at high temperature and can continually contaminate the tungsten

surface.

For sintered porous ionizers, flashing cannot be safeiy'employed because
of the sensitivity'of the porous surface structure to high temperatures.
Additional sintering (if not rupturing) can quickly occur at temperatures

of the order of the original sintering temperature which is sometimes
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slightly above 2000 C but. in other cases, lower. For example, the 0.9-
micron ionizer. used in thig investigation was sintered and operated up
to 1300 C. Undesirable thermal stresses would be applied to.the.ionizer

during flashing and rupturing could occur.

For porous.ionizers, another technique canAbe employed to reduce the
effect of adsorbed cbntamination, particularly oxygen, although, as
explained in Ref. 8 , operation with.a tungsteh surface completely free
from oxygen will be impossible for two reasons, even in deep space.
After the experimental system vacuum tank is evacuated, and before
cesium. flow is started (by opening the feed system valve), the back- - .
ground gas is a combination of air and diffusionlpumpAoil‘(or other
pumping fluid specie), i.e;, nitrogen, oxygen, hydrocarbons, etc.

These gases are impinging upon the ionizer and other surface contam- -
inants are present which were there when the system was placed in the .
vacuum tank.  If the ionizer is then heated to the high gide of the
operating range, 1200 to 1300 C, some of the. adsorbates are driven off -
but many'rémain and, certainly, oxygen, nitrogen, and hydrocarbon molec-
ules from the vacuum gas are condensing and evaporating continually on
the ionizer surface at rates related to the background;ﬁfessure.» One
source of ionizer deterioration which could lead to long-term deteriora-
~tion"of tae ionizer permeability may be evident here which would not be
true for operation in.deep space or in the laboratory il a mercury dif-
fusion pump vacuum system were used. The diffusion pump oil molecules
suffer thermal decomboSitinn‘whén striking the 1200 C ionizer, resulting
in the deposit of carbon atoms, which will not readily be evaporated, -
and in much more volatile products which will quickly leave. The resulting
slow deposit of carbon which, like oxygen, is chemisorbed on tungsten,

could eventually clog the surface pores of the ionizer:

With the ionizer now hot, if cesium is allowed to flow through: the
ionizer in the presence of an ion-extracting field, the cesium en- '~
counters a somewhat conaminated surface. Cesium has a gettering action,
however, and as the ion current is drawn, it has a.tendency to clean

the surface of foreign adsorbates.

34



If the vacuum tank is of relatively small volume, andther beneficial
effect will occur. The composition of the background gas in the vicin-
ity of the ionizer will gradually change from air plus diffusion pump
0il to largely cesium. ‘Althoughlminﬁté air leaks at the chamber walls
will replenish the air component, the ibniiérvis a much larger cesium
leak and, in its vicinity, cesium is leaving; is condensing on the
collector and detector, and is being pumbed out through ‘the vacuum system.
In time, the local background'gés will become predominantly cesium as
the gettering action cleans the surface and'the foreign adsorbates are
lost to the system. The impurity atoms in the cesium itself are still'
a source of gbntamination, of course. Commercial cesium can be obtained

at a pufity.of only about 0.998.

Because moSt‘pressﬁre géges are calibrated for air, inaccurate pressuré
readings probably result. In the experimehts described herein, the

initiallair'pressure‘reading (before cesium flow was started) was gen- .
erally in the high 1077 »

ually rise with operating time after cesium flow was started. Also,

torr range. However, the pressure would grad- .

the pressure would rise and fall with the total emitted cesium flux.

For fluxes less than about 1015 particleaéquhsec. the pressure would
hold at about 10—6 torr, but for increasingly higher densities, the prés—
sure would rise to a maximum of aboufjlo—-5 torr at about 3 x‘1016 par—;
ticle/sq cm-sec. Whether this increase of an order of magnitude in the
pressure was caused entirely by a corresponding increase in actual par-
ticle density in the vacuum chamber or partially by a change in compo-

gsition of the gas from air to cesium itself is not known.

4 .16 DECREASING ACCELERATING FIELD TECHNIQUE

In all.of the experiments déscribed herein, a characteristic phenomenon,
believed to be the effect of cesium gettering, was consistently observed
and led to the establishment of an experimental technique which was em-

ployed to obtain all of the data reported. Whenever‘any ionizer was in
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a space- charge -limited 1on emlttlnw cond1t1on (above the critical tem—
perature threshold and below the saturatlon electric field), and the ion-
extracting electric field was either 1n111a11y applied or was increased
in magnitude, regardless of the initial mannltude, the resultlng increase
in ion current from the initial value to the final equlllbrlum vaiue oc-—
curred over a time interval of many minutes. When the system was ini-
tially started (cesium flow begun), several hours were required fur the
steady-state current to be attained; after longer periods of operation
and a cesium atmosphere had had a chance to develop, about 30 minutes
were required. Larger changes in electric field required 1ongef limes.
Consequently, if.it were desired to plot the ion current as a IuncLiQn
of the electric field (current vs vbltage) by increasing the electric
field in steps, prohibitively long times would have been required to
obtain enough points to show the details of the curve because a wai£

of many minutes would be required éfter each inérease of accelerating
potential (extracting electric field) to attain.the steady equilibrium
current. Whenrever the magnitude of the electric field was reducéd, how-
every, the ion current fell iﬁmediately (within the reaction time of a
Brown recorder) to the equilibrium value corresponding to the new elec-—
trlc field value regardless of the initial value of E. Fér this reason,
all data reported herein were consistently obtalned by the following

standard operating procedure.

The ionizer temperature and the equilibrium conditions of cesium vapor
pressure at the rear of the ionizer were first established at zero elec-
tric field. Then the electric field was increased to a maximum defined
by the breakdown threshold of the voltagé applied befween the ionizer
and the accelerating electrode (usually 8 to 10 kilovolts, depending
upon the chanmber preséure conditions). A rest period then ensued during
which the ion current rose to some steady maximum value (30 minutes to
several hours). The ion and neutral currents were then measured at
their equilibrium values, corresponding to a series of electric field
values always reached by a decrease in applied voltage. Smaller in-

tervals of electric field were used when more detail was desired in the
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ion current dependence, for example, atvthe knee between the emission—
limited'and the space-charge-limited portions of the curve where an
accurate value of the maximum ion current is desired. By acquiring

data in this nanner only the long initial wait was requ1red and much
more detailed and accurate 1nformat10n regarding the dependence of the
ion current on the applied electrlc ‘field (voltage) could be obta1ned .
durlnv a run time of such duratlon that var1at10ns in thermal equili-
prium in the ionizer temperature and the cesium vapor pressure (tempera—

ture) could be held to a de51rable minimum.

A word about the-time dependence of the ion current on changes in the
other two prlmary variables, the cesium vapor temperature'(pressure)

anc the ionicer temperature, may be approprlate here. While the ion-
extracting electric fleld can be changed qulckly, any change in these
other two variables requires the slower process of thermal equilibration.
The ionizer is heated indirectly by a large tungsten filament in close
proximity. The ionizer temperature is increased by increasing this.‘
current, which increases the flux of radiated energy. When such an
increase is made while an ion current is being‘recorded ‘the ion cur-
rent is observed to increase at approximately the same rate as the mea-
sured Aionizer temperature, which is much more rapld than the tlme rate
of chanve of 1on current descrlbed for a change in the electr1c field.
That is, the jon current reaches a new constant value when the ionizer
reaches thermal equlllbrlum and no time delay occurs such as follows

an increase ln L. A similar Sltuat1on is observed when the cesium vapor
‘pressure is increased by 1ncreas1nn the temperature of the cesium res-
ervo1r, the coolest portion of the ce81um feed system. However, because
of the large mass of metal compr151ng the reservoir wh1ch 1ncludes a
flow valve and a feed tube the rate of 1ncrease of the reservoir tem-
perature follow1ng an increase in the current in the N1chrome heatlng
element embedded in a Sauerelsen sheath 1s even slower than that resultlng
from an,_ increase in electrlc field. The ion current 1ncreased very
slowly correspond1ng to the slow rise in the measured reservoir tem-

perature. Periods of time between 1 and 2 hours (depending upon the
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magnitude of the change in PV) were required for a steady ion current

to be reached following an increase in cesium vapor pressure (temperature).

It is believed that for porous iohizers, the cause of the observed slow
rises in ion current which follow successive increases in iom-extracting
electric field but which do not follow similar decreases, is causéd by

a gradual cleaning (by gettering) of successively larger emittiﬁg surface
areas around the active pores. Once an equilibrium set of conditions

of cesium vapor pressure, P and ionizer temperature, T, are established,

)
an emission-limited or satu¥ation current, Imax,‘is defined. When E is
zero, no ions can escape (J+ = 0), and because of the pressure drop
across the porous ionizer, flow occures, resulting in an equilibrium
evapo?ation raté of neutral cesium from the surface, which has an asso-
ciated distribution of 9 over the surface ( 9 is large near the active
pores and decrecases radially outward for a given Imax)' For a higher
Imax’ 6? is lgrger at all poin#s but still decreases radially outward.
As an electric field is applied, the corresponding space-charge-limited
current is drawn. This current is emitted from the regions of greatest
local work function, qb K’ which corresponds to the lowest 8 , 1.e.,
from the areas farthest from the active pores. These areas, therefore,
are cleaned of adsorbed cesium, and probably foreign adsorbates, and

the regions become even more capable of ion emission because of the
increased Qb K As B is increased, the emitting areas expand about the
active pores, cleaning larger and larger areas of the surface. The ions
are emitted primarily from the peripheries of these clean areas because
although ion emission will occur from any clean (high Qb k) area, the
areas are fed by neutral cesium only from localized regions (the pores)
in the case of porous ionizers. O0f course, for filament ionizers, 6
and qb | are essentially uniform over the entire surface because cesium
is condensing uniformly and ions are being emitted relatively uniformly
from the surface. (Microscopic surface variations in Qbk cause ion

emission to be nonuniform on the atomic scale.) As E reached a value

corresponding to the emission-limited current ion emission occurs very
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near the actlve pores because the cesium is being converted to 1ons and
being extracted as fast as they mlgrate onto the surface Further in-
crease in E does not necessarily produce more ion current because the
current is now limited by the rate'of flow of cesium from the active‘

pores.

For thedconrerse‘case, when the magnitude of E is reduced after equil—'
1br1um has been establlshed at the higher value of E, the space- charge—
11m1ted current decreases and the requlred per1phera1 emlttlng area
decreases. ThlS area has however, been prev1ously cleaned and, there-—
fore, no rrradual cleanlnv action takes place and no assoc1ated equll—

ibration time 1nterval is observed.
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5. EXPERIMENTAL RESULTS

5.1 INTRODUCTION

" The ionizing surfaces of the porous tungsten ionizers used in this work
are very inhomogeneous because of the grain and pore structure in addi-

' tion ‘to being'pdl&crYSfalliné, and’therefdre; even more than filament
ionizers, are subject to the laws of surface ionization for inhomogeneous

or patchy. surfaces.

IpsRef?" 8, thg‘thepry of surface ;onization,for,patchy surfaces is re-
viewed'in ﬁétail.) The‘gpplicafion dfrthis theor&;to the case of porous
ionizers is then deverped for surface ionization systems'in general.
The cesium—tﬁﬁgsteﬁ (Cs-W) system is ﬁné speéiallééée of the general
theory. . The results of this theory as it applies to the Cs-W system

are summarized here,

The ion current density emitted from a surface of area A, composed of

patches and from which is omitted a total parlicle flux, n_, 1s devel-

T’
oped using the following:

(b +V¥-V)x (o)

] L (e Y V) 1
a_n+/no~ce¢q/ and ak-ce

:B= —l—jm - % fk Bk = fk (3

- S M. " » k
_I+ = HTA,B = DTA " 1Wa—k = ‘nTA % 1. Ce(V—¢k—\[/)/kT (1%)

" Where

L
1

eleqtrqn"qharge

=]
]

=. total. particle flux leaving the ionizer surface
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£ = fraction of the total surface having the particular value of

local work function Cbk

A = nominal ionizer surface area'(the actual surface can be larger
than A)
[3k = ionization efficiency 6f_aVSﬁrface palch with work funotibn,

b, (in ev)

C - & function of the system (and is related to the statistical
weight ratio of ionic and atomic states of the adatoms and to
the reflection coefficient for the particular adatom on the
particular surface) and is essentiallij for the Cs-V system

Vi = lonization potential (enefgy) in eV of'the adatom

.electric field correction for the heat of vaporization of the

S

adatom
k(of kT) = Boltzmann's constant
T - ionizer temperéture

For the Cs-W system

f

k . o
J+ = e 11,1-, z (V _¢k "\l/ )/kT (15)

k1l+2e

For filament ionizers, o, is'a function of the vapor pressurc only, and is
independent of T and E. For porous ionizers,,nT can be a strong function

of both T and E as well as the vapor pressure. For the region of the normal
Schottky éffect, 4/ =N/EE, and for ﬁhe region of the anomalous Schottky
effcct, the effect of QIis to smooth ouf the effect of the patchy surface
and to make all of theqb K values nearly the same, possibly the average
electron work function,¢e. The Cbk values are functions of 8, the surface

coverage coverage; decreases with increasing 8. For filament ionizers,

k
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9 is appr0\1mate1y the :same everywhere on ‘the surface and therefore, the 4%
values afe all reduced by about the same amount. As long as 6915 not very
large, 2e(v-qbk QI)/k will be very much less than unity for the Cs-W system
(V = 3.87eV, 43 Z 4.5eV, and kT = 0,12eV).

Therefore,

' - i 16
J+ *H.e 1, . 1 ( )
which states that [3 the over-all ionization efficiency, is essentially 100
percent. Thus, the patchy theory causes no change in the theory of surface
ionization for the particular Cs-W system as long as filament ionizers are
employed until 9 becomzs large enough to cause the qb values to be reduced

k
to the point where the above inequality does not hold,

For porous ionizers, however,é} is not uniform over the ionizing surface;

it is very large at the pore walls and decreases o?er the pore lips and on-
to the ionizer surface.(9 will, in general, vary from unity (although'larger
values are possible) to zero or some lower limit corresponding to the flow-

rate, and therefore the qbk values will vary from O,toqbk (4.68 eV for a
‘ max -’

N

clean Cs-i systeﬁ or up te as much as 9.2 eV for a partially oxygenated

tungsten surface). The general patchy surface equation is written as

J, =e nT'(PV,> T, E)

- %fk‘ e(c}Jk + ¥ _v) kT

% 1+ 20V 'yﬁbk‘\.//)/kT“ (17)

=

v- P V) fur

where'k represents the patﬂhes for which 2 is very much

greater than unity (i. e., qbk is large). This is the equation that applies
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to the cesium-porous tungsten system where d)kmim (9) + ‘«P< V<Cbkmax
(9) +\l/(q5kmin (8 )=~0 and Cbkmax (B=0)= 4.68 eV and V = 3.87 eV,

4, 68 eV<(7)kma"{ <9.2 eV if § >0 and oxygen is the adatom specie) .

Because some terms in the sums increase with T while other decrease, JI
may be an increasing or decreasing function of T, In addition, because

nn, is a function of T and E as well as of P J+ may be a complex function

V"
of all three variables and only experiment can determine the relative in-

fluences of them,

5.2 INFLUENCE OF THE ELECTRIC FIELD

It is shown in Ref, 8 +that the expressions for the laws of surface ioniza-
tion on polycrystalline filament ionizers vary with the range of the magnitude
of the ion-extracting electric field, In-the strong field region (see Fig. 7
for the ranges of the magnitudes of the electric field for the three regions)_,
such that /cE 2 e/ltxo, \l/,corresPonds ‘to Bx 4 e/l;x0 + EQ(ao + a+)/2e', ‘where
X, is the distance at which electron, atom-ion charge-exchange vanishes and
a+ and ao ‘are the ion and atom polarizabilities, respectively. No experi-

mental results have been reported for the high field region,

For mdderate fields, the théory states that\’/ = J/eE (the normal Schottky
effect) because the other terms in \pcan be neglected compared to V/eE.

The ion current increases with E because of a reduction of e~m in the heat
of evaporation of the adsorbed ions, >\+, and the resulting increased relative
probability that absorbed atoms will evaporate as ions. This relationship,
[T log I = £ (ﬁ)] , and the dependence of the critical temperature, Ty,
upon E (TC decreases linearly as ./E increases) (Ref. 12), have been demo
strated experimentally for potassium and several light alkali halides

(Ref. 13 and 14) and for lithium (Ref. 15) on polycrystalline tungsten,
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.

In weak fields, the anomalous Schottky effect dominates. The heat of
evaporation of ions is increased in the regioms of a surface (patches)
which have the largest value ofqbk by the contact field (potential). Thus ,
the anomalous Schottky effect tends to smooth out the effect of the in-
homogeneous patchy surface by making all of the Qbk values more nearly
identical. In this region, the ion current and (1(n¥/no) do not necessar-
ily follow the relationship for moderate fields. For fields in the weak and
transition region between the weak and moderate field ranges, the increase
of the ion current with the electric field has been observed in many publi-
cations for surface ionization on polycrystalline tungsten filaments. lor
example, it has been observed that the ion current increases exponentially
with E [log I+ (or @) =1 (E) is linear| for the ionization of sodium
(Ref. 16) and of potassium (Ref. 17) in fields wp to 1.5 x 10* v/cm,
Thié‘effect has been attributed (Ref. 18 and 12) to a reduction of e N/Ei?
in the heat of evaporation of ions, )\ L in the moderate field region (the

normal Schottky effect).

For porous tungsten ionizers, data have beén obtained oﬁly in the'range of
E comprising the weak field region and>the transition region between the
weak and moderate fields (Fig, 7). The data obtained in this work indi-
cate that the ion current may increase, decrease, or do either, followed
by whichever did not first occur, as the ion-extracting eleciric field is
increased, The mode in which a decrease is followed by an increase was
most commonly observed. FExamples of these dependences and the conditions
under which they were obtained may be seen in Fig. 8, '9,23 to 25, amd

30 to 34,

Becéuse the ion current was obéerved to increase with increasing electric
field above some value below the breakdown voltage for the experimental
apparatus, which was nominally 3 to & x 103 v/cm for the majority of the
cases in this work, the conclusion is drawn that the influence of the

normal Schottky effect is being observed at high values of applied accelera-
ting voltage, although not necessarily in its pure form. The same experi-

mental data also show for the large majority of sets of conditions, that
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the emission-limited ion current. decreases with increasing .electric field
in the region which is certainly the weak electric field, ~and that it
reaches a minimum in the transition region or sooner. It is believed
that this observed decrease is caused by the anomalous Schottky effect.
Beééuse the actual electric fields at the ion-emitting surfaces cannot

be known because of the irregular surface structure of a porous ionizer,
only a qualitative argument can be -given, but they are probably sub-
stantially greater than the nominal value defined by the ratio of the

voltage applied between the electrodes to the electrode spacing.

Figure 8 illustrates the general observation that the minimum in the ion
current density occurs at successively higher values of the electric
field as the maghitude of the emission-limited current is increased .

(by an increase in either the cesium vapor pressure or the ionizer

temperature).

5.3 INFLUENCE OF EMISSION-LIMITED CURRENT DENSITY, CESIUM VAPOR.
PRESSURE, AND IONIZER TEMPERATURE ON THE PERVEANCE

The space-charge-limited current density that can be extractgd from a
smooth, hoﬁogeneous surface (one having a surface over which‘the ex— .
tracting electric field and work function are uniform and everywhere
identical,,andAfrom-the entire surface of which, ions are extracted
nonpreferentially) is obtained by substituting the conservation-of-

energy equation into Poisson's equation, yielding.

s 460 ,\/E V33/2 : . ) |
v T 79 m 5 (ms) » 4(18)

a

where C22 = L? (L is the electrode .separation) for the case of plane
parallel electrodes; and. where C22 is more complex for the spherical
(Ref. ,19),»cylindricalﬂ(Réf.‘20 ), torroidal (Ref. 21 ), and arbitrary
(Ref. 21 ) cases.
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Equation 18 can be written as
. . 3/2 .
I+ T ;Pva (19)

where P is defined by this equation and is called the perveance of the

ion gun,

It is assumed in this derivation for the homogeneous plane parallel case,
that in the absence of:space charge, the electric field at the ionizer
surface is. Ea = ‘Va/L and in the presence of space charge, E.= 0,  For
the geometries other than plane parallel, (1? departs from-L24because.the
geometry -§auses Ea~,¢ Va/L (for L= 0)..

For porous ionizers, even in the plane parallel electrode case, a new
geometrical parameter, g 2, must be substituted for (12 which varies over
the surface even for a given electrode geometry, and which varies with the
emission-limited currént &ensity. € must vafy over the surface because
the radius of curvature varies over the surface in both magnitude and in
sign corresponding to ‘convex and concave regions, which in turn, causes"
the current—producing electric field intensity ‘to vary over 'the surface
(Fig. ' 10). Some average £'2 can be defined éorfespon&ohg to a measured

perveance (relationship between currént and voltage).

The parameter, £.2, must vary with the magnitude of the emission-limited
current density because of the preferential ion emission, g 2 and hence

the perveance will vary with both adatom vapor pressure and surface
temperature because both inflﬁenbe‘the adatom flux, The emission-limited
current density determines the location of the ion-emitting regions (Fig,

10 ). For small emission-limited current densities; the ions are extracted
from a correspondingly small peripheral region of the advancing front of ‘

adatoms which -will be located’ on the pore walls just inside theipore'lips
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where the electric field intensity is low, i.e., where only a few electric
lines terminate per unit area, resulting in a low perveance, For larger
flowrates the peripheral front region of ion extraction will move farther
out on the pore wall toward the pd?é;}ips; thus moving into regions of higher
electric field intensity. EQentuallyg’some ion emission will be occurring
from the flatter regions beyund the porc iipé where the electric field in-
tensity will remain constant (over fegions of area of a few grains or more).
Therefore, the magnitude oﬂ\é’?vcbrrg3pondihg to the regions of primary ion
emission will at first decrease from the point where emission starts to
oceur from within the pore openings, until thélioﬁ emission is occurring
largely from the pore lips when £'2 is a @inimum‘and the perveance, a maxi-
mum, and beyond which é 2 W;ll either deérease much less rapidly or remain
constant; Only a qualitative theoretical description of this process can
be given because of the irregular éhapes of the pore openings, thé varia-
tions of qbk on the surface, and the fact that as the flux increases, the
peripheral region from which ion emission occurs becomes less well defined
because the radial spread of adsorbed atoms prédﬁées a radial decrease in 9 )
i.e., the width of "the emittiné‘region probably increases. JIons cannot be
extracted from regions of the surface éxéépt near ,the periphery of the ad-
vancing fron£ because everywhe,,relelse, 'either 9 is 1arge7r than 60, de-

fined as the value of: 8 ’correspo‘n.d'ing to'a qSk less than Vi', or 9 =0,

The qualitative“vériations gf é'g_and P'with emission-limited current
density are'illustrated in Fig. 11 . The éﬁission—limited currenl density
itself, of course, &etérmineshthe:maximum current or macroscopic or system
current density.. The macfoscopic current density, J+, is defined as the
total ion current obtained from 2 porous ionizer divided by the total ionizer
area, It will be iess’than j;,lthé'currenf éensity of only the emitting
areas, because of the fraction of the ionizer surface composed of local
regions incapable of ion emission because Qk >Qc or Qk = 0 (for low flow-

rates). The pores themselves are also relatively non-emitting,
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Experimental data for all of the ionizers, givem in Fig. 12, illustrate the
variation of experimental perveance with the emission-limited ion current

density.

These data are consistent with the preceding qualitétive theoretical discus-
sion and with Fig. 11. They show quantitatively that the rise in perveance
for low J+ occurs within the first 1/4 ma/sq'cm and that the leveling occurs

substantially by 0.6 to 0.8 ma/sq cm. The perveance exhibits a slow rise with

higher magnitudes of J . A few additional data for values of J greater than
6 ma/sq cm for the 5—m1cron ionizer show the attainment of perveances between
3 and & x 10 - amps/volt3/2

The curvee of Fig. 12 (with two exceptions which will be discussed) are sim-
ilar in shape and magnitude and are consistent with the soecific=periphery
theory (defined in section 5.4) which in general indicates aﬁzincrease in per-
veance with a decrease in basic powder size (at similar porosities) to the
limit where the porous structure tends to dlsappear -Two excepfions are the
data for the 0.9-microm iomizer-at 1200 C and the majority of the data for

the 44- to 74-micron 1onlzer.' In the first case, as discussed in section 5.5,
after the first data were obtained at 1100 C with the 0.9—micfon~ioniZer,

the permeability steadily decreased with operating time. Associated increases
in densification and number of clogged pores. resulted in the shafp decfease

in perveance shown in Fig. 12. The data for the 4k- to 74-micron ionizer
form two curves, one which coincides with those for ohe'other ionizers and

one (with‘many data points) whicli is much lower. The explanation 1lies in
consideration of the ionization efficiency and in the fact that the emission-
limited ion flux, rather than the total flux, is the ordinate.. The "normal"
curve: was obtained for a low value of vapor pressure and the ionization
efficiencies were comparable to those of the other ionizers. The varia-

tion of emission-limited ion flux was accompllshed by varylng the ionizer
temperature, T. However, the othcr curve is. composed of data obtained

at higher values of vapor pressure where both ionizer temperature and vapor
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pressures were varied, For the "anamolous' data points, the ionization
efficiencies were substantially lower than for the other data points, a
situation unique tO”ﬁhe,44r to~74-micr6n ionizer.

In the preceding paragraph, thé’influence of fhe;ionizef»teﬁperatﬁfe on
the perveance is mentioned. The'ibnizer temperature affects the perveance
through its influence on the‘émis§ion-limited ion fl@x.. The £Wo curves

for the44—tq:74—micron ionizer serve to illustrate itsAqﬁantitétiQe éffecf.
In the region of very low ion flux, the perveance rises rapidly with ioni-
zer temperature because of thefiptgrmediate relationship of the ion flux;-
at higher values of ion flux, the effect of ‘ionizer témperatufg_is far

less significant.

5.4 INFLUENCE OF POWDER AND PORE SIZE ON PERVEANCE THROUGH
THE_SPECIFIC PERIPHERY | |

For porous.ionizers, the pore statistics will have an influence ﬁpon the
-current-producing capabilities of the ionizer, i,e., upon thé perveance

of the system. Because ions can be extracted from only a fraction of the’
total ionizer surface for a given set of conditions of vapor pressﬁre and
surface temperature,'corresponding to that fraction of thevsurface for which
- 0<f< 6% the size and surface density of the pores will affect the ion
current density. For low flowrates,é} = 0 over a iarge fraction of the
surface; for high flowrates, 6? > 6L over a large fraction, - A term can

be defined which will serve as a relative measure of the current-producing
capabilities of various ionizers under identical conditions of Pv and T,
This term will be called the specific periphery? PS, defined as the total_
pore periphery per unit area of ionizer surface, measured in reciprocal
centimeters, in analogy'u>the-specific’surface of a porous ionizer, the
total internal pore surface area per unit;Qolume. An exact meaéurg of PS
cannot easily be made because the details of the shapes of the individual
pore openings and their sﬁrféce'distributions‘Would-need to be known, ‘How-

ever, a significant relative value can be obtained by assuming that all of

56



the pores are circles with a diameter equal to the mean pore diameter
obtained from metallbgraphie and gas-flow measurements and that they are’
spaced uniformly in some~gebmetrica1 array for which the mean interpore

spaci can serve as a measure, For example, if a square array is assumed
P A . pie, Y s

' d
Py =T (20)

and if a hexagonal close-packed ‘array is assumed,

P = Zre 65y (21)
_ VERE- 5=

Arbitrarily choosing-the hexagonal close packed values 3.6 d/S the rela-
tive values of P have been calculated for the ionizers studied and are
presented in Table 2., The left- hand values of d and S are from the gas—
flow measurements, the rlght hand values are from the metallograph1c studles,
and the center values are these felt to be the most accurate or are an
average and have been used to calculate the quoted values of P'."It is seen
that the 5-, 8-, and 12- to 18-micron ionizers all give nearly the same
value, while the 44 to 74-micron ionizer yields a value much’ lower ~. 0.4
-of the former, and the 0.9-micron ionizer shows a much hlgher value ~a3
times the first. Experimentally measured values of the perveance for these
five ionlzers obtained at T = 1373 K and Pv = 0.06 mm Hg are alse displayed

in Table. 2 ‘for. comparison to the values of the specific periphery.

Experlmental perveances for the 8-, 12 to 18 and 44- to 74-micron ionizers
follow’ qu1te well the pattern of “the spec1f1c pherlpherles, as the normal-
ized values show (Table 2). The values for the 5--and 0.9-micron ionizers
are 40 and 50 percent low, respectlvely It is noted however, that the
den51t1es to wh1ch these 1on1zers were s1ntered are d1fferent Those . of

the 8—, 12 to 18—, and 44 to 74-m10ron ionizérs are very similar, while
those of the 5- and 0.9-micron ionizers. are considerably higher. Because

of the higher densities .of the latter two, more of the pores which are .

exposed on the surface may be inactive as a result of internal blocking.
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TABLE 2

COMPARISON OF CALCULATED SPECIFIC PERIPHERIES AND EXPERIMENTAL
PERVEANCES FOR THE POROUS TUNGSTEN IONIZERS

0.9

12-18 jonizer

1.55

| Basic Grain Diameter, 8 12-18 LL4-74
nicrons
Sintered. Density, Percent . 76 80 . 68 68 63

|of Thecoretical Maximum ‘

‘|Mean Pore Diameter, d, . 1.111.111.3 -—12.8 2.8 5.9/6.0(6.0 . 16]13(9.7 35137140
microns ‘ ) ) ’
Mean Interpore Spacing, | 5.4(5.4 (4.2 | ——-{12 |12 |17 17 27|27(27 | 61| 70|77
S, microns ‘ ‘ '

| Specific Periphery 0.13 0.070 0.062 0.064 0.027
PSx= 3.6 d/SQ.microns—l
Experimental Perveance, P, 1.59 to. 1.06 " 1.53 1.60 0.63
amp/volt 3/2 x 109 (Py = 0.60 '

10.06 mm Hg, T=1100C)

|Ps, Normalized to Pg for 3.3 1.75 1.60 .67




Thus the;measured perveance could be expected to be lower than the calcu-
lated one. Also, ‘the measured perveance of the 0. 9—mlcron 1onlzer decreased
with operating time (partlcularly at high temperatures) as discussed in
section 5.5. This deterioration was attributed to additional sintering

implying'that pores gradually. become closed or clogged internally.

5.5 EFFECT OF OPERATION ON CHARACTERISTICS OF 0.9-MICRON IONIZER

In the case. .of the-O.g—micron.ionizer, the possibilitylbf chauges in the
operating characteristics with time at high.temperatures existed because
the sintering conditions used to obtain the 76-percent density were only

15 minutes at 1300 C, and because of the severe changes in porous. structure
descrlbed in 3.2 which occurred for the 0.l-micron 1on1zer at normal ionizer
operating temperatures.. It was expected that operation at,1300‘C‘wou1d_
cause additional sinteriné; resulting in further densification, pure cibs—
ing, and greater resistauce to flow, and that prolonged.operation:at 1200 C
might also’produce observable changes. That this didwoccur,'is clearly
demonstrated by the data presented in Table 3 and Fig. 13. In Table 3,

the 1on1zer temperature and cesium vapor pressure are presented for a few
representatlve runs, together with an operating hlstory which glves thep'
cumulative hours of operation at 1190, 1209, and. 1300 C for each of these
selected runs, and the measured values of three impertant‘operating char-
acteristics:’ Jo,'the neutral cesium flux for no electric fietd (no ion
current); P, the experimentallperveance; and /Béax the maximum ionization

etfficiency (at emission-limited current conditions).

Because the significance?of the Jo data ts difficult to see readily in the
form presented in Table 3, the neutral flux is plotted as a function of

the cesium vapor pressure in Fig. 13. The curve formed by data points 1 and
2 (for T = 1100'C) is what would be -expected from work with other ionizers.
These data:were obtained before the ionizer had ever been operated at tem-
peratures above 1100 C. Then point 3 was the first one obtained at 1200 C
and a dashed curve is shown, corresponding to what would be expected for a

T = 1200 C curve. However, points 4 and 5 show that after several hours of
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TABLE 3

HISTORY FOR 0.9-MICRON IONIZER

: History, hours’ J, x 10:15 P x 109,' ,
Run T, | TV, Py | at at at atoms %EEEE%;§ x%nax,
Number C C. um Hg 1100 C A1200 C 1300 C 8q cm-sec volt : percent
1 1100 | 196 | 0.073 | 3 0 0 2;6 1.8 l 9 1/2
2 1100 230 | 0.25 4 0 0 5.0 1;5 o oon1/2
'3 . |-1200 | 151 | 0.00%9 | & 3 0 1.9 1.9 9% 3/4
p 1200 | 190 0.057 | 4 5 0 2.6 1.5 | 95
5 iéoo': 272. 0.97 6 13 0 4.5 0.78 96 1/2
6 | 1200 | 270 | 0.88 9 18 - ;i 2.1 0.69 97 1/5‘
7 1200 | 310 2.6 .13 Z 19 '112 1.6 0,42 §8 3/k




5.6
T=1200
ACTUAL
T=1200 /4;55? SOME
e . - \_ . / OPERATING
48| : / TIME
S R / Gom
. _ / //.,9eva
O
% 40 //
l o
£ N
S /
@
3 /
3 32| /
g /I,
0" /
'o / S
x 241 / Z
o /‘/ :
- /‘, ~
N 1.8 ' o.e@\
1.9 94 1/2 97 1/2
L6 ,( 94 3/4 ‘ o ®.
/ T=1200 .ACTUAL, : 0.42 ™\
/ AFTER MORE SEVERE 98 3/4. \
OPERATING CONDITIONS ' N
08}
o} 1 1 1 L 1 .
100 140 180 220 260 300 : 340
Tv.C .
Figure 13. Effect of Operating Time at High Temperature

on Flowrate of Neutral Cesium Through 0.9-
Micron Ionizer. Data Point Numbers Repre-
sent the Run Number of Table 3 in Which
the Operating History is Given. The First
Number by the Data Point is the Perveance
(x 109) and the Second Number is the

Ionization Efficiency
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operation-at 1200 C, a much larger cesium vapor pressure was required to
produce a correspondlng neutral flux, Point 6 Vas obtained at the same
vapor pressure and 1on1zer temperature as’ p01nt 5, but the ionizer had
been subjected to a temperaturelof 1300 C for one hour, four tlmesfthe
sintering time at the sintering teuperature; The neutral flux isvseen

to have decreased to 1ess than 50 percent of the former value. Point 7
was obtalned after long operatlon at 1300 C, such that nearly all further
sintering effects should have occurred. The neutral flux is down stlll

further even at a 40-degree-higher vapor temperature.

The correspondinﬁ effects on P and'lg‘cau easily be .seen in Téﬂié 3 . The
perveance changed less rapidly at first, but after longer tlmes at 1200
and 1300 C, it dropped sharply to flnally less than 25 percent of the
original value, implying that many- of the formerly actlve pores "had closed
or become blocked. The em1ss1on—11m1ted 1on1zat10n eff101ency increased
only slowly at first, but by the final selected ‘run (No. 7), had increased
to a value corresponding to a reduction in the neutral fraction of more

than 75 percent.

5.6 FACTORS INFLUENCING THE FLOW OF CESIUM -
THROUGH POROUS TUNGSTEN IONIZERS
(ANALYTICAL)

In Ref. 8, thc various modes for the passage of gases through porous
media are considered in'detail“ The va11d1ty of the basic' assumptions
underlylng their appllcatlon to the case of alka11 metals and refrac-
tory metal porous ionizers for surface’ionization systems is examined.
Comparable equations governing the flow. through the porous ionizer are
developed. Consideration of the basic assumptions for the equations
and the dependence on pressure, temperature, and porous structure, com-

pared with the experimental results, indicates that the transport occurs
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primarily as simple (equal to Qr;lqss than monolayer) surface diffusion
or migration, wrth free molecular flow contributing an increasing frac-
- tion of the total flow as the flowrate increases and that viscous flow,
turbulent flow, multilayer adsorptive flow, and flow by capillary con-

densation are at most secondary modes of transport.

In the treaﬁment of the transport modes and their relative importance,
the degree of sorbability of the particular transport a material on the,
particular porous medium is of importance. The pure gas flow modes,
viscous and free molenule, will predominaté for substances with low
sorbability (at a given pressure), while the sorptive modés,,mbnolayer
surface diffusion, multilaygr surface diffusion, and the existence of
capillary condensation will become relatiygly,more important for more
sorbable substances. For the particular cases of porous tungsten (and
possibly the refractory metals in general) gases generally used for
porous .material permeability measurements (H N2; dry air, He, Ne, A,

_ and Kr——H2, dry air (Né), and A.1n this work) are nonabsorbed (Ref . 22)
and the pure gas flow modes are applicable as shown in section 2 where
the free;molecule flow mode predominates up to about 100 mm Hg pressure
when the effects of viscous flow begin (Flg.‘l) The particular transition
pressure increases with the: mean pore, dlameter Contrarlly, the alkali
metals are very sorbable on tungsten, the cesium- tungsten system pos-
sibly represents the most sorbable combination of all elemental spe01eé
because the surface tension of liquid cesium is the lowest, while that
of tungsten is the highest of all (51) metals (Ref. 23). The wetting
‘conditions Between»cesium and tungsten are- probably the best of-all
combinations of materials. - The flow of cesium on tungsten by wetting
(surface tension effects) increases with temperature above the melting
point so that at the temperatures of cesium feed sysfems,'some flow of
cesium may actually occur by surface diffusion with little preésure drop.
For these reasons it is expected that for the transport of cesium through

porous tungsten, the sorptive modes will be 51gn1flcant
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The comparable ‘equations devéloped for four flow modes applied to this

system are: -

For viscous flow,
n - N Ikﬁ% p. 2 1 (22)
o 256 L . \ 17 (T) ,
For free‘mpleculejflow, . : .
v \1/2 . T o
o L (Zh) 0 Jmll L1 [/ (23)
o 3M 2k L v ' '
For surface diffusion (monolayer or less),
A 1/ L : ,
oo (S) fms L LY e WL
o 4 \kM 1- L Lc STV - -
For capillary Condénéatibn

P HZ“—H o @)

In each case, the constant terms precede the first bracketed.term, the. :.

tirst bracketed term contains the dependence on the porous structure,-
the second is the pressure dependence, and the third shows the temper-:

ature dependence. The terms are defined below:

Na. = Avagadro's constant
k' = Boltzmann's constant
M = molecular weight
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‘molecule to the pore diameter, whic¢h is '10

adsorption;coeffibientw

number. of pores per unit ionizer area

mean pore diameter

_thickness of porous medium (ionizer).

. mean’. length of :pore in porous medium (Lc>'L)

average distance between adsorption sites

permeability of porous medium.(ionizer)

“:vapor pressure of the transport substance (on upstream -

side of ionizer)

pressure of space or vacuum tank (on downstream side of

porous medium)

. temperature of porous medium

- viscosity of vapor phase of transport substance
viscosity of condensed phésé ofAtransport éuﬁétapﬁe
;deﬁéiﬁy‘of-condenséd pha;e of transport substance

. activation energy for migration’ (diffusion) of transport

material adsorbed on porous medium materiél‘(0.59 éV/‘

atom for Cs-W)

‘the neutral flux. from the downstream (ionizing) surface’

of the porous medium

Viscous flow is ruled-out relative to free molecular flow because the }

magnitude of K= >\/D, the ratio of the mean free path of the'transport

3

to 106;' The three remain-

. ing modes must be considered for-the case of cesium flow thréugh pdrous
tungsten and compared to the experimental results. The details of the’

derivations of Eq. 22 through 25 and a discussion of the assumptions
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regarding their applicabilities aré‘given'in Ref. é. An outline of the

derivations and assumptions in included in the following sections.

It is interesting to note that the derivation of the free molecule mode
requires the assumption of the existence of adsorption of the trahsport
molecules for a certain length of time following collisions with the

porous medium channel walls,

Provided that the ﬁolumefof'the adsorbed surféce diffﬁéion"film com-
prises a negligible part of the total pore volume, it.should exert no
influence on the steady-state flow of the gaseous phase, whether viscous
or free moleculgj (Ref. 22). Therefore, simultaneous transport by hoth

free molecular flow and surface diffusion will gceur. |

In regard to the'sorbability:of substances on tuﬁgétén, two other ele-
ments should be mentioned.: Né, H2,~and the inert gases have been-
described as nonsorbable, and the alkali metals as very sorbable. -
Oxygen and carbon are two eleﬁenfs which react in a third way,uﬁflchémi-
sorption. They are bound to the tungsten surfaée;by much highér energies
(heats of adsorption) and hence are much more difficult to remove. They
migrate according to different laws and, in time, can penetrate deeply
into the tungsten structure. As described elsewhere, these two elements
~cannot be completely removed by gettering or by high-temperature flash-
ing of tungsten surfaces, though they can:be removed by field emission
etching. Any oxygen or carbon impurities in the diffusing cesium will
become .chemisorbed in the tungsten ionizer over the period of opération.
As discussed- elsewhere, oxygen may have a favorable effect because it
increases the work function of the ionizing surface, but carbon probably

has an opposite effect, and over a long operation time wight tend to clog

narrow flow channels where it is. gradually chemisorbed.
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5.6.1 Surface Diffusion
Basic Assumptions:

1. Steady-state flow (no transient effects)

2. Accompanied by.some.amount of flow in the gas phase, either
viscous or free molecule modes or both, each (gas flow and

surface diffusion) along its own- concentration gradient.

3. To each value of pressure correspbnds'a'value of volume concen-
tration, ¢, so that a value of the adsorption coefficient, Q,

can be defined which is relatively ihdependént of -c.

4. Assumption of a model porous structure: a bundle of parallel

channels (not necessarily straight) of average length, Lc'
5. No capillary condehsatiqn.

6. An irregular, energeticélly‘unsmooth, édsorption surface with’
equal site adsorption energies but with an energy barrier to
surface migraﬁidn, V., plus othérs covered in the derivation
(Pig..14 ). o ’ o

Derivation: (This derivation is given in more detail here because of )
the conclusion that this mode is predominant in the case under
consideration.) Fick's first léw of diffusion éan be stated: the num-
ber of atoms diffusing per unit area per unit time (f1ux), n equals
the diffusion coefficient, D, times the volume concentration gradient
of atoms, ¢, in moles per unit volume, in the direction opposite the
flow

L - -ND dc atom _ (26)
o a 0x sq cm-sec
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IGRATIO (Ag-Vm) | . BOUND
.. STATE
. 0.
MIGRATING ATOM
——
—7 \%Y—1—
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Vﬁ.f potential barrier to surface
migration of an adsorbed atom
Xb = heat of desorption (evaporation)

of .an adsorbed atom:

For cesiuw on tungsten:

Yy = 0.59 ev ;:ad )\0 -~ 2.7 oV

Figure 14, Potential Diagram for
Surface Migration



This equation applied to two-dimensional surface diffusion or migration
through a'ﬁorous medium- (Ref. 22) can be stated: = the number of adatoms
diffusing per unit perrmeter per unit time equals the diffusion coef-
ficient times the surface concentration.gradient of adatoms, or the
adsorbed atoms per unit area of the porous medium per unit thickness.
The perimeter is ALSV/Lc and the surface concentration gradient is
ZSCS/SVLC, where A is a unit area and L is the thickness of the porous
medium, Lc is the average porous medium.channel length.(Lc>>L),_SV is
the specific surface. of the porous medium'(iuterual_surface area per
unit volume)? and c is the»yolume_COncentratien:of,edsorbed atoms
(dcs/d x — AcS/L) . .Substituting:

' SR L 2 A»cs ‘ ’
U = —'NaDs <i:_> L ' (27)

c

(L/L ) represents a tortuos1ty (Ref. 22) or pore structure factor cg

is related to the gaseous concentratlon, C by the adsorptlon coefflclent
a - Thus '

ACS = QAC (28)

Q dC/‘a %. Now Ac is related to the pressure drop

Leq ac/ax

across the porous medlum and the medlum temperature by

' _Ar 2
Ac = - 35 (29)
Therefore,'
L\ Ap 0
B = NaDsa<Lc> RTL (50)
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If the porous medium surfaces were smooth with no definite adsorption
sites, therejwould be no barrier to surface migration of adsorbed atoms.
If, in addition,the degree.of surface coverage,. é?lris small, the kinetic

theory of a two-dimensional gas could be applied, which would yield

D, =1/2%_ A | .'ﬂ('3»1‘)

where V%h is the mean thermal velocity and ‘Xé is thé surface mean freé
path. However, for a polycrystalline sintered powder metallic medium,
(e.g.,'Sintered‘tungsten), the surface consists of many irregularly
spaced adsorption sites which are the crYstél face steps (Ref.24). For
example, cesium slides to a crystal face step when adsorbing onto a
tungsten surface. Migration of a cesium atom then consists of jumps
among adsorption sites, probably as a jump to a.serface followed by a
slide to a crystal face step where it remains for a characteristic. »
time, 'r.' The adsorptlon energy is similar fnr all 81tes with'possible
small varlatlons dependlng upon whlch crystal faces comprise the steps,
but there is an energy barrier between sites and a characteristic acti-
vation energy for migration, Vﬁ (in ergs or eV per atom), for every
system (Vﬁ = 0.59 eV/atom for Cs on W) required before surface migration
can occur to another site. A larger energy is requlred for desorptlon,
X (atem) or k (ion) Therefore surface mlgratlon 1s more probable
than desorption (evaporatlon) from any site. For this qlfnatlon a
method has been developed (Ref 25) for calculatlng the associated dif-
-fusion coefficient, D 82/2NT, where N is the number of dimensions.

Thus, for th—dimensional surface diffusion,

- 8%t (52)
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where

S = average distance between adsorptidn sites

Kt
]

average characteristic time a site is occupied

The time, T , is related to the period of site vibration (Fig. 14); T,

0
by
4 v
_n
- kT
T =T, e (33)
where "
Vﬁ = surface migration activation energy
-T, =. surface temperature

T'o can be related roughly (Ref. 22) to the time needed to cover one 8~
at the thermal;velocity,_?&h, or -

To = S/Vth (34)

Combining Eq. 32, 33, and 34:

Vv
m

R R &)

1/2

For a tWo—dimehsibnal-gaé,'7£h’= (NakT/MD , and substituting Eq.

into'Eq.'3d yie1ds
. . _—
N \1/2 ‘m
e (LN (Na\ -8Ap TuT
Mo T L] . \KM/ . L- & (36)

If the pressure at the downstream side is very much less than that at

the upstream side, AP = Pu - Pd = Pu‘ In the case of pressurized flow
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through.a porous ionizer, P —_— PV’ whlch is 103 to 106 times larger
than the downstream vacuum tank.pressure and >10 ., the pressure of
space. Subst1tut1ng PV for AP, grouping dependence terms, and account-
ing for the area of the porous medium surface which is composed of

pores:

C

R PRV R Cl e . "5_
. —<—> H(L_fﬁ ol T | G

o} 4 kM L L Vv
: . g Ill

where the first bracketed term is a constant, the second gives the
dependence on the porous medium structure, the third is the pressure.

dependence, and the fourth is the temperature dependence.

Arguments for the applicability of surface diffusion to the’case in

question are as follows:

1. The pressure dependence agrees with the experimental observa-

tions of this work.

2. The temperature dependence is consistent with the observation

of this work, particularly at low flowrates.

3. The value of n calculated from this equation for a particular
ionizer is of the same order of magnitude as the meosured value
of n for the same ionizer, The calculated.value could vary

. someyhat.with the assumption of. the values for .Q and L/Lc”
(each of which, however, could be wrong by no.more than a fac-.
tor of two), but the order of magnitude is correct. The lar-
gest pore 1on1zer ‘was chosen for the calculatlon because of the
probability that fewer of the pores are b11nd (dead end) than

those of smaller powder size.
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5.6.2 Free Molecular Flow

Basic assumptions:

Gas flow limited by collisions between molecules and channel

walls, not by intermolecular collisions.

Adsorption on the channel walls occurs for a ﬁ;ﬁé sufficient
for diffuse reflexion (the velocity-and direction of emission
become independent of the velocity and direction of collisiop)
to occur. For nonsorbable gases such as H., N2,'aﬂd the iﬁéff:
gases, this occurs but is negligible and unmeasurable. For a
very sorbable element like cesium, it occurs to a large extent,
to the point of allowing the surface.diffpsion transport mode

to be significant.

L02'100 d, where Lc is the channel length and d is the pore"
diameter., In the case under considergtion,,Lc> 10-1 cm and
d=310_3 cm. In addition, the crookedness and-.variation of

diameter of the pores will aid in the validity of application.

A%Vﬁi>>1 where A is the mean free path»of”the gas -and d is’ the

P

pore diameter., In this case )\._/d’ta'lo3 to 106 depending upon
v |

Derivation:

where

o = MY ~WNT (38)

flowrate in molecules/seCﬁper orifice
“orifice conductance

all other terms are as befbre
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Substituting (Ref. 26),

F=-1/W /o/p (39)
and
: _ﬂ—v_a . 2 L - (10)
W="rm5 =3 T 3
Uéiné |
. 3
- v ’ -vaﬁdu
F=3—T - . ="11 (1)
°/° Py aL
A
(¢]
yields .
. 1/2
_Ede (TN )7 (12)
" = 31M \2kT/ -

Arguments for the -applicability of free molecular flow are as follows:

1. This mode has been shown to be valid for this application when
the nonsorbable gases arc used, and therefore should apply to

the unadsorbed mode for cesium.
2, The pressure dependence agrees with that,measﬁred in this work.

3. The temperature dependence for this hode.alone'does'pot agree
with that measured in this work but combined with the equation
for surface diffusion, it accounts for the observed tempnratﬁfé
dependence at higher flowrates. The. free molecule flowrate

-1/2)

decreases with T(T , and the experimentally observed flow-

rate increases with T(Z'Tl)].
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5.6.3 Capillary Condensation

Basic assumptions:

Action of capillary surface tension forces and not surface

_ diffusion.

The pressures on the opposite‘sidésvof the poréuénmedium,”PV
and Po’ are different and both are less than Ps’ the normal
saturation vapor ‘pressure, yet greater than the vapor pressure

required to saturate the largest pores.

Both PV and P0 are greater than Pe’ the pressure at which

evaporation occurs (otherwise evaporation wiI1 destroy the

condensed phase).

Derivation: The volume flowrate of the condensed phase is

md a (43)

linear flowrate of the condensed phase

mean channel or pore diameter -

The;mass flowrate is

where

T . p, (1)

f% = density of the condensed phase
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Therefore,

NaH7Td2 u P
n = M atoms/sq cm-sec ‘(45)
where
H = number of active pores or channels per unit surface area
Na ;-Avagadfd's'nhmﬁer
M= moledulgr;weight of -the transport substance
Now
. k]@ :
uc '= 77 L APC (46)
cc
where
kp = permeability of the porous medium

' 770 = viscosity of the condensed phase

L =llehgth of the flow channel (LC>ZL, the thickness of the porous
medium)

and

)

kN T
Ar = JESL—jl- l?n <
c M

ol<®
S~—

from Ref. 22, where

k = Boltzmann's constant
PV = upstream vapor pressure of the uncondensed phase
P0 = downstream pressure (the pressure of space or a laboratory

vacuum tank)
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Putting Eq. 46 and 47 into Eq. 45 yields-
2 a2 2

" kN HA“k T /P
-

2
0 ; 4M Lc Po

In generai,4.ﬁg aud 72; are functions of temperature. For. .the case of.
cesium in the temperature range used in ion engine applications, 1000

to 1500 K, both of these quantities are relatively independent of temp-
erature; /Dc varies enly 7 percent and 770, approximately 1 percent over
this range, with the average values being, F% =1.61 gm/cu cm and

770 = 276 gm/cm-sec (Ref. 27). Therefore, it is assumed that the temp- '

erature dependence for capillary flow would be 'simply as T.

Arguments against the applicability of capillary condensation to the

case in question:

1. It seems .doubtful that basic assumptions 2 and 3-wi11'apply.

2. The pressure dependence definiteiy does not agree with uhe
experimental observations of this work, regardless of the value
assumed for P at the ionizer surface. |

3. The value of n calculated with this equation is at least
three orders of magnltude larger than a corresponding value of
nO measured in this work for a partlcular ionizer and set of

pressure and temperature cond1t10ns

5.7 EXPERIMENTAL FACTORS INVLUENCING FLOW OF CESIUM
Four primary factors influence the cesium flow through the 10n1zer and,

hence, the rate of de11very of the ces1um to the front ionizer surface

These factors are (1) the cesium vapor pressure at the rear ionizer
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surface, (2) the ionizer (porous plug) permeability, (3) the ionizer -
temperature, and (4) the electric field at the front.surface and the
resulting rate of ion formation and extractlon The way in which these
parameters influence the flow of the transport specie through a porous
medium are discussed in more detail in Ref. 8. For filament ionizers,
only the vapor pressure'(or*beam;flux) determinés the total particle
flux (ions plus neutrals) ‘which can leave the ionizer'surfaee; thie
quantity is independent of the ionizer’ temperature and the surface elec—

tric' field, -and no permeability -concept exists.

5.8 INFLUENCE OF CESIUM VAPOR PRESSURE
AND IONIZER PERMEABILITY

The influence of the vapor pressure at the rear of a pordus ionizer is
two-fold, It determines the flux of incident adatoms onto the rear
surface and it produces the pressure drop across. the porous plug. The
porous ionizer structure determines its permeability At constant .
ionizer temperature and in the absence of any electrlc field and subse-
quent ion emission, these two quantltles should determine the flowrate

through the ionizer,

The data which illustrate this relationship arc preseﬁted in Tig. 15
for all of the ionizers studies, and Fig. 16 is one representative case
showing the way in which the actual data points occur. In'every case,
data for an ionizer temperature of 1373 K are prescnted, and in some
cases, data are also shown forv1473 K. The curves of. n, (the neutral
particle flux) are for mno electrlc fleld and consequently no ion emis-
sion, These curves then show the effect of PV and permeability alone.
In all cases, a linear relationship is exhibited betweeq_norand PV’

when PV is- the only variable influencing flow., This is consistent with

either the free molecular (Knudsen) flow regime or surface diffusion in
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each of which the flowrate is proportional to the pressure drop. It is

not consistent with flow by capillary condensation. The slopes of the
curves of n Vs PV (E = 0) for the'various ionizers are displayed in

Table 4 together with the ionizer permeabilities from the gas flow
measurements. The slopes are Ano/A PV in atoms‘/sq cm-sec~mm Hg, A favorable

comparison is observed in all cases except for the largest powder size.

The data for fhe 0.9-micron ionizer show the efféct of operating time
discussed in more detail in section 5.5. The steep curves (at 1373 K)
were taken early in the ionizer's history, and can be used to compare
with the-other ionizers for powder size effects. The nearly flat curves
(at 1473 K) were obtéined at approximately the time that the permeability
measurement repdrted in Table 1 was made, and should therefore be used

in comparison with the measured permeability.

5.9 INFLUENCE OF ELECTRIC FIELD AND
ION EMISSION

Also shown in Fig. 15 are similar plots of n+ (J+ in ma/sq cm = 1.60 x

10"16

n+) Vs PV at 1373 and 1473 K. The values of n_ are the emission-
limited (knee) ion fluxes measured on curves of J; vs E at the given
constant values of PV and;T. In all cases except for the 4k to 7h-
micron ionizer, the‘ionization efficiency is high and Ny, is only slightly
greater than>n+. In the case of the 44-to 7i-micron ionizer /3 was
somewhat lower, and when n is corrected by ﬂg(nT = n+/f3), g, is some-
what larger but still below n (E = 0). An interesting relationship
between the ratio of the total particle flux for emission-limited ion
production to total particle flux for E = 0 and the ionizer powder size,
and hence the influence of E on the cesium flowrate, is observed. This
ratio decreases consistently with increasing powder size, having the

value of unity at about 15 microns and being less than unity for larger
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TABLE 4

COMPARISON OF IONIZER PERMEABILITY‘AND SLOPE OF
PARTICLE FLUX VS PV AT 1373 K IONIZER TEMPERATURE

. : o Slope,
Powder Size, Densi ty, Permeability, t Particles
: Micrqns Percent 8q cm' sq cm - Sec,_ ?m Hg -
0.9 76 ? =9 x 10‘12 | b x 105 x ‘1014:
5 80_ ~3x 100 1.2 x 10
8 6é ~2x 1077 1.4x:1017.”
8 60 7 x 1077 2.6 x 10%7
12 to 18 68 2 x 1070 8 x 10%7
4y to 74 63 9 x 10f8 5.x 10 17
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powder sizes. There are only five data points to cﬁnfirm‘this conclusion,
but they are all consistent. For the 0.9-micron ionizer, the ratio of

n, (EL)_/n0 (E = 0) is about 2 at low flux and'probably increases for
higher flux, although insufficient data exist at higher o, to determine

a quantative value. For the 5-micron ionizer, the ratio is 1 to 1.1 at

5 x 10“2 torr at 1373 and 1473 K and increases steadily with n, until it
is 1.8 and 2.3 at 1 torr for 1373 and 1473 K respectively. For the 8-
micron (68 percent) ionizer, it is 1.3 at 7 x 107> torr and 1.9 and 2.1

at 5 x 10_2 torr for 1373'and 1473 K respectively.. For the 8-micron

(60 percent) ionizer it is 1.3 at 7 x 10—3 torr, the same as for the 8-
micron (68 percent) ionier, but the ratio this time remains fhe same or
decreases slightly at higher flux. The ratio for the 12- to 18-micron
ionizer is approximately unity for all fluxes (at least to J+ =5 ma/sq cm).
For the 44- to 74-micron ionizer, n_ is less than n for all measureq
fluxes, the ratio being about 3/4 at low pressures‘(to 1 x 10_2 torr)

and about 1/2 at higher pressures. The reason why the total particle flux
variesin the presence of an emission-limited, current-producing electric
field and the corresponding ion emission is postulated in Ref. 8 on the
basis of the concept of cesium presentation to the ionizer surface and

the resulting surface phenomena. The effect is dependent upon where the
ion formation occurs on the ionizing surface, and the effect of E on

the heat of vaporization of the adsorbed ions and atoms. Examples of -
the effect can be seen in Fig. 9 for the 0.9-micron ionizer, where

J+(EL) is seen to be greater than n (E = 0), and ip Fig. 32 where.

J;(EL) is seen to be less than n (E=0). In all cases, the eléctric
field and ion emission influence the total particle flux through the
ionizer. In some cases g, rises steadily with E, in some it decreases’
steadily (e.g., Fig. 31), and in still others g, is relatively constant
(e.g., Fig. 9 ), or is constant followed by a sharp decrease (e.g.;

Fig. 33).



5.10 INFLUENCE OF IONIZER TEMPERATURE

For all of the porous tungﬁten ionizers ‘and conditions studied in this
work the flow of cesium through the 1onlzers increased significantly
with ionizer temperature when all other variables were held constant (a
few examples are Fig. 27, 36 39, and 41) Because of the influence of
the electric f1e1d and ion emission on the flowrate, only the neutral
emission for E = 0 and the emission-limited ion current at near-maximum
1on1zat10n effICIGDCIGS w111 be discussed. Equatlon 17 of section 5.1

then reduces (for [3 near unlty) to

because the term in square brackets (Eq. 17 ) is just the ionization
efficiency. Therefore, in this case, as well as for the flow of neutral
cesium at E = 0 (nq ion emission, and}[g = O)thevpbserved temperature

dependencé should be simply that for cesium flow through the ionizer.

As discussed in section.5.6, the cesium flow is expected to be a combi-
nation of free molecule and surface diffusion.. The total flowrate (or

partic}e flux) would be the sum of a term (free molecule) proportional
l Ly
to T,

’l

, which (at large 1 and over a relatively small range of T, as

in this case, 1000 to 1500 K). would appear to decrease rather linearly
with T, plus a term (surface diffusion) proportional to Tpl/“ ~V/KT
whiph is a'modifimi(reduced) exponential and which, at larger T and over
a small range of T, could appear-nearly linear ﬁith T, though toward -
an exponential. This latter dependence would have an.extrapolated posi-
tive temperature intercept if the exponential term predominated. The .

relative magnitude of Vﬁ compared to kT determines the relative strength
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of the exponential; if Vﬁ/kT is large, the exponential will predominate.
All of the experimental curves of both n (T) and J+(T) are consistent
with this exponential dependence, and all have extrapolated positive
temperature intércepts.v Undér no cbnditions was either n (E ; 0) or

J (EL) observed to decrease with T. The free molecule dependence,

B + i
T-1/2

, may influence the total température dependence at higher flow-
rates,'but for jion current dehsities up.to at least 5 ma/sq cm, the ex-
ponential (sﬁrfaée diffusibn) depeﬁdence predominates. The curves of
no(T).exhibit a stronger expohential dependence at low values of flow-
rate and all of the curves-of emission-limited J;(T) fit the expected
exponential form

e-V'm+/kT (50)

where

"Vﬁ+:= energy ‘barrier for surface migration (diffusion) for ions
The value of Vﬁ+ is expected to be 'close to the value of Vm for
adsorbed atoms, though higher if an additional barrier exists as a
result of the interaction of.thé ion with the ionizer lattice through
its bound electron. Table 5 . is a tabulatidn of the values of Vﬁ+ and’
J+O(together with the average ionization efficienciés) obtained from
plots of .En J; vs l/T for the cases which:gave the best straight
lines with a minimum of 5 data points. Two examples are presented in
Fig. 17. It is interésting to note that the tﬁo lowest values of Vﬁ+ '
are just the value of V&, the activation energy for surface migration,
which is 0.59 eV/atom. The average of the experimentally measured values

of Vﬁ+, 0.68 eV/atom (Table 5 ), is just 0.09 eV/atom greater than v
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EXPERIMENTAL VALUES OF CONSTANTS IN EQUATION 50

TABLE 5

Powder Size, TV, J+o, Vm+, B ,

’Microns K ma/sqcm eV/atom Percent
0.9 423 348 0.76 95 1/2
0.9 463 ‘180 -0.59 95 1/2
8 443 150 0.77 95

A12 to 18 388 273 0.72 95

44 to 7k 4525 43 0.58 90

AverageT 200 0.68
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It is interesting to note that the éxperimentaily measured value of

kTCL in this work (TCL ~ 1120 K) is just 0.096 eV/atom. Thé signifi-
cance of kTCL is that in the presence of an electric field at the ion-
izing surface, no ion current is observed until the temperature of the

ionizing surface is raised to TCL'

5.11 RELATIONSHIP BETWEEN IONIZATION
' EFFICIENCY AND ION CURRENT
DENSITY

Data showing the dependence of the ionization.efficiency, ﬁ;, upon iﬁe
extracted cesium ion flux or current densit& produced by the variation
‘of both the cesium vapor pressure and fhe ionizer temperature for the
porous tungsten ionizers of varioﬁs iﬁitial powder sizes are presented

in Fig. 18, 19, and 20. The detailed data points are displayed in

Fig; 18 for the 4l to74- and the 12-to 18-micron ionizers, and in Fig. 19
“for the 8- and 5—micron ionizers. The results for the 0.9-micron ionizer
are discussed in detail in section 5.5. Figure 20 is a combination of
just the smooth curves from Fig, 18 and 19 together with the reported
results of two other experimental investigations employing cesium and
porous tungstéh ionizers (Fig. 7 of Bef., 9, and Fig. 5 of Ref. 10
converted to [3).‘ In one case (Ref. 10), data are quoted for an 8-
micron ionizer, and in the other (Ref. 9), the mean pore diameters and
interpore spacings correspond to the same parameters for the 5—micron
ionizer of this work. Both of these studies by other workers, in which
it is stated or assumed that the increases in ion current dehsity,wgre
produced primarily by increases in the cesium vapor pressure, rather

than by significanﬁ changes in the ionizer temperature, indicate a de-

crease in /3 with J+ (at constant T). Insufficient data have been
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obtained to determine any dependence between ionization efficiency and
tungsten powder size, .and no information has been reported for surface

temperature affects.

"The results of this work tend to support the conclusioh that lgAdecreases
with increasing J at constant T (curves A B, .C, and D of Fig. 20) with,
however, exceptlons noted for certain cases (curves H, I, and J of.

Fig. 20) which lead to some 1ncon51stency K poss1ble explanation’ for

- the exceptlons is that the surface conditions of the two involved 1on1zers
‘have changed because of the1r use as ionizers for longer times than the
;obhers, forlexample, by chemisorbed dep0s1ts‘(carb0n~and/or oxygen);

:The’data‘of Fig. 20 are entirely consistent in leading to two “new' con—

Vclusions, however. In every case where J+ was increased by increasing

.T at constant P [3 is observed to increase with increasing J r(curves

E, F, G, and K) with large slope at low J and with small slope at

higher values of J . In one case (curve K) a maximum in L; was reached

"and a strong decrease in [3 occurred w1th further increase of J This

is belleved to be caused by and unlque to the very large pore d1ameter

(~ 38 microns) of the particular ionizer. The reprodu01b111ty of these

" experiments is proved by the. data.plotted -in. Fig. 18 . . 'For the three

cases, where curves of A} vs J (obtalned at dlfferent condltlons and on
six different days) 1ntersect the data p01nts on the varylng T curves

corresponding to the constant value of T‘for“the.vary;ng P__ curves, fall

Vv
on or very near the varyihg'PV curves. . Also of interest are the data

for the 44-to 74-micron ioﬁizer.‘ The‘ioniiabion efficiency is- observed
to drop sharply with increasing~J‘g produced ‘by increasing PV; after
startlng near ‘unity, probably because of ‘the large pore dlameters that
may serve as sources of more neutrals at hlgher flowrates. ~-A maximum

is exhibited for ﬂ? at about 1375 K when T was var1ed at moderate PV
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The details of this phenomenon are discussed in-section 5.16. . A postu-
lated curve for higher Pv'is shown in Fig. 18. This hints of the possi-
bility. that allxg vsyJ+ curves at constant,RV;and varying T.may exhibit

maxima, but at higher values of J+ than were attained in this.work.

Curves A, B, C, and-D of Fig. 20 display a consistent and interesting
correlation of the relationship betweerlﬁgand J+ at constant T and the
basic ionizer .powder size. The negative slope aﬁ[?‘vs J+ increases
with incregsing‘powder size roughly as either the pore size or the .
specific periphery. The ionization.efficiency is nearly constant with .
J for the smallest powder size for which data could ‘be obtalned (0 9.
m;cron, d=1.2 01 ,,P = 0. IB}L 1)[3 decreases sllghtly with increasing
J+ for the 8-micron ionizer (d = 6}L, =0, 062/L ) and slightly more
for -the 12-to 18-micron ionizer (d = 13,u. = 0.064 fL 1)., and
decreases so rapidly.with J for the large- pored 4h— to 74—mlcron
ionizer (d = 37;L, Ps —,0:027;L ) that it is less than 70 percent at
l,ma/sq cm (Fig.ls),.whereas it extrapolates to 100 percent4at-J+ = 02

If high B and high J+ are simultaneously desirable, and if J+ is to be
increased by increasing PV at constant T, then these data lead to the
conclusion that as small a powder size as possible, within the lower
limit imposed by sintering changes (0.9 micron was too small in this ,
work), and as high an ionizer temperature as possible; within the limits
imposed by power efficiency (higher T results in higher radiated ‘power
losses), are required. The observation that TC increases with J+
(discussed elsewhere) is consistent with this desirability of a high T,

because T must exceed T., ‘but a strong contradiction occurs when the

c’
relationship between J+ and powder size is examined. In that case, the

permeability. to ¢esium flow decreases significantly with decreasing
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ionizer powder size at constant porosity, and hence high J+ and smaller
powder size are incompatible. One method for partially correcting for
the inhibition of J+ by small powder size is pointed out in section 3.7,
in which it is shown that k increases with decreasing ionizer density
(increasing‘porosity) at constant powder size. Thus, a benefit is gained

for J+ by combining small powder size and high ionizer porosity.

The optimum relationship among powder size (probably between 2 or 3 and
20 microns), porosity, ionizer temperature, and propellant vapor pressure
must be found for each specific application of porous ionizers depending
upon the system limitations on the ion current density, the ionizer
temperature.(from power efficiency considerations), and the ionization
efficiency (from charge-exchange electrode sputtering considerations).
That is, any’[g can be had at some T, though a sacrifice in J+ may be
required; or any‘J+ (subject to other system limitations) can be had

at some T, if a sacrifice in [3 can be tolerated. In any case, high
porosity (> L/}) seems to be valuable in increasing ion current density
with no sacrifice in ionization efficiency, according to the results of

this work.

5.12 EXPLANATION OF VARIATION OF IONIZATION
EFFICIENCY WITH VAPOR PRESSURE AND
IONIZER' TEMPERATURE

It is known that for the nonsorbable gases (H,, N2, air, and the inert
gases, He, Ne, A, Kr, and Xe), flow through sintered porous tungsten
ionizers occurs via the free molecular mode for mean pressures across
the porous plug of up to about 100 mm Hg, depending upon the mean pore

diameter (Fig.l ). At higher pressures, the influence of viscous or
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parable to the channel d1ameter) .If either..of -these. modes were to .-
account, for the transport .0f cesium through these same ionizers, large
numbers of. unadsorbed .atoms would be expected to issue--from the active-:

ionizer pores as neutrals, resulting in a low ionization eff101encymu.ﬁ

Cesium and the other alkali metals, fortunately, are very sorbable on
tungsten; other transport modes, the adsorptive modes, can compete with
free molecular flow. As the flowrate, and hence J+, is increased, the
influence of free molecular flow becomes stronger and the ionization
efficiency decreases because of the increased probability of neutral
atom escaﬁe from the pores without being in contact with the ionizing
surface, and hence, not being ionized. That is, the surface diffusion
mode accounts for the high ionization efficiency at low J+,'and free
molecular flow accounts for the decrease of the ionization efficiency:,

as,J+ is increased and the flowrate increases,

When T is increased, the surface diffusion flowrate is increased b&
-1/2  -Vp/xT . . S a=1/2
T " e while the free molecular flowrate is decreased by T /7,
resulting in a net increase in J+,because of the predominance of the
exponential term. However, the ionization efficiency is also increased

if the initial T is just greater than T ‘The ionization efficiency

c
will continue to increase with T until the value of T is reached where
lg is maximum or nearly constant, and will then decrease or increase

- slowly with 1ncrea31ng T dependlng upon the relatlve magnitudes of

Cl)k [Q(J )] and V ,Bwﬂl increase if c;bk drops below V and will

decrease with T if remains greater than Vi)' For cesium and tungsten,

k
the decreasing [3 mode is expected to predominate up to fairly large
values of J when 6; becomes large enough over the entire surface to

cause 4)1{ ¢ (9) to approach V_.
max *
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If P is increased (at constant T), both the surface diffusion and the
free molecular flowrates are increased linearly, so J+ increases lin-
early. Because T is constant, 6;in increases aﬁd qgkmax decreases
toward Vi; causing the ionization efficiency at the particular T to

decrease. -
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5.13 CRITICAL TEMPERATURES AND HYSTERESIS

In studies of surface ionization, the term critical temperature is defined
in two different wa&s. Thesg will be distinguished in this work as
follows: TC will refer toche general concept of critical temperature,

T., will refer to the lower critical temperature, defined as the sur-

CL : A
face temperature at which ion formation first occurs, and T, will

refer to the upper critical temperature, defined as the surggce temper-
ature at which the emission-limited current is first drawn (or the
temperature at which the jion current begins its sharp drop as T is
decreased). TCU is the winimum ionizer temperature required tb guaran-
tee an emission-limited current density and a reasonably good ionization
efficiency, but according to the data presented in this work, it is not
the temperature at which the maximum ion current density can be drawn,

nor is TCU the ionizer temperature at which the maximum ionization

efficiency occurs.

For filament ionizers, a given vapor pressure (PV) defines the incident
atomic flux (nT) and the equivalent total emitted particle flux

(n+ +“n0), hoth nf which are uniform over the ionizing surface. A
given T then leads to specific ion and neutral atom residence times

(‘f+ and Tb), and together, PV and T lead to particular surface concen-
tration of iomns and neutrals (CT+ and cTo) and hence to a given surface
coverage (69), all of which are uniform over the surface. Thus, as T

is raised at constant g, (PV), T (for evaporation of neutrals) decreases
and the corresponding O and 6 decrease via evaporation of neutrals
which is governed by the requirement that the total ion energy (thermal,
etc.) exceed kb’ the heat of evaporation of a neutral adatom. ()\o is

a function of such quantities as the applied electric. field.) When 9
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has decreased to 90, the value 'of ‘8 for wh'ich'¢’kn‘]ax‘(*9), .the highest
local surface work function, just exceeds V&, the ionization potential,
.-.adsorbed atoms can become adsorbed ions on the patches of maximum qbk -
and patches. of a. geometry such that th the heat of evaporation of an
adsorbed -ion, may be reduced by such influences as the electric field
strength, and an ion current can be drawn by an applied electric field..
Thus, TCL is defined as the vvvalue of- T for which 0 590 on the patches
of ¢1kmax'and x+m€n at a given PV,(nT).

As T is raised further, Vi' is exceeded by (t)k (8) on more and more :
patches of lower .and lower d)k.,, until finally 8 becomes less -than 90 .
on the patches of lowestvqbk (qbkmin).‘ At this time the emission-
limited ion current is drawn provided that the applied electric [ield
exceeds, that value corresponding to the space-charge-limited, emission-
limited voltage knee.  In the space-charge-limited region, although
neafly all adatoms are in the ionic state for TI>Tb, the -ion current
density is limited and many ions are returned to the surflace by their
image, charges. Because the probability of neutral emission is enhanced
by the resulting higher 69 and because the extracted ion current is low,
the measured ionization efficiency is low.. Thus T,. occurs when- 6 < Gc

CcU
on the patches of gbk ] ~(the entire surface)..
- “min

Now, if PV is raised, O O, and b are also increased for.corresponding

T's. As T is again increased, T and 9 decrease but 80 (ar;dl )\+-)'is~

CL .
manner, TCU is increased.. Therefore, for filament ionizers, 'TC increases

first exceeded at a higher T, and T is therefore higher. In the same
with increasing P‘V (nT)-.
In-addition, because of the uniformity of- 9 for filament ionizers

resulting from the process of presentation by condensation rather than

by flow through pores for porous ionizers, a critical temperature
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hysteresis effect can occur. (It has not been observed in all filament
ionizer experiments reported in the literature for all conditions,
including adatom and surface species.) The.best explanation'for this
phenomenon is (following the above discuseiens) that as T is increased
and O decreases from values near unity to smaller values, the adsorbed
neutrals experience twoﬂbinding forceé?'that to the surface and that to
the adjacent adatoms,_resulting in a particular value of Xo. On the
contrary, as T is decreased and condensation onto the surface increases,
the individuai:adsofbing atoms experience binding only to the surface
aid not to adjacent adatoms Because 8 is very-low, and >\ ‘is thus
lower, a lower T is requlred for evaporation. Therefore, TC is lower
for decreasing T (increasing 9) than for increasing T (decreasirig 9)
as has been:reported in many instances for cesium on polycrystalline

tungsten filaments.

5.14 CRITICAL TEMPERATURE VS ION CURRENT DENSITY

The most reliable data obtained in this work. for the variation of TC
with J; are presented'in Fig. 21 , together with most of the other pub-
lished data for the iOnizafion of cesium on porous tungsten (Ref. 9, 10,
11, and 28) and one curve for cesium and fllament tungsten for compar-
ison (Ref. 7). The data are plotted in the standard form of I;J vs
l/TC. Both TCL and TC , as defined in sectlon 5 13, are plotted for
this investigation in which the range of J is extended to lower values.
The values of TCL and TCU reported here were obtained from curves of
the maximum emission-limited ion current density vs ionizer temperature
obtained in turn, from plots of J; vs B at many various T's, not from a

single plot of J+ vs T at one particular value of V (or E).

The former technique is believed to be superior to the latter for rea-

sons discussed ‘later in this section,
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The TCL values of Fig. 21, and a number of others not shown, fall withiﬁ

the rather narrow range of 1123 %5 K (with oné exception). This is con-
sistent with the theory of surface ionization with porous ionizers

(Ref. 8) and it is expected that TCL should remain close to 1120 K for

still higher J; (up to the 10 ma/sq cm of the reported TCU values in

Fig. 21). Although the slope of J.+ vs T increases for increasing

emission-limited J;, an increase in T still occurs with Jlill The

. Ccu
values of TCU for the higher J+ fall among the data reported by other

investigators. The rate of increase of the difference between T U and

C

TCL with'J+ was observed to fit best a straight line on a log-log plot
as shown in Fig. 22. An extrapolation of these data into one-decade-

higher values of J+ then allowed the empirical curve of T, vs J+,toﬁbe

C
extended to J+ = 10 ma/sq cm as shown in Fig.21 . The increasing value
of CTCﬁAminus TCL) was always added to the assumed constant TCL for

porous tungsten ionizers. That is,
‘ - B(J 51) .
Togld,) = To + B(I)I, (5'}

where B(J+) is obtained from Fig. 22 and T is a constant equal to

CL
1123 K. This empirical curve fallé“very chse to the empirical cuive
for filament tungsten above 1 ma/sq cm (Ref. 7).

It was observed in this work that if T, was obtained from simple plots

of J+ vs T qtstme arbitrary value of g (E), the points for TC vs J;
fell with‘a great deal of scatter to the left of the empirical curve
shown in Fig.21 , much as did the compilation of points reported by all
investigators. It was then discovered that the points obtained in the
mannér described above fell more nearly orn a smooth curve and fairly
close tO'the.filament ioni?er curvé (at higher‘J;), although stil;'

toward higher values of T This may be one explanation of the‘gfoss

c’ A
scatter of the experimental data which was found for porous ionizers.
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(Possible reasons for this effect are described in Ref. 8 .) It.is

. possible, then, that for porous ionizers the choice.of the proper value
of V can cause the reduction of TG (for a given J+) as implied by the:
scatter of the data in Fig. 21. The data points at the higher J; of
Fig. 21 may define a possible lower limit on TC~which is much more

attractive for ion engine applications.

If the critical temperature is defined as the jonizer temperature at
which the ionization efficiency is a maximum or reaches a nearly con-
stant value, then the plotted values of TC will scatter toward higher .
values of T because of the several conditions which can influence the
relationship between T and ﬁgmax’ such as the magnitude of ﬁgmax itself.
If TC is defined as the temperature where.the sharp rise in ion-current
(via the critical temperature) intersects the emission-limited ion cur-
rent curve (at higher temperatures), a fairly smooth curve of TC vsJ+

is obtained. The corresponding ﬁ? will be high but not necessarily

maximum.

If, on the other hand, TC is defined as the temperature at which the .
:vionization efficiency is a maximum, then TC will occur at.some value

of T above the previously defined TC because [3 may. become -a maximum or
be nearly constant at larger values of T. Actually, for very large

values of J;, [3 may never become truly a maximum because it will approach
unity asympotically with T. As J; increases, the minimum value of él on
the surface patches (those farthest from the active pores) incpeases and
causes:the'corresponding maximum qbk to decrease toward the value of Vi
(for,cesium on tungsten--for other systems, a different situation may
exist). At low values of ,J+, ‘Cbk . (9

..) is enough larger than.V,

max min . i

to_cause [g.to have a definite maximum at T close tofTC. As'J+ is in-

creased, qbk . decreases and. becomes more and more constant with T to
max

some point near the condiﬁion(qbk ax - Vi’ beyond which [3 begins to
- m

X
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increase with T. For much 1afgef’va1ues of J , a maximum in /3 may
never be reached with increasing T. Thus, the decision of the individual
investigator concerning where TC'is-chosen could account for the varia-
tions in a plot of TC vs J+,'particular1y at increasingly larger values

of J .
+

One other possible cause of the data scatter of Fig. 21 could be varying
degrees -of surface contamination. Foreign atoms chemisorbed on the sur-
face could cause the effectivé critical temperature to be raised because
the work functions of the surface patches would be lowered (in all cases

except oxygen) by the foreign adsorbates (Ref. 8):

A possible explanation for the superiority of the method described here-
in for plotting points on the TC vs J+ curve is seen in the following
discussion. TC -is actually a function of 8, not J+,.although no method
is known for measuring the microscopic values of é;'on the individual
surface patches under the exact conditions of surface ionization.
Because field emission techniques are performed at such high values of
applied electric field that )\O(E), >\+(E),‘,B(E'), and TC-aire dras-
tically changed, such experiments are quite irrelevant, if not incorrect,
for application or comparison to the process of sﬁrface ionization which
is performed.at values of E 4 to 5 orders of magnitude lower. Therefore,
TC is plotted as a function of J¥. However, this leads to possible
errors because, for example, if the ionization efficiency is less than
unity, JT is greater than J+ and therefore'f? is actually greater than
that which correspuonds to J;. If then, TC were plotted‘against'JT = J+
+ Jﬁ = J;/[g, the values of T, would be plotted higher on the scale of
JT and hence lie closer to the curve for filament ionizers (Fig. 21),

for which [3 is essentially unity. This might also eliminate some of
the scatfer in the porous ionizer data. Other similar considerations

exist, all of which lead to higher values of 69 for a given T than

implied by the measured value of J+. All of this, of course, does not
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change the fact that for the operation of porous ionizers, ?tlyill be
somewhat higher for a given J+ than the corresponding TC for a filament
ionizer., It does mean, however, that conditions can be established for
~ porous ionizers so that lower values of'TC than implied by some of the
data of Fig. 21 can be employed to ensure a given value of emission-

.Iimifed.J .
. : +

The explanation'for the prediction of a possible constant TbL or‘at
least a less rapld change of TCL wrth J+ at low J+ for porous ionizers
is glven in detail in Ref. 8. 1In brief, it is related to the fact that,
for porous 1on1Lers g and 8 ‘are not uniform over the surface but are
hlgh ‘at the pore lips or walls and decrease radial ly outward, belng
higher at the graln.steps than on the flat surfaces. Therefore, for
low énd moderate flowrates (J ) areas w1th é} from unlty to zero exist
in contrast to the t1lament ionizer on whlch 69 1S nearly constant and’

unlform ~and dependent upon P ( ) only

‘In Ref. 10, it was observed thdt for a porous tungsten ionizer the maxi-

mum [9 occurred about 100 K above T In this work it is obberved

that ﬁ%ax nceurs at a T above TC’ ggt that the amount varies 1nvcrsly

‘w1th lgmax' When the maximum emission-limited current is plotted as a

Iunctlon of T, as in Fig. 29, [3 ax OCcCurs within about 20 K when lgmux

lb 98 to 99 percent, wrthln about 50 K whcn ﬁ%}x is about 9) pcrccnt,

within “about 120 K when [3 s apprOXJmately 90 pcrcvnt and as much

as 250 K higher when lgmux 18 as low as 70 percent If [3 ie plotted
as a function of T for various V (or E) as 1n hlg 28 37 und 39,

then for certain V, linu may occur for a T closer to T (blg. 21).
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5.15 FXPERIMENTAL HYSTERESIS FOR A POROUS IONIZER

Crltlcal temperature hystere31s effects have been observed in many-experl—
mental investigations of surface 1onlzat10n with filament 1onlzers of
several elements and with a number of dlfferent atomic and molecular adatom
species. The data from four such references (Ref. 29, 30, 11, and 31) which
report information for cesium on tungsten will be tabulated for comparison
with the results of this work for _porous donizers. ThlS effect has not been
observed for all adatom—surface specie comblnatlons, but has always been
observed for the Cs—W system The magnltude of the upper crlt1cal tempera—
ture dlffereute (called [&T hereln) for 1ncreas1ng T and decrea51ng T seems
to increase with n or J as does Tb itself, No similar experiments or
results have been publlshed tor porous ionizers. The explanation for this

phenomenon was dlscussed briefly in section 5, ]3 The theory for porous

ionizers developed in Ref. 8 predicts that little or no critical tempera—
ture hysteresis effect should occur for porous ionizers and that the 51ngle
critical temperature which does occur should be the critical temperature
obtained for a decrease'of’ioniier temperature in the case of filament

ionizers.

An expcrlment was perfnrmed with the 5-micron porous tungsten 1on1zer and
cesium to measure experlmentally the - magnltude or upper l1m1t of this effect
for porous ionizers. The technlque used was Lhe stdndald one employed
throughout ‘this woxk to obtaln em1s310n—l1m1ted current dens1t1es as a func-
tion of 1onlzer temperature. The results of “this experlment are presented
in detail here because they will be used in other sectlons to 111ustrate
relat1onsh1ps among variables and exper1mental technlques and w111 serve
for comparisons with experiments with other ionizers of different powder

size,

Because this experiment required many hours of continuous ionizer vperation,
during which time maintaining a constant cesium vapor pressure was very
critical if the results were to be meaningful, a long thermal equilibration

time was allowed for the cesium reservoir and feed systems, and great care
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was taken to maintain the cesium reservoir at as constant a temperature as
possible throughout the experiment. The reservoir is the coolest bart of
the cesium feed system and therefore determines the cesium vapor pressure
The reserv01r temperature was establlshed at 480 K for this experlment and
it was possible to maintain this over the many hours requlredffor the exper-

iment within *3 K according to the iron-constantan thermocouple.

Cnrnes of J+, J0 (no), and.ﬁ;vs E from O to 7 or 8 kilorolts were obtained
"at ionizer temperatures of 956, 1005, 1047, 1081, 1121, 1141, 1159,.1179,
1241, and 1293 K in increasing order:foilowed immediately by curves at
1190,-1168, 1136, and 1094 K inldecreasing order, having first reduced the
‘temperature from 1293 K; Three of these curves are presented in Fig, 23,

24 | and 25. One (11%1 K) curve occurs on the sharp rise of T, and there-
fore illustrates the data for low ionization efficiency; one (1179 K) occurs
at the knee between the sharp rise and the subsequent emission-limited:
current region, i.e., at TCU’ where the ionization efficiency is high but
not maximum;and one (1293 K) occurs at some distance on the emission-limited
current curve where ie optimal (99.0 percent in this case, from 3,5 to

6 kv) Plots of neutral flux, ion current density, and ionization efficiency
vs ionizer temperature obtalned from the 14 specific temperature plots like
Flg 23, 24 and 25, are dlsplayed in Fig. 26, 27, and 28, respectlvely
Figure 26 shows the nearly linear dependence of cesium flow through the
ionizer with ionizer temperature for no electric field and hence for no

ion formation, which was consistently observed in this -work. The slope
between TCL and TCU is seen to increase with V resulting in the variation
of TCU with V discussed in section 5.13, The neutral flux at 4 kv is a
minimum; it is increasingly higher for high voltages (5 to 8 kv). The ion
current follows a similar pattern (fig.'27) leading to a nearly constant [3.
Figure 27 shows a corresponding plot for the ion current demsity vs T. T

CL

is seen to be approximately 1123 K, but again, T, varies slightly with V

; CU
until the emission-limited condition is well established. An indication
of a second critical point is observed at a lower temperature (~ 900K).
A much better indication is seen in Fig. 28 , where the dependence of

ionization efficiency with temperature is shown, A second source of ions
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seems to be: appearing at lower temperatures, particularly at higher elec-
tric fields It seems possible that .for electric fields orders of magnitude

larger, the curve of/? vs T might approach the-dotted curve in Flg. 28,

No explanation for this observation is offered at this time. This figure
also shows a tendency for a general shift of cr1t1cal temperature to lower
values for increasing electric field, very much like.the data of Ref, 31
for considerably larger electric fields, The influence of T on the total

flux is shown in the insert in Fig. 26 .

The data are then presented in a slightly different manner .in Fig. 29iwhich
is used to measure the effect of critical temperature hystere51s for this
porous ionizer- (5 micron tungsten)’ The values of the maxlmumilon current
density at the space- charge limited, emission-limited knee of each of the
14 plots of J vs V at different: constant T are plotted as a function of T,
For example, in Fig, 24 , the value of J_ (0.38 ma/sq cm) at 3. 3 kv is
plotted in Fig. 29 at 1179 K. The. value of J is not neccssarily the maxi-
mum value of J observed for any V because, as in Fig. 24 ,Vslightly

higher Values of J are attained for v >-5 kv, The percentages at each
data point are Lhe corresponding 1on1zat10n efficiencies. Ascendingiand
descending temperature curves are drawn through the data points of Fig, 29
and are distinguished by arrows. 'Thé descending points 1ie-at.slightly
lower temperatures and the curves ihdicate about a 5 K differencéﬂbetwéén
them., However, because only a few p01nts exist on. each curve (although
they fall on fajirly straight, parallel lines) ‘and - because the accuracy of
the individual teamperature measurements is only within the accuracy of the
optical pyrometer, a definite statement that the descénding curve lies 5 K
below the ascending curve cannot beimade. However,<the.statement can be
made that little or no critical temﬁerature hysteresiS~occurs“for porous

ionizers (at least for the Cs-W system) at this.neutral flux,

Values of A'TC resulting from similar: experlments with fllament ionizers

are presented in Table 6 for comparlson The same Cs-W system is included
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TABLE 6

TABULATION OF APPROXIMATE EXPERIMENTAL VALUES
OF Z&TC IN DEGREE K

Ref. 29 Ref. 30 Ref. 11 Ref. 31 | This Work
System | (Filament) | (Filament) (Filament) (Filament) (Porous)
. 105 (1220)
- 1 - <
C§ W 40 (780) {;20 51120) 70 (12%0) <5 (1180)
. 90 (1110
Cs-Re - {70 51295; 130 (1235) - -
e _ _ 175 (715) _
K-W - {190 §910)
NOTE: (The number in parentheses is the T,  for the
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descending filament ionizer curves which then
comparces with the TCU

of the porous ionizer.).




together with one additional surface specie (Re) with cesium and one
additional adatom specie (K) with tungsten. The values of AsT cover a
rather 1arge range, but they are all very significant compared to the

results of this experlment

5.16 SPECIAL PRESENTATION OF 44- to 74-MICRON IONIZER DATA .

The largest-powder-size ioﬁizer studied (444 to 74 micrens) yielded some
characteristics different from the smaller-size powders studied in this
work -and by other investigators. A Some interestiné results were obtained
at the higher cesium vapor pressures used for thls . more permeable ionizer.
To show some of these characteristics aml to 111ustrate the way in which
data were obtalned for these ionizers, some-of the data for the hh- to
74:ﬁiCr0n ionizer- -are presented here,:.Plots ef-J+)3J0, and hence JT and
[3 vs E were obtained at variops_iohizer temperatures and at two values.
of vapor pressure, one 19@ enough to produce relativeiy good ionization
efficiencies but low ion current densities, and one:at a higher cesium

vapor pressure which produced higher current densities and some other

effects which iliclucie'lbwerr values of ,P

Measurements were performed at a cesiuﬁ vapor pressure of.7 x 10—4 mm Hg

(373 K) for 1on1zer temperatures of 1019 1123, 1173, 1273, 1373, and

1473 K, and at a pressure of 1.3 x 10 mm Hg (426 K) for temperatures of 973,
1073, 1123, 1173, 1223%, 1273, 1373, and 1473 K. Some typiéal curves are
Ashown in Fig. 30, 31, 32, and 33 for the second case, and in Fig. 34 for the
low-pressure case. The ion flux, neutral flux, total flux, and ionization
efficiency are shown. Some constant voltage cross sections of the plots at
the higher pressure for neutral flux, ion flux, total flux, and ionization
efficiency are shown in Fig. 35, 36, 37, and 38. Figure 39 is a constant
voltage cross section of ionization efficiency for the lower vapor pressure,

to be compared to Fig. 37,
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The 1173 K data (Fig. 30) show the effect of low ionization efficiency '
because of being on the critical temperature slope., Figures 31 and 32

show the effects of higher ionizer temperatures (above'the upper critical
temperature). The shapes of the emission-limited regions in each case
show a fairly constant ion current below TCU (Fig. 30 ), a gradual decrease
at 1273 K (Fig. 31 ), and a decrease followed by a rise at 1373 K. These
shapeslwere commonly observéd‘for all ionizers and can be compared to those
of Fig., 9 for.the 0.9-micron, Fig, 8 for the 12=-to lS—microh, and Fig, 24 for
the 5—microﬁ ionizer, All of these curves show that JT decrease in general
with E, an observation unique to this largest-powder-size ionizer, The
ionization efficiencies are also lower than for most other ionizers at
comparable vapor pressures. This effect is not observed for the lower
vapor pressure case (Fig. 39 ). It is concluded that the ionization effi-
ciency for an ionizer of this large size powder will decrease even further
with higher flowrates (vapor pressure). Figure 33 shows the unexpected
effect at 1473 K where the ion current drops to‘essentially,zéro at 7.5

kv after having risen on the space—charge-limited curve to about 1/2 m@/sq
cm at about 4.5 kv, The total flux drops to a low valué, all of thch'is_
neutrals resulting in an ionization efficiency of essentially zero., This
effect did not occur at the lower vapor pressure, The variation of the
emitted neutral flux with ionizer temperature and the effert of incroasing
ion accelerating voltage are seen in Fig, 35 . The curve for V = Q is

just the cesium flowrate through the porous ionizer: in the absence of ény
electric field and ion emission, The form of the curve is consistent with
the arguments of section 5,6 and Eq. 37. The corresponding curve for
the low vapor pressure case is shown as a dashed line in Fig. 29. The
critical temperature also is evidenced in this type of plot. Figure35
‘shows that for increasing V, n dips lower but eventually rises again

s omewhat mor e sharply than n at V = 0, In the 6-, 7-,Aand.8-kv cases,

n reaches a minimum where it remains until some value_of T, above which it
increases as before. Apparently, the yalue of o and hence of ﬁgcould be

kept low at higher T by increasing the voltage still further.
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Figure 36 shows cbrresponding plots bf J+ vs T at fixed values of V., For
values of V less than the emission-limited voltage, the curves have the
characteristic form observed for filament ionizers for which the maximum
value of J, is fixed by the incident cesium flux (PV) and is independent
of T and V. This is not the case for porous ionizers; the flowrate is a
function of both T and V (E), in addition to Py. ’ '
Thus tﬁe‘curves for Vﬁ>V’(EL) continue to rise (n0 is also rising) almost
linearly with T as seen for the 4- and 5-kv curves in Fig., 36, Up to this
point, all such plbts are similar fbr all of the ionizers studied in this
work, waevef, for the 44— to 7hk-micron ionizer only, the forms of the 6-,
7-, and 8-kv curves of‘Fig, 36 were observed., All drop with'increasing
severity with V above about 1370 K. Corresponding plots for the low vapor
pressure data which do not exhibit this effect and have the shape of the
similar curves for the other ionizers are shown in the insert of‘Fig° 36.
’These curves are at constant V., If the value of J+ at the space-charge,’
emission-limited knee is plotted vs T, a curve with a different shape is

obtained, as seen in Fig. 29, which fits the form of Eq. 50,

The variations of the ionizétion‘efficiency with T at constant V are shown
in Fig, 37. The effects of the critical temperature are agéin‘séenn The |

.effects of both n and J+ at high V and high T are combined in the effects |

of [30'

If the curves for n and J; are added, a curve which shows the variation
of the total flow of cesium through the ionizer with T and at various
values of V results, This has been done in Fig, 38 for the 44— to 74~
micron ionizer. For V up to 2 ky, the curves vary little from n at V = 0.
From 2 to 5 kv, a decrease in total flux occurs as ion emission begins

but recovery eventually'ensues? For V=6, 7, and 8 kv, a bimodal shape

(unique' to this ionizer) is exhibited,
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