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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 electro~A~J£ thrustors under ____ . __ ..,........ '"""""·~·~ 

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 and propellant-utilization characteris­

tics. The relationships between porous tungsten properties and current­

producing characteristics and propellant utilization have been under 

investigation since the onset of experimental work in electrical propul-..r...._ ____ ..-__. -~ 

sion. However; the relationships are not yet resolved to the point 
r·__..----
that permits ionizer design optimization. 

This paper presents the results of experiments performed for the cesium­

tungsten system with ionizers having different porous properties. While 

l.he 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. 
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2. SUMMARY AND CONCLUSIONS 

The surface ionization properties of porous tungsten ionizers which have 

b'een sintered from powders with ·diameters of o·.1, 0.9, 5, 8, 12 to 18, and 44 

to ·74 microns, and with densities fro·m 60 to 80 percent have been deter-

.. mined exper~enta11y with a neutral atom and ion detector for through­

fed c.esium. The neutral- and ion-current producing characteristics, the 

·ionization efficien.cies, and the critical temperatures for ion production 

were obtained as function.;; of ionizer temperattire, the ion-acceferating 

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 corresponding cesiqm ·vapor pressure at the rear of the ionizer, 4 
-4 ~ ( ) x 10 .to· 3 :nm Hg; ion-accelerating elec'trostatic field nominal , 0 to 

3.6 x 103 v/cm; particle fluxes (current densit'ies), 0 to 3 x 10
16 

particles/ 

sq em-sec (0 to 5 ma/sq em); and ionizer powder diameters and·porosities, 

as above. The background pressure was maintained in the 10-
6 

mm·Hg range, 

with data obtained occasionally inthe high 10-7 range. 

The experimental 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 e:nployed 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 the decreasing accelerating field technique 

described herein. 

To make correlations between the surface ion-ization properties.of these 

ionizers and their porous structure paramet·ers, the results of gas-flow· 
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measurements with these same ionizers, and of metallographic studies of 

identically fabricated compacts, are presented. The p.orous 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 of the .original powder size and 

porosity on parameters important for application to the electrical propul­

sion program are discuss~d, and it is sho,wn that the trends are not always 

compatible. It is pointed out. that imp;rovements in the sintering fabrica­

tion techniques .. will· be required for powder ·di~meters less than a few 

microns if long-term operation at optimillll, conditions is to be=at.ta;im~d. 

The theory and equations for patchy surface ionization are si.uwuar;ized. 

The differences between the application ~f .the.equation~ to filament ioni­

zers. and to porous ionizers are .. outlined.. Simplifications. of the theory 

and equations for. the special case of the cesium-tungsten syste:n _in the 

region of-the normal and ano::nalous Schottky effec~s are discussed. The 

experimentally observed inUuence of the applied electric field, .E, on 

the ,c.ur.rP.nt, density is illustr:ated and diseussed. The mode most commonly 

observed was that in wh~ch.a decrease in C\1-rrent. density withE is followed 

by an increase. The conclusion is. drawn that the influence of the normal 

Schottky e±'fect is being observed at high values of applied voltage when 

the ion. c1_1:r-rP.nt increases with E, and that the anomalous Schottky effect 

nay be causing the decrease in the ion ~;urrent at values of E .in the weak 

field region. The minimum in the, ion current ( vs E) occurs at successively 

higher yalues of the .electric field as the mag:nit.nde of the emission­

limited ion current ·is ~ncreased. 

The apparent perveance increases with the ion current density. Differences 

are .note(!. dependi~1g upon \1hether the. cesium vapor pressure •Jr the iqnizer 

temperature is used to increase the ion current density._ Experimental 

perveances at comparable conditions of cesium vapor pressure and ionizer 

temperature (lre tabulated .. Results reported here show that the perv:eance 

increases with decreasing powder. si~e. _ 



The 0.1-micron ionizer showed little porous structure and developed. 

numerous well-defined cracks under even mild heat treatment, and .there­

fore could not be used for surface ionization measurements. For th~ 

ionizer of 0.9-micron powder diameter, the ionization. efficiency in­

creased uniformly, wh-ile the current-producing capabilities decreased 

severely with accrued operating time, particularly at high ionizer 

temperatures (1400 to 1600.K). 

The various modes for the passage qf gases through porous media are 

considered. The validity of the basic assumptions underlying th·~ir 

applications 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, ioniz;:er 

temperature, and poro.us structure, compared with the experimental results, 

indicate that the cesium transport occurs prirn1rily as simple (monolay~r 

or less) surface diffusion or migration, with the possibili_ty of some 

free molecular flow, particularly at the higher flowrates. It is;:tlso 

indicated·that viocous flow, turbulent flow, multilayer adsorptive flow, 

an~.flow by capillary condensation are, at most, secondary modes of trans­

port. This conclusion is consistent with t.he ionization efficiencies 

that are observed for these ionizers. 

The dependences of the four variables which influence th~ flow of cesium 

through the porous tungsten ionizers (the cesium vapor pressure at the 

rear ionizer surf~ce, the ionizer temperature, the porous ionizer per­

meability, 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 s.tud~ed, a linear re~ationship 

is exhibited between the neutral flux and the cesium vapor llressure 

when the latter is the only.variable influ~ncing the flow. The ion ,flux, 

. n+ or J +' is. also observed to increase with the vapor pressure, _though 

not necessarily li~early. An interesting relatioJship between the ratio 

of total particle flux .for emission-limited (EL) ion production to the 
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total particleflux forE':" 0 (no ion emission) and the ionizer powder 

size, and therefore the influence of E ori the cesium flowr·ate, is observed. 

Thi~ ratio· de.creases consistently with increasing powder size, having a 

value of unity at· about 15 microns and being less than unl.ty for larger 

powder sizes. The ratio n ·(EL)/n (E = 0) is as high as 2.5. 
+ 0 

Data which show how the neutral and ion flu.!Ces, n
0 

o.nd J +, increaf:le with 

the ionizer temperature, T, are presented. When ln J· vs 1/T is plotted, 
+ 

fairly straight lines ar"e observed for ·all ioniz·ers with. rather "constant 

slopes which result in a·n a~erage exponent"ial coefficient of '-'0.68 eV/ 

atom." Several possible .s-ignificances for Lhis observation are di~~ussed. 

D.:tta showing the dependence ofth~ ionization efficiency ·upon the extracted 

cesiun1 ion flux or current density produced by the variation of both the 

cesium vapor pressure and the· ionizer temperature for the porous tungsten 

ionizers of various ·initial powder s izcs are pres.e.nted. ·These dat·a are 

compared to the results reported by other -workers for porous tungsten 

ionizers. The results of· this work support the conclusidn that the ioniza­

tion efficiency decreases with increasing J at constant T, with some ex-
. + 

ceptions. The data are consistent in .leading to t'vo new conclusions.· In 

every case where J was increased by increasing T at constant· vapor 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, 

arid the upper critical temperature, defined as the temperature at which the 

emission-limited ion current is first dra,vn. The concepts of critical 

temperature, TC, for both filament and pnrous ionizers ·are discu~s-ed and 

compared. The most "reliable data obtained in this.work for the variat:lon 

of TC \vi th J +, together with most of the other published data for porous 

tungsten ioniZers and cesium, are plotted on a common graph. For the data 

6 
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of this work, the ran,ge of J is extended to lower values. The lower 
+ 

cri.tical temperatu,r~s fall within the range of ll23±5 K. The v,alues of 

the upper critical te~perature for. the higher J+ fall among the data 

reported by other workers. It was observed in this work, that if Tc was 

obtained from simple,. plots ofJ + vs .. T at some arbitrary value of applied 

voltage (elestric field) the points for TC vs,J+ fell with a great d~al 

of scatter,. much as do the points repor~ed b~ all investigators. , A tech­

nique was discover~d 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 ofT. Several 

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

sider~d. The rate of ·increase of the difference between the lower and 

upper critical temper~tures with J was observed 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 Tc vs J + for porous ionizers to ~e 

extended to. 10 rna/ sq em. It was observed that the maximum ionizatiop.. 

efficie!lcy occurs at temperatures above Tc·· 

The theory -for porous ionizers predicts that little or no critical tempera­

ture hysteresis effect should exist for porous. ionizers, and th~t the 

singl,e C:J;'i tical temperature which does occur, should bE!: the critical. tem­

per":lt~re obtained for a. decrease of ionizer temperature in the .case of 

filament ionizers. An experiment was perform .. '!d with the 5-micron porous 

tungsten ionizer to measure experimeni;a:tly the upper limit for this effect 

for porous tungsten ionizers (for cesium). The te.chnique used w=;t.s. th~ 

standar?- one. employed thr()ughout this work to obta~n emission-limited ion 

current dens.ities as a function of ionizer temperatur~. The results. of 

th~s experiment.; which show that the magnitude of :th.e cri.tical tempera.ture 

hysteresis is ~ 5 K, are presented in detail. 

The larg_est-powder-size ionizer studied (44 to 74,_ microps) yielded some 

characteristtcs which wer~ different from the smaller-sized powders studied 

in this work and by other investigators, particularly at a high cesium vapor 
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pressure. Low ionization efficiencies and sharp drops in ion current with 

ionizer temperature are examples. These observation·s are discussed in 

detail. 

If high values of ionization efficiency and ion current density are 

simuita~e~usly 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 poss·{ble (wit.hin the lower limit imposed by 

sintering changes) and as high an ionize~ temperature· as possible (within 

the iimit imposed by power efficiency--higher T results in higher radiated 

powe~ loses} are required. The observation that.Tc increases with J+ is 

consistent. with this desirability of a high T, because T 'must exceed TC, 

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 sualler 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 worlc The optimum relationship among powder size (prob-'­

ably between 2 and 20 microns), porosi"Ly, ioniZP.r tP.mpP.rat.nre, and vapor 

·pressur·e 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 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 bad if a sacrifice in ionization 

efficiency can be tolerated. In any· case; high porosity ( ~ 1/3) seems 

. to be valuable in increasing ion current density with no sacrifice in 

ionization eff1ciency. 

8 

.. 



3. PHYSICAL AND METALLURGICAL PROPERTIES 

OF THE POROUS TUNGSTEN IONIZERS* 

3.1 IONIZER FABRICATION 

The porous tungsten ionizers used in this study.are d.030-inch thick 

and 0.25 inch in diameter. They were fabricated 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 followed by sintering to 

bulk densities of from· 60 to 80 percent of the theoretical densjty (19.3. 

gm/cu em) as listed in Table l. Examples of sintering conditions are: 

2350 C for 2 hours for the 5- and 8-micron specimens., and .1300. C. for 15 

minutes for the 0.9-micron ionizer. 

3. 2 SINTERING EXPERIMENTS 

.F'urther long-term sintering experiments with th!;! 0. 9-, 5-, and 8-micron · .. 

samples (100 hours at 800 C, followed by 100 hours at 1200 C, followed 

by 100 hours at 1600 C) showed (Ref. l and 2) 11 decrease in ionizer 

porosity in all th~ee cases, following the 1600 c test; but little or 

none following the 800 c and 1200 c runs for tl:,le 5:... and 8-micron speci­

mens. The data for the 0.9-:-micron ionizer at 1200 C -w:ere inconclusive 

but later flowrate measurem~nts with cesium . (se.ction 5.5) prove that a 

significant. decrease in permeabil~ ty (arid poro.sit.y) occured with operat­

time in the range of 1200 t9 1300 C. ·The 0 .1-micron. specimen exhibited 

cracl<s and signs of ·por.e shrinkage ~ven after 100 hours- at 800 G, '.while 

the 1200 and 1600 C conditions showed incr_easing. tenden.cies for grain 

*The gas-fl.ow•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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0 TABLE l 

SUMMARY OF AIR-FLOW CALCULATIONS AND METALLOGRAPHIC ANALYSES 

OF SINTERED.POROUS TUNGSTEN IONIZERS 

The in.forination presented for the sequence of 8-micron ionizers of varying density vas obtained· 
before the specimens were operated as cesium ionizers. For the varying grain-size sequence, the 
information was obtained after considerable use at elevated temperatures as cesium ionizers. 

\ Mean Pore 
Unsintered Percent of Diameter 
· Powder Theoretical (d)' 

.Diamet'er, Density microns 
microns Density Air Metallo-
Quoted Measurement Flow graphic 

0.1 This ionizer exb.iblf.ed numerous 

0.9 . 76 1.1 1.3 

·- 5 so 2.8c 

8 .·-68 5.9e 6.oe .. 
12 'to 18 68 16 9.7 

44 to. 74 . 63 '" 

35 40 

,8 . 60 6.6 6.4 
8b. 70 5.9 6.0 

·:sb. 
80 6.2 

.. 
6.6 

sb 90 4.,8 5.4 

aFrom T~ble 2, secti'on 5.4 .. 

~No't' Studied with th~ neutra~ atom detector 

·cF~om· reference l or 2 

Mean Grain Diameter 
(D), 

microns 
(Poiseulle) ~etallo-
Air iFlov graphic 

cracks and no definite 

. 0.9 3.4 

5.5d 

'13 '23 

40 58 

3.9 8.8 

5.0 
.. 

10 

8.3 14 

. 19 16 
.. 

dD~.f.ermiDed from. comparisons with. cesium flch{ c·haracte~·i.sti~s 
eAssu~ed from 8 (70 p~rcent) va1u~s 

Mean Inter-Pore Specific 
Spacing Viscous Flow Surface 

(s), 
' 

Permeability (sv) ;· . 
microns (k), s~ cm/cu em 

Air Metallo- sq c:m Knudsen) 
Flow graphic Air Flo-.. Air Flow 

pore structure. 

5.4 4.2 8.7 X 10-12 9.6 X 105 ,. 

12d 3 X 10-lOd 

17e 2 X 10...:9d 

27 27 ·g.l X 10-:! 2.9 x·l04 · 

61 77 9.3 X 10 -8 8.) X 104 

28 17 7.2 ~ 10..:_9 2:5 X 104 

32 17 3,7 X 10-9 2.1. x-104 

42 19 2.3 X 10-9 1.4 X 104 

35 17 1:.2 x'1o...:9 4.5 X 103 

Specific 
Periphery a 

(Ps)' 
micron.s/ 

sq microns 
3.6 d/S2 

0.13 

0.070 

0.062 

0.064 

0.027 

0.081 

0.073 

0.064 

0.063 



r --

coalescence and disappearance of the smaller pores, resulting in an increase 

in the mean pore size and decreases in the P.orosity and permeability. 

After the 1600 C run, the surface of t?e specimen was so ruptu;red and so 

few por.es remained, that its use as an ionizer was impossible. Data presented 

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 

P.erveance, 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 b~ indicated. This 

deterioration observed in both the 0.1- and 0.9-micron ionizers made it 

.clear-t4at an upper limit on ionizer temperature should be observed if 

changes in structure and operating characteristics were to be prevented 

f,or all of the ionizers. For this reason, experimental data were obtained 

for all spe.cimens measured at ionizer temperatur'es limited to less than 

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

This information for the 0.1- and 0.9-micron ionizers also clearly indi­

cates that powders of less than l or 2 microns in diameter cannot be used 

to .fabricate satisfactory sintered porous tungsten ionizers unless signif­

icant advances are made in the techniques of power metallurgy and sinteriug. 

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 non~niform manner throughout the bulk of the 

porous structure. Isolated, noninterconnec~ing porosity and dead-end 

channels are possible. The porous tungsten ionizers used in the surface 

ionization studies, a,nd the compacts formed and sintered under identical 

conditions, were subjected to density measurements, gas-flow testing, and 

metallographic exa~ination to determine a group of parameters for compari­

son of their por.ous structure. 
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The permeab.ility, k, is a measure of ·the ease with which a fluid flows 

through a porous medium under the influence of a pressure gradient.· It is 

defined usingDarcy's law (an empirical relation). If v is the volume of 

fluid crossing a unit atea per unit time under.the· pressure· gradient 

(dP./dx) (for small v), Darcy's relation is: 

v (l) 

I 
where k is a constant dependent upon both the fluid and the porous medium. 

Because it is desirable to have the permeability be essentially a function 

o'f the porous 'structure and not the fluid' k' the permeability 1S defined as 

. I 
k - r; k d'!h~x (sq em) (2) 

where 

'TJ coefficient of· shear visco.sity of the fluid. 

The units.of permeability are sq .em. Another frequently used quantity, the 

conductance, F, is related·to the permeability through.F =-vA (in cu em/sec) 

where .A is the flow area of the porous medium.; ·The· permeability and. con-. 

ductance are then related by 

.. k- (Jl.ll) F - AdP . (3) 

From gas-flow measurements, the following parameters· were determined: · F, 
I 

the conductance; S ; th~ specific internal surface area pet unit volume; . v 

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

mean pore diameter; and s, the mean interpore spacing. The metallographic 

examinations yielded the statistical distributions of tlie interpore· spacings, 

the grain sizes, and the pore sizes, from which the mean interpore spacings, 

the mean pore sizes, and the mean grain sizes were determined. A ·b-rief 

summary of these studies is presented here, together with Table I; which 

tabulates the combined resultso 

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 are~ ·of t~1e porous micr~structures accord-

ing to treatments of .Ko~·~~y (Ref. 4) and ·D~ryagin (Ref. 5). :foi" viscous and 

molecular flow, respectively. Assuming a series-parallel capillary arrange­

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

F 

where 

M 

T 

p 

a and (3 

J[_- 80 G -· · ~· 7TRT 
8 r; a P + 3 tJ z 2M (4) 

gas viscosity 

gas molecular weight 

plug temperature 

universal gas constant 

a semi-empirical constant related to the ~ean free path 

of the gas molecule and gives the fraction of molecular 

flow 

mean pressure across the plug 

equivalent conductances of th~ series-~a~allel capillary 

arrangement 

The values a and {3 are related to R, the mean pore radil;ls, and to N, the 

pore density by 

R 

N 
L 
A 

L plug thickness 

A cross-sectional flow area 

(5) 
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Experimentally F was measured as a function of P. The data fell on a 

straight line: 

and 

F CP + b 

. . §.!L!] c 
R= 37r b 

N 

z ,ffl (mean pore radius) 

~ (pore density) 

(6) 

(7) 

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

terms of the straight line parameters corresponding to each pure fl!Jw regime. 

For viscous flow: 

where 

A 1 
L C 

E bulk p.lug porosity · 

For molecular flow: 

(l -'" E ) 
z A 

L 

2 R 'f __ G..;__ .!. 
7'/""M b 

The permeability of ·the.plug to viscous flow was obtained from 

where 

FV == conductance for viscous flow 

14 
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I) _,• 

It has been ~hown experimentally (Ref. 6) that the mean grain diameter is 

given by 

D 
6 (11) 

(~)p 

where 

specific surface area.calculated· from the viscous permeability 

The ionizers were experimenta~ly tested with ,dry air, hydrogen, and argon . ' 

to obtain a range of viscosities and molecular· w·eights. T.he' results of air 

fl6w as a function of pressure drop through the specimen~ is plotted in 

Fi~. l. The slope·of this log-log plot is unity, i.e., the equation is 

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

in:slope at high values of 6P for some specim~n~ indicates a transition to 

· Poiseulle viscous flow. From these and othe~ data, plots of the conductance 

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

zero pressure intercepts, the various mi~rostructural properti~s of the 

,po!·uus P,lugs were calculated. A. summary .of the results is presented in 

Ta~le L 

3.5 METALLOGRAPHIC A~ALYSES 

The problems posed by·~~tallbgf~phic. analyses of porous microstructures are 

twofold. First; for an analysis to be reliable, a large number ( :>600) of 

grains or pores must be ·measured on a representative ~etallographic section. 

Secondly, the pore arid grain size measurements made on a two-dimen~ional 

cross section must be related to the actual volume distribution in the 

specimen. 

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

measuring and counting instrument,. the ·Zeiss ~GZ~~ 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 F-ig. 2 . The m'ean pore size o.ccurs at 

50 percent. 

3. 6 COMPARISON OF AIR FLOW AND METALLOGRAPHIC RESULTS· 

·A comp~rison o1 the metailogr~phic and air flow results of pore ~nd grain 

sizes i·s, ·in most cases, quite good. However, the values for the interpore 

spacing ar.e in all cases lower for air flow than when observed directly by 

metallo.graphy. Two explanations are possible. . First, the low values could 

be a sh6rtcoming of the.gas-flo~ 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 restrictio~ of gas flow through a relatively· small num~e~ of high­

conductance chan~el's formed by the bulk pore structure of the material. 

The previously mentioned decreases in permeability and porosity with operat­

ing time with cesium for the small grain sizes tend to_ support this 

theory, The values for m~an grain diameter of the sintered ionizers obtained 
. . 

from gas-flow analysis were in agreement with the quoted initial particle 

sizes,: b~t ·w·ere smaller than the metallographic values (Table. 1 ) . This 

result is p~obably because of the technique pf meas~rement of initial 

grain' size. Irregularly shaped particles, with. surface areas larger than 

the same-diameter sphe~e, 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 l 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 pointed out above, the 0.1-micron·ionizer permeability 

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 l), obtained by varia­

tion of the sintering time, show the following: (l) the mean pore diameter 

and the mean interpore spacing remain relatively unchanged for decreas·es in 

porosity (very 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 meal:lun~ of the internal 

structure than the metallographic values measured on the surface (the 

metallographic values are, in turn, more significant in relation to surface 

properties such as the specific periphery); (3) the permeability decreases 

with decreases in porosity; and (4) the specific periphery increases slightly, 

but significantly, with increasing porosity. The increase in Dis seen to be 

accelerated with increasing sintered density, roughly 4, 5, 8, and 19 microns 

for densities of 60, 70, 80, and 90 percent, respectively. The permeability, 

on the other hand, is observed to accelerate with increasing po~osity (l 

minus the density), very nearly as k20 = 21{ 10 , k
30 

= 3k
10

, and k
40 

= "6k
10

. 

There is more than a 25-percent-increase in ion-emitting area, which is 

proportional to P8 (within a given range of surface coverage), between 10-· 

and 40-percent porosity. Because 3 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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4. EXPERIMENTAL APPARATUS AND TECHNIQUES · 

4 . 1 I;NTRODUCTION 

The experim~ntal device used in thes~ studies measures directly and :~n­

dependen~ly the charged and neutral particle fluxes (current densities) 

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

ion flux is measured by collecting and re.cording 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 solic;l angle, and from the 

assumption of a cosine distribution of neutral atom emission. fro.m the 

ionizer. This method is ~ar superior to. those in which the neutr~l 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 prop~rly spaced. The suppressed .electrons are p.ri-:­

marily secondary el.ectrons :r:esul ting from ion impact, photo-electrons 

resulting from the absorption of radiation from the hot ionizer, ~d 

thermionic electrons resulting from heating of the surface because of 

ion impacts. The last process is also inhibited by the low temperatures 

produced by liqu~d-ni tr;ogen cooling of the entire ion collector-:neutral 

atom detector assembly .. This grid suppression technique is much more 

reliaqle t~an that.of. creating a magnetic fie.ld parallel to the collecting 

surfac.e. 
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4.3 NEUTRAL FLUX 

A shutter in the neutral particle beam path is employed to ensure accurate 

measurement of the neutral flux by providing recordings of ·both the total 

(shutter open) and background (shutter closed) electron currents in the 

ionizing fi1ame:rit of the neutral atom d.·etector for each set of experimental 

condi tio·ns. This allows correction for any electron current contributions 

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. Secondary emissio'n 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 1 the effective neutral 

flux, n , rear.hing the ionizer can be measured for a porous ionizer by 
0 . 

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 ·nowrate of 

neutrals through the ioni~er. TI1e 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 iriches in diameter and 24 inches long) in which wa~ maintaine·d a vacuum, 
-7 . -6 

during source operation, of from 2 x 10 to 3 x 10 millimeters Hg. A 

particular value depends upon ionizer temperature and beam current; with 
-6 . . 

l x 10 millimeters Hg being a normal value. A schematic of the entire 

system is shown in Fig. 3 and a photo.graph of· the device and ioni'zer 

hou.sing in Fig. · 4·. Porous ionizers, 0.25 inch in· diameter and 0.030 inch 

thick, and· similar to the one shown in Fig. ·5 , were employed. Sustained 

.currents of l milliampere could eas~ly be drawn from these. Currents 
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higher than about l. 5 milliamperes could be drawn .but tended to cause the 

vacuum and electrical brerucdown properties of the system to deteriorate 

with operating time. A !-milliampere current corresponds to a current 

density of 3.17 ma/ sq em. 

4.5 CESIUH STORAGE 

The cesium is stored in a stainless-steel reservoir, the temperature of 

~1ich cru1 be maintained in the range of 80 to 350 C by a Nichrome heating 

element embedded in Sauereisen. The reservoir capacity is about l 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 i nto the reservoir and is placed in the vacuum 

system with the neutral-atom detector. 

l1. 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 many layers of 0.001-inch tantalum heat 

shielding . The ionizer temperature is monitored by a platinum, platinum­

rhodium thermocouple attached at the ,i"t.mction 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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neufral ·atom detector,· and the support for the :I. on beam deflector. ·This 

entire structure is cooled by liquid nitrogen flow which enhances the 

vacuum conditions as well as serving to condense the neutral cesium vapor 

from the detector volume. 

4. 7 SEPARATION OF NEU'ffiAL 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 and passes through a 

collimating tube 0.125 inch in diameter and·1.5 inches long. The neutral 

atoms which pass through this· collimating tube impinge upon a· tungsten 

filament, 3/4. inch long and 0.25 inch wide, which is maintained at a 

temperature of 1325 K. A hole in the neutral atom detector housing allows 

this temperature to be monitored continuously by means of an optical · 

pyrometer, and corrections are made as neerled t.o maintain it to 1vithin 

the accuracy of the pyrometer. 

4.8 MEASUREMENT OF NEU'ffiAL 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 1vi th which the 

temperature of this filament is maintained 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 of. the detector, leaves an electron 

at the filament, and the resulting electron current is measured and used 

to calculate the ionization efficiency of the ionizer being examined. 

The magnitudes of these currents were measured with a Kiethley micro­

microammeter. Typical value ranges are 3 x 10-lO to 5 ~ 10-9 amperes 
-10 -7 for the background, and 4 x 10 to 2 x 10 for the total current 

depending upon the ionizer temperatur·e, beain 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 dis-tribution of rieut.r:al atom emission from the ioni?:er. 

4.9 SUPPHF.SSION GRIDS AND ION DEFLECTOR 

Grids constructed of parallel 0.005-inch-diameter nickel w.ires with about 

l/8-inch grid,vire 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 pu:r:-­

pose of suppression of electrons. The ion beam deflector is a stainless­

steel plate insulated from the accelerating.electrode structure above the 

exi 'L aperture. 

4.10 LIQUID-NITROGEN COOLING· 

To maintain the cesium vapor pressure in the vacuum system at a vo.lue 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 l/4 

inch, the detector is made of copper, and copper screws are used wherever 

parts are joined. The temperature -of the body o.f the detector is monitored 

during operation by means of a ther.mocouple .. Typical values range between 

90 and 120 K. 
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4 . ll 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 l 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 ei tQ,er. 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 

cu_rrent-voltage characteristics of each porous ionizer as a function of 

the ion accelerating potential, the ionizer temperature, the vapor pres­

sure (temperature), and time. The experimental perveance of the ionizers 
-9 . 3/2 . 

studied was as high as 3 x 10 amp/volt allowing a current of l 

milliampere to be produced at an acceler~ting potential of about 4.5 

kilovolts for a reservoir temperature of about 300 C and an ionizer 

temperature of 1100 C. Greater space-charge-limited currents can be 

drawn by increasing either the ionizer or reservoir temperature, but 

currents in excess of .l-l/2 milliamperes ten~ to cause problems in the 

re,liable operation of the neutral atom detector. 

4. i3 NEUTRAL EMISSION' DISTRIBUTION 

The theory of surface ioniz'ation with porous ionize·rs (Ref. 8)' which 

differs significantly· from that for filainent ionizers· because either the 

bulb or molecular beam method of presentation must be employed in the 
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latter' indicates ·qualitatively that the emission of neutral atoins from . 

porous ionizers should not be a cosine distribution except for suffi-

·. ciently large flowrates in the absence of any ion-extracting electric 

f:leld and subs·equent ion emission (Fig. 6 ) . As the m:agili tude of the. 

electric fieldis increased and the extracted space-charge-limited cur-· 

rent consequently increases, ·the· neutral emission distribution should 

beconie more of an overcosine' i.e.;· represented by larger values of n 

in· cosn f '(where \jl is measured from the normal and n >1 corres.ponds to over 

overcosine' and n< l corresponds to uridercosine)' 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-limited 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 the pore openings and 

surface structure are known. 

The same theory predicts that the experimental ionizer perveance should 

.increase with the magnitude of the emission-limited ion current and that 

the ionization efficiency should decrease with the magnitude of the 

emission-limited current, i.e., Wl. th the Clil"l"ent den~::~ity. Bu (,Jt uf these 

last predictions have been verified experimentaliy, the first, in this 

work, and the second, in this work as.well as in other laboratories, e.g., 

Ref. 9 and 10 . 

Because the total neutral emission is determined from the ·normal direction 

only, the total calculated neutral emission, assillning 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 expected for sintered 

powder ionizers. I£ {3 was 98 percent, .a 10-percent error in the calcula­

ted total neutral emission would ~harige/3 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 J3 would be 98 percent instead of a previously calculated 97 percent, 

or 99-1/3 instead of 99 percent. 

During the preparation of this paper, some preliminary experimental 

results were reporte~ (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 difference in pore structure. However,·. the s.tatement is made 

that. the experimE:!ntally measured neutral distribution, in the "abserice 

of ion emission, is consistent with a cosine distribution. Prelilniriary 

da,taare.also presented·:Vhich indicate ·that the distribut~on for one 

emission-limited condition is strongly forward peaked with a resulLlug 

.poor ionizati?n efficiency. A poor ionization efficiency and a rather 

large deviation from the cosine are consistent and indicate thata large 

fraction of the cesiU)ll·is passing through the pore openings with tJ:ajec­

tories at small angl~s ( \j!) to the normal, having left Lhe pore"·w~ll s 

fairly deep within the pore where few if any electric field lines ter­

minate and, hence, ·few if any ions can be extracted. (Ions are·returned 

to the surface under. the influence of their image chap.ges; only neutral 

atoms are ez"ui tted). ·<;:omparing the structure of the wire bundle (Ref. 11) 

to the sintered porous powder ionizers of this work, it appears that. the 

average pore size and inte.rpore spacing of the former are about 6 to 13 

microns, respectively, which compare roughly to the same parameters for 

the 8-micron specimens of this· work. 

1-~.. 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 channe1s of rather uniform radius and· small angle from 

the normal, from which 'neutral particles 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, relatively shallow·, 

pore exits.of nonuniform radius and larger angles from the normal tend 

to cause the ada toms to be emitted much more randomly 'vi th respect to 

the normal, and to be in contact with the ionizer much nearer the sur­

face, i.e., where the electric 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 vacvum. This technique evap­

orates the atoms adsorbed on the surface to the point of equilibrium, 

w'i th the incident flux of atoms of the background gas corresponding to 

the vacuum pressure. If· t,he 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

gro.tind gas, little contamination by atoll.ls u'Ll1er than the desired ada toms 

could occur. Even then, as discussed in detail in Ref. 8, for the 

cesium-tungsten system, because oxygen is chemisorbed on the tungsten 

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 evaporation. In addition, because oxygen cannot be 

compl~tely 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 safely employed because 

of the sensitivity of the porous surface structure to high temperatures. 

Additional sintering (if not rupturing) can quickly occur at temperatares 

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 ioniz.er used in thi!3 i:r;Ivestigation was sintered· and operated up 

to 1300 C. Undesirable thermal stresses would be applied to the ionizer 

during flashing and rupturing cou_l~ occur. 

For porous ionizers, another technique can be employed to reduce the 

effect of adsorbed contamination, particularly oxygen, although, as 

explained in Ref. 8 , operation with a tungsten 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 diffusion pump oil (or other 

pumping fluid specie), i.e., nitrogen, oxygen, hydrocarbons, etc. 

These·gases are impinging upori 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 side of the 

operating range, 1200 to 1300 C, some of the. adsorbates are driven off 

but many remain 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 pressure., One 

source of ionizer deterioration which could lead to long-term deteriora·­

tion'of t~1.e ionizer permeability may be evident here ·which would not be 

tn:.e for operation in deep space or in the laboratory if a mercury dif­

fusion·pump vacuum system were u:setl. The diffusion pump oil molecules 

suffer· thermal decomposi t.j.on when striking the 1200 C ionizer, resulting 

in the deposit· of carbon atoms, which wiH not readily be evaporated,· · 

and in much more volatile products which will quickly leave. The resulting 

slow deposit of carbon which, lil>:e 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. 

ion{zer in the presence of an ·ion-extracting field, the cesium· en- · 

counters a somewhat conaminated surface. Cesit~ has a gettering action, 

however, and as the ion current is drawn, it has a tendency to clean 

the surface of foreign adsorbates. 
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If the vacuum tank is of relatively small volume, another beneficial 
. . 

effect will occur. The composition of the background gas in the vicin-

i ty of the ionizer will gradually change· from air plus diffusion pump 

oil to iargely cesium. ·Although minute air leaks at the chamber walls 

will replenish the air component, the ionizer is a much larger cesium 

leak and, fn its vicinity, cesium· is "leaving, is condensing on the 

collector and detector, .and is being pumped out through. the vacuum system. 

In time, the local background gas will beco'me 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 contamination, of course. Commercial cesium can be obtained 

at a purity. of only about 0.998. 

Because most pressure gages are calibrated fo.r air, inaccurate pressure 

readings probably result. In the experiments described herein, the 

initial air. pressure ·readi-ng (before cesium flow was started) was ·gen­

erally in the high 10-7 torr range. However, the pressure would grad­

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

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

For fluxes less than about 1015 particles~qcm-sec. the pressure would 
. -6 . 

hold at about 10 torr, but for increasingly higher densities, the pres-
. -5 . ·16 . 

sure would rise to a maximum of about 10 torr at about 3 x 10 par-. .-

ticle/sq em-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

si ti'on' of the gas from air to cesium itself is not known. 

4 . 16 DECREASING ACCELERATING FIELD TECHNIQUE 

In all.of the-~xperiments d~scribed herein, a cha~acteristic phenomenon, 

believed to be the effect of cesium gettering, was consistently observed 

and led to the establishment of an exp~rim~ntal technique whic~ was em­

ployed to obtain all of .the data reported. Whenever any ionizer was in 
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a space-charge-limited ion emitting condition (above the critical tem­

perature threshold and below the saturation electric field), and the ion­

extracting. electric .field was either initially applied or was increased 

in magnitude, regardless of the initial magnitude, the resulting increase 

in ion current from the initial value to the final equilibrium value oc­

curred over a time interval of many minutes. When the system was ini­

tlally started (ceSiliili flow begllll)_, !:leveral hours were ret1ui1·eu ful' the 

steady-state current to be attained; after longer periods of operation 

and a cesium atmosphere had had a chance to develop, auuut 30 minutes 

were required. Larger changes in electric field required longer Limes. 

Consequently, if it were desired to plot the ion current as a fwte Liun 

of the electric field (current vs v'oltage) by increasing the electric 

field in steps, prohibitively long times would have b.een required to 

obtain enough points to shoy the details of the curve because a wait 

of many minutes would be required after each increase of accelerating 

potential (extracting electric field) to attain the steady equilibrium 

current. Whenever the magnitude of the electric field was reduced, how·­

every, the ion current fell immediately (within the reaction time of a 

Brown reco!'der) to the equilibrium value corresponding to the new elec­

tric field value regardless of the initial value of E. For this reason, 

all data reported herein were consistently obtained 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 voltage applied between the ionizer 

and the accelerating electrode (usually· 8 to 10 kilovolts, depending 

upon the chMnber pressure 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 alvrays reached by a decrease in applied voltage. Smaller in­

tervals of electric field were used 'vhen more detail ·was desired in the 
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ion current dependence, for example, at the 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 manner, only the long initial wait was required and much 

more detailed and accurate information regarding the dependence of the 

ion current on the applied electric.field (voltage) could.be obtained 

during a run time of such duration that variations in thermal equili­

ori.um in the ionizer temperature and the cesium vapor pressure ( te~pera­
ture) .could be held to a desirable minimum. 

A word about the time dependence of the ion current on changes in the 

other two primary variables, the cesium vapor temperature (pre~sure) 
an~ .the ionizer temperature, may be appropriate here. While the ion­

extracting electric field can be changed quickly, any change in these 

other two variables requires the slower process of thermal equilibration. 

The ionizer is heated indirectly by a large tw1gsten filament in close 

proxl.mity. 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 ionizer temperature, which is much more rapid than the time rate 

of change of ion current described for a chru1ge in the electric field. 

That is, the ion current reaches a new constant value when the ionizer 

reaches thermal equilibrium and no time delay occurs, such as follows 

ru1 incr.:;ase in E. A sjmilar situation is observed when the cesium vapor 

pressure i~ :lncreased by increasing the temperature of the cesium res­

ervpir, the coolest portion of the ce~ium feed system. However, because 

of the large mass of metal comp~ising the reservoir 'vhich includes a 

flow valve ru1d a feed tube, the rate of increase of the reservoir tern-. . . . . 
perature following_an increase in the current in the Nichrome heating 

elemen~ ~mbedded in a Sauereisen sheath is even slower than that resulting .. ; : 

fror~ .. m\,~ncrease in electric field. The ion current increased very 

slowly corresponding to the slmv rise in the measured reservoir tem­

perature. Periods of time between l 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 ~emperatur~. 

It is believed that for porous ionizers, the cause of the observed slow 

rises in ion current which follow successive increases in ion-extracting 

electric field but which do not follow similar decreases, is caused by 

a gradual cleaning (by gettering) ·of successively- larger emitting surface 

areas around the active pores. Once an equilibrium set of conditions 

of cesium vapor pr_essure, PV' and i.onizer temperature, T, are established, 

an emission-limited or saturation current, I is defined. When E is 
. max,. 

zero, no ions can escape (J = 0), and because of the pressure drop + ' 
across the porous ionizer, flow occures, resulting in an equilibrium 

evaporation rate of neutral cesium from the surface, which has an asso­

ciated distribution of e over the surface '( e is large near the active 

Pores and decreases radially outward for a given I ). For a higher 
max 

Imax' 8 is larger at all points 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, cp k' which corresponds to the lowest e ' i.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 cp k" As E 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 cp k) area, the 

areas are fed by neutral cesium only from localized regions (the pores) 

in the case of porous ionizers. Of course, for filament ionizers, 8 
and cp 1~ are essentially uniform over the entire surface because cesium 

is condensing tmiformly and ions are being emitted relatively uniformly 

from the surface. (Microscopic surface variations in cp k cause ion 

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

corresponding to the emission-limited current ion emission occurs very 
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near the active pores because the cesium is being converted to ions and 

being extracted as fast as they migrate 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 the converse case, when the magnitude of E is reduced after equil­

ibrium has been established at the higher value of E, the space-charge­

limited current decreases and the required peripheral emitting _area 

decreases. This area has, however, been previously cleaned and, there­

fore, no gradual cleaning action takes place and no associated equil­

ibration time interval is observed. 
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5. &XPERIMENTAL RESULTS 

5.1 INTRODUCTION 

The ionizing surfaces of the porous tungsten ionizers used in this '"ork 

are very inhomogeneous because of the grain and pore structure in addi­

ti.on''to being'po'lycryst'alline', a~d there,fo're,· even more .. than fil~ent 

ionizers, are subject to the laws of surface ionization for inhomogeneous 

or patchy_ ~urfaces. 

In Ref, 8, the th.eory of surface ioniz.ation. f,or patchy surfaces is re­

vi~wed i.n de.tail.. The ,application of this theory, to the case of porous 

ionizers is then deve.loped for surface ionization systems in general. 

The cesium-t~gste~ (CsAv) system i's one· special case of the general 

theor.y. The ·re·sul ts of this theory as it applies to the Cs-W system 

a:re summarized here. 

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

patchee anrl from whi('h is omi ttcd o. total 11cu· Lide flux, nT' lS devel-

··: 

oped using the following: 

a 

I 
+ 

e 

n /n + 0 

.. ·.·. 

2:: 
k 

2:: 
k 

electron charge 

and a 

•,'. 

1 + I/ a k 

k 

f 
k 

l ( cpk + \f! -V)/kT 
C e 

. '·· 

total. part.icl.e flux leav.ing the ionizer surface 
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... · .. 
...... A 

f3k 

c 

fraction of the total surface having the particular value of 

local work function cp k 

nominal ionizer surface area (the actual surface can be larger 

than A) 

ionization efficiency of .a surface paLdl "With work function, 

cpk (in: eV) 

a 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 tlie 

particular surface)' and is essentially ·2 for the Cs-\V system· 
. . 

V ionization potential (ene~gy) in eV of the adatom 

\jl . electric field correction for the heat of vaporization of the 

ada tom 

k(of kT) Boltzm~nn's constant 

T ionizer temperature 

For the Cs-W system 

J 
+ e 1"1rr (15) 

For filament ionizers, D:r is· a function ·'Jf the vapor pressure only, and is 

independent of T and E. For porous ionizers, ·D:r can be a strong function 

of both T and E as well as the vapor pre3sure. For the region of the normal 

Schottky ~ffect, \jl =~, aud for the r~gion of the Rnomalons Schottky 

effect, the effect. of \jl is to smooth out the effect of the patcliy surface 

and to make all of the cp k values nearly the same, possibly the average 

electron work function, cp e. The cp k values are function.s of 8 , the surface 

coverage coverage; cpk decreases w.ith increasing 8. For. filament ionizers, 
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8:is c;;,pproxi~tely. the •s.a~e everywhere on 'the surface and therefore, ~he cpk 
values are all reduced by about the same amount. As long as B is not very 

large, 2e.(v-cf:> k -I.J! )/kT wil~ be very much less than. unity for the .Cs-W system 

(v = 3.87eV,cpk 4.5eV, and kT: O.l2eV). 

Therefore, 

J 
+ 

(16) 

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 e becom~s large enough to cause the cp k values to be reduced 

to the point where the above inequality does nQt hold. 

For porous ionizers, however, 8 is not uniform over the ionizing surface; 

it is very large at the pore walls and decreases over the pore lips and on­

to the ionizer surface. e will, in general, vary from.unity (althou~h larger 

values are possible) to zero or some lo,ver limit corresponding to the flow­

rate, and therefore the cpk values. will vary from 0. tocpk (4.68 eV for a 
max 

clean Cs-ii system or up to as much as 9. 2 eV for a partially oxygenated 

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

[ t -1 -+-2 -e (r:v:.--f--"-k;;..,.C/)-k--I.J!-':-. --.-) /-r:k-=T 
+ l 

2 

I 
wher~. l~ represents the .patches for which 

. greater than unity ( i. e. , cp k is large). 

k' k 1 e 
L f ( cp k + \jJ -v) /kTJ 

(17) 

·(V- cp k - \j;) jkT 
2e is very m.1:1ch 

This is the equation that applies 
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to the cesiu.m-p.orous tungsten system where cpk . ( 8) + dr < V<</:>.lr · m1m · ~ ~max 

( 8) + ~(,+.k . (8 )~o and cpk (8= o) ~ 4.68 eV and V = 3·.87 eV, 
\~ m1n max 

4.68 eV<rl-.k · < 9.2 eV if 8 >0 and oxygen is the adatom specie) 
T max 

Because some terms in the sums increase with T while other decrease, J 
. . I 

may be an increasing or decreasing function ofT. In addition, because 

~ is a function of T and E as well as of PV' J+ may be a complex function 

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 ~ ~ e/4x
0

, \jl corresponds ·to Ex
0 

+ e/4x
0 

+ E2(a
0 

+ a)/2e·, ·where 

x is the distance at which electron, atom-ion charge-exchange vanishes and 
0 

a+ and a
0 

are the ion and atom polarizabilities, respectively. No experi-

mental results have been reported for the high field region. 

For moderate fields, the theory states that \jl = ~ (the no~mal Schottky 

effect) because the other terms in \j/can be neglected compared to~. 

The ion current increases withE because of a reduction of e ~ in the heat 

of evaporation of the adsorbed ions, A , and the "resulting increased relative 
+ 

probaJ:!ility that absorbed atoms will evaporate as ions. This relationship, 

[T l_og I+ = f ( fi ) ] , arid the dependence of the critical temperature, TC, 

upon E (TC decreases linearly as~ increases) (Ref. 12), have been demo 

strated experimentally for potassium and several light alkali halides 

(Ref. 13 and 14) and for lithiuriJ. (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 regions of a surface (patches) 

'"h:ich have the largest value ofcpk 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 

identical. In this region, the ion current and 

ily follow the relationship for mod~rate fields. 

q)k values more nearly 

a (n /n ) U.o not necessar­
+ 0 

For fields ill. the weak and 

transition region between the '"eak and mode:rate field ranges, the increase 

of the ion current with the electric field has been observed in U+ctny publi­

cations for surface ionization 'Jn polycrystalline tungsten filaments. l•'or 

example, it has been observed that the ion current increases exponentially 

with E [log I+ (or a ) = f .(E) is linear] for the .ionization of 
4 

sodium 

(Rei. 1.6) and of potassium (Ref. 17) in fields np to 1.5 x 10 v/cm. 

This effect has been attributed (Ref. lB and 12) to a reduction of e ..,,;E 
in the heat of evaporation of ions,\ , in the moderate field region (the 

+ 
normal Schottky effect). 

For porous tungsten ionizers, data have been obtained only in the range of 

E comprisi1~ the weak field region and the transition region between the 

weak and moderate fielrls (Fig. 7). The data obtained in this work indi­

cate that the ion current may increase, decrease, or do either, followerl 

by whichever did not first occur, as the ion-extracting eleclr.ic field is 

increased. The mode in which a decrease is followed by an increase was 

most commonly observed. Examples of these dependences and the conditions 

under which they were obtained may be seen in Fig. 8, 9,23 to 25, and 

30 to 34. 

Because the ion current was observed to increase with increasing electric 

field above some value below the breakdown voltage for the experimental 

apparatus, which was nominally 3 to 4 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. 

Because 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~ 

~tantially 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 magnitude 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-LI~ITED CURRENT DENSITY, C~SIUM VAPOR. 

PRESSURE, AND IONIZER TEMPERATURE ON THE PERVEANCE 

The space-,charge-limi ted curr~ut uen:si ty that .<~an be extracted f:r;-om a 

sm?oth, homogeneous surface (one having a surface over which the ex­

tra,cting electri·c field and worlc function are uniform a~d everywhere 

identical,. and. from the entire surface of which, ions are extra~ ted 

nonpreferentially) is obtained by substituting the conservation-of­

energy equation into Poisson's equation, yielding. 

4€ v 3/2 

9 
a (MKS) j+ 

0 

where a 2 L~ (Lis the electrode.separation) forth~ case of plane 
. . 2 

parallel electrodes' and. where a is more .complex for the spherical 

(18) 

(Ref. . 19), cynn4rical. (R€d. 20 ) , torroidal (Ref. 21 ) , and arbitrary 

(Ref. 21 ) cases. 
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Equation 18 can be w:d tten as 

I 
+ 

PV 3/2 
a 

(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 absenc.e. of· space charge, the electric field at the ionizer 

surface is. E. .Va/L and in the presence of space charge, E.= 0, For a 
the geometries other than plane parallel, a.2 departs from-1

2 
.because.the 

geometry causes Ea·:# Va/L (:t;·or· P~ 0) •.. 

For porous ionizers, even in the plane parallel electrode case, a new 

gP.omP.trical parameter, c; 2
, must be substituted for a 2 

which varies over 

the surface even for a given electrode geometry, and which varies with·the 

emission-limited current dens1ty. c; 2 
must vary 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);. So~e ·average ~ 2 can be .defined correspondorig to a· measured 

perveance (relationship between current and voltage). 
·.·, 

The parameter,~ 2 , must vary with the magnitude of the.emission-limited 

current density because of the preferential ion emission, ~ 2 
and hence 

the perveanc~ will vary with both adatom vapor pressure and surface 

temperature because both influen.ce the adatom ·flux. The emission-limited 

curnmt density determines the location of the ion-emitting regions (Fig, 

10 ) ." . For ·small emission-limited current. densities; the ions ani extracted 

from a correspondingly small peripheral region of "the advancing front' o·f 

adato~s which·will be iocat~d'on the pore walls jtist inside the pore 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 pore ~ips·, thus moving into regions of higher 

electric field intensity. Eventually, some ion emission will be occurring 

from the flatter region!:> Leyund the pore lips wh~r~;> t.hP. P.lf!ctdc field in­

tensity :will remain c.onstant (over regions of area of a few grains or more). 

Therefore, the magnitude of~ 2 -."c(n"re~pond:l.D.g to the regions of primary ion 

emission will at first decrease fi·om -th.e point where emission starts to 

occur from within the pore openings, until .the ion emission is occurring 

largely from the pore lips when c; 2 is a ~inim~. and the perveance' a maxi­

mum, and beyond which ~ 2 w"ill either decrease much less rapidly or remain 

constant.: Only a qualitative theoretical description of this process can 

be given because of the irregular shapes of the pore openings, the .varia­

tions of cpk 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 pr~d~~es a radial decrease in 8 , 
i.e., the width· of· the emitting region probably increases. Ions cannot be 

extracted from regions· .of the s11:dace exce:pt near . the periphery 

vancjng front because everywhe.re else, _either 8 is large; than 

fined as the value· of 8 correspon:d'ing to ·a cpk less ~han Vi, or 

of the ad-

8 , de-c 
8 = o. 

The qualitative variations of ~ 2 
and P with emission-limited current 

density are illustrated in Fig. ll ~ The emission-limited currenL density 

itself, of course, determine!:> the·maximum c11;rrent or macroscopic or system 

current density .. The macroscopic current density, J , is defined as the 
+ 

total ion current obtained from a porc;>us ionizer divided by the total ionizer 

area. It will be less· than j_ ,·th~ current density of only the emitting 
+ ' 

areas, because of the fraction of the ionizer surface composed of local 

regions incapable of ion emission because Bk >Be or Bk = o (for low now­

rates). The pores. themselves are also relatively _non-emitting. 

52 



a.. 

0 

I' 
I 
I 

I 

1. 

I 
I 

I 

I 
I 

I 
I. 

I 
I 
I 
I 
I 

. I: 
I 
I 

I 
I 

'.I 
I 

. ' 

' 

.J 

o·~----------~~--------~------~~~------~· 

Figure ll.. Qualit~·hv~ ~a~~ation ,of c; 2 an~ P With 
Eniission-Limi'ted 'Current Density 

·.:. 

53 



Experimental data for all of the ionizers, given in Fig. 12, illustrate the 

variation of experimental perveance with the emission~limited ion current 

density. 

These data are consistent with the preceding qualitative theoretical discus­

sion and with Fig. 11. They show quantitatively that the rise in perveance 

for low J occurs within the first 1/lj, ma/sq. cni and that the lev'eling occurs 
+ 

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

higher magnitudes of J . A few additional data for values of J greater than 
+ + 

6 ma/sq em for the 5-mi.cro~ ionizer show the attaimn.ent of perveances between 

3 aud q x 10-9 arnps/vol t3/_2 . 

The curves of Fig. 12 (with two exceptions which will be discussed) are sim­

ilar in shape and magnitude and are consistent with the specific,periphery 

theory (defined in section 5. q,) which in general indicates an .. increase in per­

veance with a decrease in basic powder size (at similar porosities) to the 

limit where the po:rous structure tends to disappear .. Two exceptions are the 
•' 

data for the 0.9-micron ionizer at 1200 C and the majority of .·~h~ data for 

the 44- to 74-micron ionizer. In the first case, as discussed in section 5.5, 

after the first data were obtained at 1100 C with the 0.9-micron ionizer, 

the permeability steadily decreased with operating time. Associated increases 

in densification and number of clogged pores resulted in the sharp decrease 

in perveance shown in Fig. 12. The data for the 4},j,- to 7q-micron ionizer 

form two curves, one which coincides with those for the'other ionizers and 

one (with' many data points) which is ·much lower. The explanation lies in 

consideration of the ionization efficiency and in the fact that the emission­

limited io;n flux, rather than t_he 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 accomplished by varying the ionizer 

temperature,· T. Howe~er; ~he o~hcr 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 "i:mamolous" data points, the ionization 

efficiencies were substantially lower than fo-r the other data points, a 
. . .. ' " 

situation unique to the .4A- to· 74-micron ionizer. 
~ . 

In the preceding paragraph, the ·influence of the.· ionizer_ temperat~re on 

the perveance is mentioned. The ionizer temperature affects the p.erveance . . . 
through its influence on the emission-limited ion flux. The tw·o curves 

for the44-to. 74-micron ionizer_ serve to illustrate its quant.itative effect. 

In the region of very low ion flux, the perveance rises rapidly with ioni­

zer temperature because of the· ip.termediate relationship of t.he ion fllL"'{ ;· 

at higher values of ion flux, the effect of ·ionizer te-mperature_ is far. 

less significant. 

5. 4 INFLUENCE OF POWDER AND. PORE SIZE ON PERVEANCE TiffiOUGH 

THE_ SPECIFIC PERIPHERY 

For porous_ ionizers, the pore statistics will have an influence upon the 

-current-producing capabilities of the "ionizer, i.e., upon the perveance 

of the system. Because ions can be extracted from only a fraction of the· 

total ionizer ::;urface fo·r a given set of conditions o( vapor pressure and 

surface temperature, corresponding to that fraction of the_ surface fo~ wh~ch 

0 < e < ec the size and surface density of the pores will affect. the ion 

current density. .For low flowrates, 8 0 over a ia1·ge fraction of the 

surface; for high flowrates, 8 > 8 over a large fraction.· A term can 
-C 

be defined which will serve as a relative measure of the current-producing 

capabilities of various ionizers under identical conditions of P and T .. 
v 

This term will be called the specific periphery, P ; defined as the total 
s 

pore periphery per unit area of ionizer surface, measured in reciprocal 

centimeters, in analogytothe·specific Burface of a porous ionizer, the 

total internal pore surface area per un-it ·volume. An exact measure of P 
s 

cannot easily be made becaus.e the details of the shapes of the individual 

pore openings and their surface" distributions would· need to be known. CHow­

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



the pores are circles with a diameter equal to the mean pore diameter 

obtained from metallographic and gas-flow measurements and that they are 

space'd unifo:rmly in some geometrical array for which the mean interpore 
' . 

spacing can serve as a measure. For example, if a square array is assumed, 

d -7T-- 2 (20) 
s 

and if a hexagonal close-packed array is assumed, 

(21) 

. '2 . 
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 a~e 
s . . 

presented in Tabl~ 2. The left-hand values of d and S are fr.om the ga,s-

flow measurements, the right-hand values are from the metallographic studies, 

and the center values are these fe·l t to be the most accurate or are an 

average and have been used to calculate the quoted valu'es of P . :. It is. seen ·s 

that the_ 5...:, 8-., and' 12- to· 18-micron ionizers all give nearly tlre same 

value, while the 44- to 74-inicron ionizer yields a value much 'lower, "' 0.4 

of the former, and the 0.9-micron ionizer shows a much higher ya~ue, "'3 

times· the .. f:lrst. Experimentally ·measured values of tlie perveance for these 

five ionizers obtained at T = l373·K and P = 0.06 mm Hg are also displayed .v . . 
in Table. 2 :for coinpa;I"ison to the values of the specific periphery. 

Exper·imental pervean.ces for the 8-, 12- to 18- and 44- to 74-micron ionizers 

follo'w.'.qui te well_ the pattern of. the specific 'pheripheries' as the normal­

ized values show (Table2). The values for. the 5--a:rid 0.9-micron ionizers 

are 4_0 and '50. percent ~ow, respectively .. It is noted, however, that the 

densities to which these:ionizers were sintered are different. Those. of 
' ' .. ·. . 

the 8-, 12- to'l8-, and 44--to' 74-micron'ionizers 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. 

57 



\,}1 
00 

I 

TABLE 2 

COMPARISON OF CALCULATED SPECIFIC PERIPHERIES AND EXPERIMENTAL 

PERVEANCES FOR THE POROUS TUNGSTEN IONIZERS 

Basic Grain Diameter, .0.9 5 8 12-18 
microns 

.. 

Sintered.Density, Percent 76 80 68 68 
of Theoretical Maximum 

.. 

Mean Pore Diameter, d, 1.1 1.1 1.3 --- 2.8 2.8 5.9 6.0 6.0 16 13 9.7 
microns 

"• 

Mean· Interpore Spacing, 5.4 5.4 4 .. 2 --- 12 12 --- 17 !17 27 27 27 
s, microns 

Sped.fic Periphery 0.13 0.070 0.062 0. 064 
P·= 3.6 ajs2_microris-l 

s 

Experimental Perveance, P, 1.59 to. 1.06 ~.53 1.60 
amp/volt 3/2 x 109 (Pv = 0.60 

· 0.06 mm Hg, T=llOOC) 
.. 

Ps, Normalized to Ps for .3.3 l. 75 1.55 1.60 
12-18 ionizer 

44-74 

63 

35 37 40 
I 
I 

61 70 77 

0:027 

0.63 I 

.67 



Thus the'me~sured perveance could be expected to be lower thari. the calcu­

lated one. 'Also; the measured perveance of the 0.9-micron ionizer decreased 
. . 

with operating time (particularly at high temperatures) as discussed in 

section 5.5. This deterioration was attributed to additional sintering 

implying that pores gradually. become clos'ed or clogged internally. 

5.5 EFFECT OF OPERATION ON CHARACTERISTICS OF 0.9~MICRON IONIZER 

In the case .. of the 0. 9-micron ionizer, the possibility of changes in the 

operating c~aracteristics with time at high temperatures ~xisted 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 

described in 3.2 which occurred for the o·.l-micron ionizer at ·normal ionizer 

operating temperatures. It was expected that operation at 1300 C would. 

cause additional sintering, resulting in further densi!ication, pore clos­

ing, and. greater resistance to flow·; and that prolonge·d operation at 1200 C 

might also produce observable changes. That. this did .. occui-, is clearly 

demonstrated by the data presented in Table 3 and Fig. 13.. · In Tab.le 3, 

the ionizer temperature and cesium vapor pressure are 'presented for a few 

representative runs·, together with an operating history which gives the 

cumulative hours of operation. at 1100, 1200, and. 1300. C for each of these 

selected runs, and the measured values of three important operating char­

acteristics:· J ,·the neutral cesium flux for no electric field (no ion 
0 ; . 

current); P, the ,experimental perveance; ~d Q. the maximum ionization fJmax 
efficiency (at emission-limited current conditions). 

Because the significance of the J data is difficult to see readily in the 
0 

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 llOO 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 ,. 

{3max 
0 

Run T, Tv Pv. at at· at atoms amperes . 

volt 372 . ' . ' Number c c. mm Hg: 1100 c 1200 c 1300 c sq em-sec percent 

1 1100 196 0.073 3 0 0 2~0 1.8 94 1/2 
, . 

.. 
2 1100 230 0.25 4 0 0 4.0 1.5 94 1/2 

-
3 . 1200 131 0.0039 4 3 0 : 1.9 i 1.9 94 3/4 

4 1200 190 0.05'( 4 5 0 2.6 1.5 95 .. 

5 1200 272 0.97 6 13 ·o 4.5 0.78 96 1/2 

6 1200 270 o.88· 9 18 l 2.1 0.69 97 1/2 

7 1200 310 2.6 13 19 12 I 1.6 0.42 98 3/4 .. 
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opera,tion ·at 1200 C, a much larger e~si"ll:'ll vapor pressure was required to 

produce a correspond:ing neutr~l {lu.X. Point 6 was obtained at the same 

vapor pressure and ionize~. ·temperature as· point 5; but the ionizer had 

been subjected to a temperature .. of 1300 C for one hour, 'four ~imes .. the 

sinte;ring time at the s intering . .£ekperature'. The neutral flux is seen 

to have decreased to less than. 50 percent of the former value.: Point 7 

was obt~iJied after iong operati~ri at 1300 C, such that nearly all ·further 
' . ·. 

s intering effects should have occurred. The n~utral flux is down :s.till 

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

The corresponding effects on P and {3 ·can easily be .seen in Tab·!·~ .·3 • The 

pervei:mce changed l~ss· ,rapidly at first, but after· l~nger tim~s at .1200 
. . i . 

and 1:)00 C, it dropped sharply to finally less than 25 ·percent of the 

original v.a.iue, implying that ~any· of the :r?rmerly active .pores· had closed 

or be.come biockeQ.. The ·emi$sio.n-.limited ionization efficiency increased 

only slowly at first, but by the final selected ·run (No. 7), had increased 

to a yalue corresponding to a reduction in the neutral fractio·n of more 

tl:ran 75 percezrL. 

5. 6 FACTORS INFLUENCING THE FLOW OF CESIUM · 

THROUGH POROUS TUNGSTEN IONIZERS 

(ANAL;yTICAL) 

. . . ,. 

In Ref. 8,. th~ various modes for the .. passc;t.ge ·of g~ses through porous 

media are considered in: detail~· The valid'ity. of· the basic· assumptions 
~ !. ,: 

underlying their. application ;to .the case of alkali: metals and refrac-

tory metal por.ous ionizers for surface' ionizatio·n ·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 struct.ure, com­

pared with the experimental results, indicates that the transport occurs 
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primarily as simple (equal to ~r, le,ss th.an monolayer) surface .diffusion 

or migration, with free molecular flow contributing an increasin.g_ 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 treatment of the transpo'rt 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 molecule, will predominate for substances with low 

sorbability (at a given pressure), while the sorptive mod'es, .!JI~nolayer 

surfac~ diffusion, multilayer surface diffusion, and the existence of 

capillary condensation will become relatively more importsnt for more 

sorbable substances. For the particular cases of porous tungsten (and 

possibly th.e refractory metals in general), gases generally used for 

porous material. p_ermeabil ity measurements . (H
2

, N
2 

,· -~ry air, He, Ne, A, 

and Kr--H2 , dry air (N
2
), and A. in 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 vis.cous flow begin (Fig. 1). The particular transition 

pressure increases''wi th 'the mean pore:. diameter. . Contrarily, the alkali 
. . 

metals are very sorbable on tun_gsten;. the cesium-tungsten system pos-

sibly represents the most sorbable combination of all elemental species 

because the surface tension of liquid cesium isthe 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 syste~s, ·some flow of 

cesium may actually occur by surface diffusion with l.i tt.le pressure drop. 

For these reasons it is expected that for the transport of cesium through 

porous tungsten, the sorptive modes will be significant. 
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The comparable equations develop.ed for four ·n~w modes applied to thi.'s 

system are: 
. : . . 

For viscous flow, 

For fre~ ~olecule.tlow, 

(
irNa)l/2 

2k 
· ... 

For surface· d.iffusion (monolayer or·l~ss) ,· 

.IJ 
.. 0 . 

_g;_ (Na)l/2 
4 . kM 

For c~pillar~ ~ondensation 

. 7TkN 2 
a 

(22) 

(23) 

. (25) 

In each case, the constant terms prec~de· the first brar.ket.ec:l . term, the. ,· .. 

first bracketed term contains the. dependence on the porous structure,· 

the second is the pressure dependence; and the third· shows the temper.:..., 

ature dependenc~. The terms are defined below: 

N ' = a 
Avagadro's constant 

k - Boltzmann's constant 

M molecular weight 
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a 
'J· 

H. 

d 
... '. 

L ·, : 

L 
c 

8 

k 
p 

Pv 

p 
0 

T 

"lv(T) 

'rJ (T) 
c 

. ~ 

.Pc(T). 

,·. v '. m 

: :r 

n 
0 

adsorption cpeffi~ient . . . . .. 

·number o~ pores per unit ionizer ares · 

mean pore diameter 

th~?kness of porous medi~m (ionizer). 

mean'. length of pore· in porous· medium (L > L) 
c 

average distance between adsorption sites 

perl.lleabili ty of porous medium. (ionizer) 

•Vapor pressure of the· transport substance (o'n upstream 

side of -ionizer) 

pressure of space or vacu~m tank (on downstream side of 

porous.~edium) 

.temperature of po!ous medium 

viscosity of vapor phase of transport substance 

viscosity of condensed phase of transport substa~ce 

density of condensed, phase of transport substance 

activation energy for migration' (diffus1ori) of transport 

material adsorbed on porous medium mate:ti~l · (0.59 eV/ ., 

atom for Cs-W) 

the neutral flux from the dowi::tstream (ionizing) 'su:dsce · 

. ·of the porous medium 

Viscous flow is· ruled·· out relative to free molecular flow.'bec·ause the 

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

·molecule·.to the ·po-re diameter, which is '103 to 10
6. The· thre.e reuiai~_; 

ing modes· must be considered for' the case of cesium flow through porous 

tungsten and compared to the e:X:perimen·tal results. The detai'ls :of 'the: 

derivations of Eq.22 through 25 and a discussion of the assumptions 
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regarding their applicabilities are given in Ref. 8. 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 transport 

molecules for a certain length of time following collisions with the 

porous medium channel walls. 

Provided that the volume of the adsorbed surface diffus.ion film com­

prises .a_ negligible. par.t of the total pori'! volume, it. should exert- no 

influence on the steady-state flow of the gaseous phase, whether viscous 

or free molecule, (Ref. 22). Tber~fore, simultaneous transport. by both 
:! .. • 

free molecular flow and surface diffusion will qcc~r, 

In regard to the sorbability of substances on tungsten, two other ele­

ments should be mentioned.· N2 , H
2

, ·and the inert gases have been·.· 

described as nonsorbable, and the alkali .metals _as yery sorbable .. · 

Oxygen and carbon are two elements which react in a third way, l;>Y chemi-
. . . 

sorption. They are bound to the tungsten surface by much hi~her 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 hi~h-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 

bec,ome .chemisorbed in the tungsten ionizer over the period of operation. 

As discussed elsewhere, ·oxygen may 'have a 'favorable effe.ct because it 

increases the. work function of the ionizing surface; but carbon probably 

has an opposite effect, and over a long ·operation time might tend to .clog 

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

Basic Assumptions: 

l. Steady-state flow (n.o transient effects) 

2. Accompani~;!d by. some·, amou~t of flow. in the gas phase, either 

viscous or free molecule ~odes or b_o-J;;h, each (gas flow and 

surface diffusion) along its own· concentration gradient. 

3. To each vatu~-~f pressure corresp~nds a value of· volume concen­

tration, c, so that a value of the adsorption coefficie·nt, a, 
can be defined which is relatively i'ndependEmt of· c. 

4. Assumption· of a· mod~l porous structure: a· bundle of parallel 

5. 

6. 

..... 

channels (not necessarily stra~ght) of av_erage length, Lc. 

No capillary ~ondensation. 

An irregular, energetically·unsmooth, adsorption surface with 

equal site adsorption energies but with an energy barrier to 

surface migrati~n, V , plus oth~rs covered in th~ derivation 
m 

·.· 

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 law of d~ffusion can be stated: the num­

ber of atoms diffusing per unit area per unit time (flux), n , equals 
0 

the diffusion coefficient, D, times the volume concentration gradient 

of atoms, c, in moles per unit volume, in the direction opposite the 

flow ; 

N D 1..£_ atom (26) n 
0 a ox sq em-sec 
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This·· equation applied to two-dimensional surface· diffusion or· migration 

th~ough a·~orous medium·(R~f. ·22) can be stated:· the number of adatoms 

diffus.{ng per unit perimeter per· unit tim·e equals the diffusion coe"f­

ficierit· times' the surface concentration. gradient of ad atoms, nr the· 

adsorbed atoms per unit area of the porous medium per unit thickness. 

The perimeter is ALSy/Lc and the surface concentration·gradient is 

~c /~J, , where A is a unit area and L is the thickness of the porous 
s· -v-c 

mel:li';Jm, Lc is the average porous medium. chan;nel length (Lc > ~), Sy is 

the spe,cific ~urfac~: of the porous medium ·.(i~ternal surface are~ ·per 

unit :volume), and c. is· the volume concentration. of. adsorbed atoms . s . . . . . 

(a. c/ a X - ~c/L). . Substi ~uting: 

n 
0 

~c 
s 

L 
(27) 

(L/Lc)
2 

represents a tortupsity (Ref~ 22) or pore structure factor; cs 

is r~iated to the gaseous concentration, c, .by the adsorption coefficient, 

a Thus, 

~c (28) 
s 

i.e.' a c /a X.= a a cja x. Now li c is related to the pressure drop 

across the porous medium and the medium te~perature by 

Therefore, 

n 
0 

~p 
RT 

~p 
RTL 

' ' 

(29) 

(30) 
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If the porous medi~m.surfaces were smooth with no definite adsorption 
. ' . . . . 

sites, there. wo.uld be no barrier. to surface migrati9n .. of adsorbed. atoms. 

If, in. addition, the degree .. of. surface coverage,. 8,: is small, th_e kinetic 

theory of. a two-dimension_al gas could be app~ied, which would yield 

.D 
s . (31) 

where vth is the mean thermal velocity and As is the surface mean free 

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 crystal face steps· (Ref. 2l.l: ) . For 

example 1 cesium slides to a cryRt,;;~l face step when adsorbing onto a 

tungsten surface. Migration of a cesium atom then consists of jumps 

among adsorption si tcs, probably as a jump to a. surface followed by a 

slide to a crystal face step where it remains for a characteristic. 

ti~e, T. The adsorption energy is similar for all sites, with_possible 

small variations depending upon which crystal faces comprise the steps, 

but there is an energy barrier between sites and a characteristic acti­

vation energy for migration, V (in ergs or eV per atom), for every 
m 

system (Vm = 0.59 eV/atom for Cs on W) required before surface migration 

can occur to another site. A larger energy is required for desorption, 

A (ato.m) or A (iun). Therefore surface migration is more probable 
0 + . . . . 

than desorption (evaporation) fro~ an~ site. For thi R si tn.ation, a 

method has been developed (Ref. 25) for calculatin~ the associated dif­

. fusion coefficient, D = 8 2 
/2NT, where N is the num~er of dimensions. s . 

Thus, for two-dimensional surface diffusion, 

(32) 
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where 

average d{stance between adsorption sites 

T average ch.aracteristic time a site is occupied 

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

by 

T 

where· 

T 
0 

,v 
m 

·kT 
e 

V surface migration activation energy 
m 

T surfe:tce temperature 

T, 
0 

(33) 

T can be related ~oughly (Ref. 22) to the time needed io cover one 8 · 
0 

at the thermaLvelocity,. vth' or 

T 
.9 

Combining Eq. 32, 33,·and 34: 

v 
m 

D • l/4•8v ··e-kT 
s th . 

. ·,: 

For a two-dimensi'onal·gas, vth 

into Eq.· 30 'yields 

e 

v 
_I!!, 

kT 

. (35) 

(36) 

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

the upstream side, 6P = Pu- Pd = Pu~ In the case of pressurized flow 
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through. a porous ionizer, P u- PV', which. is 103 to 10
6 

times larger 
12 

than the downstream vac:uum taqk pre~sure, aqd >10,. , the pres sur~ of 

space. Substitu,tin~_Pvfor 6P, grouping dependence terms, _and a<;:count­

ing for the area of the porous medium surface which is composed of 

pores: 
.·: 

n 
0 

(37) 

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· th.e: case in 

question are as follows: 

l. The pressure dependence agrees with the e·xperirilent~l observa­

tions of this work. 
·, 

2. The temperature dependence 1s consistent wd;h the observation 

3. 

of this work, particularly at low flowrates. 

The value of n calculated from this equation for a particular 
0 

ionizer i~ of the same order of ma~nitude as the measured value 

of n for the same ionizer. The calculated value could vary 
0 

soii)ewha~_with the assumJ>tion ofthe values for .a an~ 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 ionizer was chosen for the calculatio? ~ecause of the 

probability that fewer of the pores are blind (dead end) than 

those of smaller powder size. 

~ .. l _: . . 

' . ~ ~· . .. ' .~ .:.. .· '·! . } .. ~ 
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5.6.2 Free Molecular Flow 

Basic assumptions: 

'. 

l. Gas flow limited by collisions between molecules and channel 

walls, not by intermolecular collisions. 

·:, 2. Adsorption on the channel walls occu:rs for a time sufficient 

for-diffuse reflexion (the velocity and direction of emission 

become independent of the velocity and direction of collisio~) 

to occur. For nonsorbable gases such as H
2

, N
2

, arid the inert. 

gases, this occurs but is negligible and unmeasurable. For a 
very sorbable element like ce•ium, it occurs· to a la~ge extent, 

to the point of allowing the surface diff~sion transport mode 

to be significant. 

3. L ~ 100 d, where L is the channel length and d is the pore 
c c 

diameter. In the case under consideration,. L > 10-l em and 
c 

d ~ 10-3 em. In addition, the crookedness and :variation of 

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

4 .. A/d >? 1 where A is the mean .free path of ·the gas ·and d ·is· the 

pore diameter. In this case A/d~lo3 to 106 depending upon 

Derivation: 

n ==HNZI 
o a 

HN FP 
a 

MkN T 
a 

."::. 

where 

ll . . == ;flowrate in mohcules/ sec· per orifice 

F ==~orifi6e cond~~i~~ce 

all other terms are as before 

(38) 

. : 
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Substituting (Ref. 26), 

F = l/W p (39) 

and· 

. J27Tva jg L 
W = . . 4F = 3 V 7T d 3 . (40) 

Using 

· 4 · va 
·F . .,= 31---.L-, -.::p::.____d_i 

-:-:-2' 
A 

l2L· 
(41) 

yields 

n 
0 

(
7TNa)l/2 . 

2 kT 
(42) 

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

74 

l. Th1s mode has been shown to be valid for this application when 

the nonsorbable gases are used, and therefore should apply to 

the unadsorbed mode for r.P.sinm. .. · ,. 

2. The pressure dependence agrees with thatmeasured in this work. 

3. The temperature dependence for this mode alone· does not agree 

with that measured in this work but combined with the equation 
:·· 

for surface diffusion, it accounts for the observed tP.mpP.rRture 

dependence at higher flowrates. [The. free molecule ·flowrate 

decreases with T(T-l/2), and the e~erimentally observed flow­

rate increases with T ( 2:: T.
1
)] . 



--------------

5.6.3 Capillary Condensation 

Basic assumptions: 

l. Action of capillary surface tension forces and not surface: .... 

diffusion. 

2. The pressures on the opposite· sides o.f the porous_,medi~m, PV 
,• 

and P , are different and both are less than P , the normal 
0 . s 

saturation vapor ;pressur'e·, yet g~eater than the vapor pressure 

required to saturate the largest pores. 

3. Both PV ~nd P 
0 

are greater than P e, the pressure at which 

evaporation occurs (otherwise evaporation_will destroy the 

condensed phase). 

Derivation: The volume flowrate of the condensed phase is 

: ·.· 

where 

7Td2 
--u 

4 c 

u linear flowrate of the condensed phase 
c 

d mean channel or pore diameter 

The mass flowrate is 

where 
... 

Pc = density of the condensed phase 
; ; . 

; ' (44) 

.. ·;.,·. 
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Therefore, 

n 
0 

N H7Td
2 

a uc P c / 
,4M atoms sq em-sec 

where 

Now 

H number of active pores or channels per unit surface area 

N Avagadro's 'number 
a 

M molecul_ar _weight of ·the,. transport s.ubstance 

k 
u . p f:j,p .. 

C· .'TIL c ., c c 

where 

k permeability of the porous medium 
p 

'Tl viscosity of the condensed phase .,c 

' ( 45) 

(46) 

L =. length of the flow channel (L > L, the thiclmcss of the porous 
c c 

medium) 

and 

f:j,p 
c 

P kN T 
c a f M n ( ::) (47) 

from Ref. 22, where 

k Boltzmann's constant 

PV upstream vapor pressure of the. uncondensed phase 

P downstream pressure (the pressure of space or a laboratory 
0 

vacuum tank) 
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I 

L_ 

Putting 

(48) 

In general, . p c and 7J.c are functions of telllperature. For. the .case of. 

cesium in the temperature range used ip io11 engine applications, 1000 

to 1500 K, both of these quantities .~re relatively independent. of temp­

erature; Pc varies only 7 percent and 7Jc• approximately 1 perc~nt over 

this range, with the avera~e values being, p = 1.61 gm/cu em and c . 
7] c = 276 gm/ em-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: 

l. It seems·. doubtful that basic assumptions 2 and 3 will apply. 

2. The pressure ~ependence definiteiy does n~t agree with the 

experimental observations of this work, regardless of the value 

assumed for P at the ionizer.surface. 

3. 

0 

The value of n calculated with this equation is at least 
0 

three orders of magnitude larger than .a correspond~ng value .. of 

n measured in this work for _a _parti<;:.ular ionizer and set of 
0. 

pressure and temperature conditions. . : 

5. 7 EXPERIMENTAL FACTORS INVLUENCING FLOW OF CESIUM 

Four primary factors influence the cesium flow through the. ionizer and, 
' . 

hence, the rate of' d'e1ivery. ·of the cesium 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) perm~ability, (3) the ionizer· 

temperature, and ( 4) the electric fi,eld at the· front. surface and the 

resulting rate of ion formation. and ex.traction.. 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 vapo'r pressure (or: ·beam :flux) determi~'es the total par'trci~ 

flux (ions plus neutrals) ·which cAn leave th~ ioni-~er ·surface; this 

quantity is independent of t'he 'ionizer' t;emperature and the surfcice elec­

tric: field, and no permeability ·concept exists. 

5. 8 INFLUENCE OF CESIUM VAPQR PRESSURE 

AND IONIZER PERMEABILITY 

The influence of the vapor pressure at the rear of a porous ionizer is 

two-fold. It determines the flux of incident adatoms onto the r.ear 

surfac~ 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 electric .field and subse­

quent ion emission, these two quantities should determine the flowrate 

through the ionizer. 

The·data which 'illustrate this relationship arc presented in Fig. 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 presented, and in some 

cases, data are a:l so shown for 1473 K. T]1e curves of. n (the n_ eutral 
0 

particle flux) are for no electric field and consequently no ion emis-

sion. These curves then show the effect of PV and permeability alone. 

In all.cases, a linear relationship is ex?ibited between n
0 

:and PV, 

when PV is· the only v~r~able influenci~g ~low. 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 
. 0 

Table q together with the ionizer permeabilities from the gas flow 

measurements. The slopes are ~n0/~ PV in atoms/sq cm-sec-mm Hg. A favorable 

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

fhe data·for the 0.9-micron ionizer show the effect 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 obtained at approximately the time that the permeability 

measurement reported 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 spown in Fig. 

. l 0-1 (j n) v s P V at 

15 are similar plots of n (J in ma/ sq em = l. 60 x + + . 
1373 and lq73 K. The values of n are the emission­

+ 
limited (knee) ion fluxes measured cin curves of J vs E at the given 

+ 
constant values of PV and T. In all cases except for the q4-to 7q-

micron ionizer, the ionization efficiency is high and nT is only slightly 

greater than n . In the case of the 4q_to 7q-micron 
+ 

ionizer {3 was 

somewhat lower, and when n+ is corrected by {3 (nT = n+/{3), nT is some-

what lar·ger but still below n (E = 0). An interesting relationship 
0 

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 decrease's 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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Powder 

TABLE 4 

COMPARISON OF IONIZER PERMEABILITY·AND SLOPE OF 

PARTICLE FLUX VS PV AT 1373 K IONIZER .TEMPERATURE. 

Slope, 
Size, Density, Particles Pe.rmeabili ty, 

Microns Percent sq em sq em- sec - mm Hg 
: 

" 

1014' ·o. 9 76 ? -9 X 10-12 !J: X 1015-2 ~ ., 

5 80 "-'3X 10-lO l.2x 1016 

8 68 "-'2X l0-9 l.4x1o17 . 

8 60 7 X 10-9 2.6 X 10.17 

I 

l0-8 i 
1017 i 12 to 18 68 2 X I 8 X 

'' 

44 to 74 63 9 X l0-8 
5 X 10 17 

I 

i 
I 
I 

I 
I 
I 

i 



powder sizes. There are only five data points to confirm this conclusion, 

but they are all consistent. For the 0.9-micron ionizer, the ratio of 

n (EL)/n (E = 0) is about 2 at low flux and probably increases for + . 0 

higher flux, although insufficient data exist at higher n to determine 
. + 

a quantative value. For the 5-micron ionizer, the ratio is l to L l at 

5 x 10-
2 

torr at 1373 and 1473 K and increases steadily with n u·ntil it 
+ 

is 1.8 and 2.3 at l torr for 1373 and 1473 K respectively. For the 8~ 

micron (68 percent) ionizer, it is 1.3 at 7 x 10-3 torr and l.9.and 2.1 

at 5 ~ 10-2 torr for 1373 and 1473 K respectively. For the 8-micro~ · 

(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 the same or 

decreases slightly at higher flux. The ratio for 

ionizer is approximately unity for all fluxes (at 

the 12- to ·18-micron 

least to J = 5 ma/sq . + . 
For the 44- to 74-micron ionizer, n 

+ 
is less than n for all measured 

fluxes, the ratio being about 3/4 at 
0 2 . 

low pressures' (to l x 10- torr) 

em). 

and about l/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 ~oncept of cesium presentation to the ionizer surface and 

the resulting su-rface phenomena. The effect is' dependent upon where the 

ion formation'occurs on the ionizing surface, and the effect of Eon 

the heat of vapo~ization of the adsorbed ions and atoms. Examples of 

the e·ffect can be seen in Fig. 9 for the 0. 9-m:l:cron ionizer, where 

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

J (EL) is seen to be less than n (E = 0). In all cases, the electric 
+ 0 

field and ion emission influence the total particle flux through the 

ionizer. In some cases nT rises steadily with E, in some it decreases 

steadily (e.g., Fig. 31), and in still others nTis relatively constant 

(e.g., Fig. 9 ), or is constant followed b~ a sha~p decrease.'(e.g.; 

Fig .. 3 3). 
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5.10 INFLUENCE OF IONIZER TEMPERATURE 

For all of the porous tungsten io~izers and conditions studied in this 

work, the flow of cesium through the ionizers increased significantly 

with ionizer temperature when all other variables were held constant (a 

few ex:=tmples are Fig. 27, .36, 39, and 41). Because of the influence of 

the electric field and ion emission on the flowrate, only the neutral 

emission for E = 0 and the emission-limited ion current at near-maximum 

ionization efficiencies will be discuss.ed. Equation 17 of section 5 .l 

then. reduces (for. {3 near unity) to 

because the term in sqnare brackets (Eq. 17 ) is just the ionization . . 

efficiency. Therefore, in this case, as well as for the flow of neutral 

cesium atE= 0 (no ion emission, and _{3 = O)the observed temperature 

d~pendence shou.ld be simply that for cesium flow through the ionizer. 

As discussed in section 5.6, th~ cesium flow is expected to be a comQi­

nation of free molecule and surface diffusion .. The total flowrate (or 

particle .flux) would be the sum of a term (free molecule) proportional 

to T-1
/

2
, 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 
. ( . ) . -l/2 -V /kT 

with T, plus a term sur.face diffusion proportional to T · e m 

which is a modified (reduced) exponential and which, at larger T and o~er 

a small range ofT, could appear.nearly linear with T, though toward 

an exponential. This latter dependence would have an.extrapolated posi­

tive temperature intercept if the exponential term predomina~ed. The 

relative magnitude.of Vm compared to kT determines the relative strengt~ 
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of the exponential; if V /kT is large, the exponential will predominate. 
m 

All of the experimental curves of both n (T) and J (T) are consistent 
0 + 

with this exponential dependence, and all have extrapolated positive 

temperature intercepts. Under no conditions was either n (E = 0) or 
0 

J (EL) observed to decrease with T. The free molecule dependence, 
', :!:l/2 
T · , may influence the total temperature dependence at higher flow-

rates, but for ion current densities up to at least 5 ma/sq em, the ex­

ponential (surfa~e diifusion) depe~dence predominates. The curves of 

n (T) exhibit a strong~r exponential dependence at low values of flow-
o ' ' 

rate and all of the curves·of emission-limited J (T) fit the expected 
+ 

exponential form 

where 

J 
+ 

J 
+ 

0 

(50) 

v ' m+ 
energy .barrier for surface migration (diffusion) for ions 

The value· of V is expected to be ·close to the value of V for 
m+ m 

adsorbed atoms, though higher if an additional barrier exists as a 

result of the interaction of the ion with the ionizer lattice through 

its bound electron. Table 5 is a tabulation of the values of V 
m+ 

and 

J (together 
+o 

with the average: ionization efficiencies) obtained· from 

plots of in J vs 1/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 interesting to note that the two lowest values of V 
m+ 

are just the value of V , the activation 
m 

energy for surface migration, 

which is 0.59 eV/atom. The 

of V , 0.68 eV/atom (Table m+ . 

average of the experimentally measured values 

5 ), is just-0.09 eV/atom greater than V. . m 
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TABLE 5 

EXPERIMENTAL VALUES OF CONSTANTS IN EQUATION 50 

Powder Size, Tv J+ v {3, 
' 

o, m+, 
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 

12 to 18 388 273 0.72 95 

44 to 74 425 43 0.5~ 90 

Averagef 200 O.t:iR 
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It is interesting to note that the experimentally measured value of 

kTCL i_n this work (TCJ, ·::::::: ll20 K) is just 0.096 eV/atom. The 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 

ioniziqg _sprface is raised to TCL" 

5.11 RELATIONSHIP BETWEEN IONIZATION 

EFFICIENCY AND ION CURRENT 

DENSITY 

Data showing. the dependence of the ionization. efficiency, j3, upon t~e 
extracted cesium ion flux or current density produced by the variation 

of both the cesium vapor pressure and the ionizer temperature for the 

porous tungsten ionizers of various initial powder sizes are presented 

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

Fig. 18 for the 4q_ 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 .F'ig. 18 and 19 together with the r~ported 

results of two other experimental investigations employing cesium and 

porous tungst~~ ionizers (Fig. 7 of Ref.. 9, and Fig. 5 of Ref.· 10 

converted to /3) .. In one case (Ref. 10), d~ta 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 density were 

produced primarily by increases in the cesium vapor pressure, rather 

than by significan~ changes in the ·ionizer temP.erature, indicate a de­

crease. in j3 with J (at constant T). Insufficient data have been 
+ 
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A. 8-micron (60 percent), varying Py at 1373 K; very first operation 

of ionizer 
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D. 0.9-micron, very early data; see section 5.5 for later data 
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Figure 20. Ionization Efficiency vs Current Density 
(From the point-by-point plots of 
Fig. 18 and 19) 
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obtained to determine any dependenc~ between ionization efficiency and 

tungsten powder si"ze, .and no information has been reported for surface 

temperature affects. 
... .. 

·The results of this work tend to support the conclusion that_j3 decreases 

with increasing J at constant T (curves :A,B,.C,:and D of Fig. 20) with, 
+ . . 

however, exceptions noted for certaill eases (curves H, I, and J of. 

Fig. 20) which lead to some inconsistency< ·.A possibl~. explanati,on· for 

the exceptions is. that the surface conditions of the two involved ionizers 

ha,ve.: changed .because of th.eir use as ionizer!? for longer times than .the 

other.s, for.ex;:unple,· by chemisorbed deposits (carb~n-and/o~ ·o,xyg~n). 
·':['he d~ta of Fig. 20 are entirely consistent in leading to two ··new con-

elusions, however. In every case where J was increased by increasing + . . 
. T at constant PV' j3 is observed to increase with increasing J+. ~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 j3 was reached 
+ 

·and a strong decrease in j3 occurred with further increase of J ·: This 
+ 

is bel.ieved to be caused by and. u~_ique to the very large pore diameter 

(~38 microns) of the particular ionizer. The reprodu~i~ility of these 

experiments. is proved by the. data plotted ·in. Fig .18 .. For the thre~ :. 

cases, where curves of j3 vs J '(obtai·ned at di!feren:t conditions and on .. +' .... . . ·. 
six different days) intersect, the data points on the varying T curves 

corresponding to the constant v_alue of ':l' _for the_ vary~ng PV curves, fall 

on or very near the varyin'g PV curv:es ... Also of in:terest are the data 

for the 44- to 74-micron ionizer. The ionization e_fficiency is· obs'erved 

to drop sharply with increasing J+.' produc·ed· by increasing PV," aft_er 

starting near unity, probably bec;wse of· the: la;rge pore diameters ·that 
. . . ·. . . 

may serve as sources of more: neutrals at higher f1owrates. '··A maximum 

is exhibited for j3 at ab~ut 1375 K whe~ T was va~·ied at ~oderate PV. 
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The details of this phenomenon are discussed Jn. section 5.16 •. A postu:-

lated curv.e 

hili ty. :that 

maxima, .but 

for higher Pv· is shown in ~ig. 18. This hints of the possi­

al1{3 vs J+ curves at constant ~y. and varying T may exhibit 

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

Curves A,·B,C, and·D of F~g. ~0 d:i,.splay ~consistent and interesting_ 

correlation of the relationship between {3 and J+ at constant T and the 

basic ion~zer.powder size~ The negative slope of{3vs J+ incr~ases 

with incre~sing powder size roughly as either the pore size or the. . . . 
speci~ic periphery. The ionization.e~ficiency is nearly constant.with. 

J + for ~he smalle~t powder size for which data could be obta~ned ( 0. 9: 

m:i,.cron, d = 1.2 fL, Ps = 0.13 fL-l) {3 decreases slightly with increasing 

J+ for the 8-m:i,.cron ~onizer (d = 6fL, Ps = 0.062J.L-
1

).and slightly more 

for·the 12-to 18-micz:on ioni~er (d = l3fL, Ps = 0.064fL -l), and 

decreases so rapidly with J for the large-pored, 44- to .74-micron .. . . + . 
ionizer (d = 37J.L, Ps =. 0:027f1- -l) that. it is less than 70 percent.at.

1 

~ ma/sq em (Fig.l8), whereas it extrapolates to 100 percentat.J+ = o., 

If high{3and 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 smali in this 

work), and as high an ionizer temperature as possible; within the 'limits 

imposed by power efficiency (higher T results inhigher·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 Tc·, :but a strong contradiction ·occurs when: the 

relationship between J and powder size is examined. In that case; the 
+ 

permeability. to cesium flow decrease·s 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 dec~easing 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 {3 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 (~ 1/3) 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 (H2 , N2 , air, and the inert 

gases, He, Ne, A,· Kr, aml Xe), flow through sin-tereu 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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lall!~:n~f,/~PW ,is o~sery,e,d, (wh~n th,e -particle. me.an f.r~e patp.: bec:om_e·s eom-' 

par~b;l;e t;~ the . chaqn.el diam_e.ter );. )t ei tiler .. of -these, .mo.de~ _.were to 

accou.Il.t_ .. fpr ~he tr·anl;lpoz:t :.of .cesium t~r:ough .the.se same ionizers,, larg.e 

numb~:rs ·of '\)nadso.rbed.:~to"ml3 would be expect~.d·· to issue- -;f_rom __ the· active-: 

ionizer pores as neutrals, resulting in a low ionization efficien<;y~· ... ·, 

Cesium and the other alkali metals, fortunately, are very sorbable on 

-!:.ungsten; other transport modes, the adsorptive modes, can compete with 

free molecular flow. As the flowrate, and hence J , is increased, the 
+ 

influence o·f free molecular flow becomes stronger and the ionization 

efficiency decreases because of the increased probability of neutral 

atom escape from the pores without being ~n 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 de~rease of the ionization efficiency,, 

as .J+ is increased and the flowrate increases, 

When T is increased, the surface diffusion flo-ivrate is increased by 
-l/2 -~ /kT · -l/2 T · e m while the free molecular flowrate is decreased by T · , 

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 TC. The ionization efficiency 

will continue to increase with T until the value of T is reached where 

J3 is maximum or nearly constant, and will then decrease or increase 

slowly with increasing T depending upon the relative magnitudes of 

cpk [ 8 (J)] and Vi· (/3 will incre.ase if cp k drops below Vi, and will 

decr~ase with T i£ cpk remains greater than V.). For cesium and tungsten, 
' 1 

the decreasing /3 mode is expected to predominate up to fairly large 

values of J when 8 
+ 

becomes large enough over the entire surface to 

cause cpk f ( 8) 
max 

to approach V .. 
1 



If P is increased (at constant T), both the surface diffusion and the 
v 

free molecular.flowrates are increased linearly, so J increases lin­
+ 

early. Because T is constant, e . increases arid cpk decreases 
m1n max . 

toward V. ·, causing the ionization efficiency at the particular T to . 1 

decrease. · 



I. 

5.13 CRITICAL TEMPERATURES AND HYSTERESIS 

In studies of surface ionization, the term critical temperature is defined 

in two different ways. These will be distinguished in this work as 

follows: TC will refer to .. the general concept of critical temperature, 

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

face temperature at which ion formation first occurs, and TCU will 

refer to the upper critical temperature, defined as the surface temper­

ature at which the emission-limited current is first drawn (or the 

temperature at which the ion current begins its sharp drop as T is 

decreased). TCU is the minimum ionizer temperature required to 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+ + .. n
0

) 1 hot.h nf. which are uniform over the ionizing surface. A 

given T then leads to specific ion and neutral atom residence times 

( T and T ) , and together 1 PV and T lead to particular surface concen-+ 0 

tration of ions and neutrals (or and or ) and hence to a given surface 
+ 0 

coverage ( 8), all of which are uniform over the surface. Thus, as T 

is raised at constant nT (PV)' T (for evaporation of neutrals) decreases 

and the correspo.nding or and e decrease via evaporation of neutrals 

which is governed by the requirement that the total ion energy (thermal, 

etc.) exceed A , the heat of evaporation of a neutral ada tom. (A is 
0 0 

a function of such quantities as the applied electric.field.) When e 
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has decreased to e ' the value ·of e for which ¢k· . (:e)' the highest 
c max 

local surface work function, just exceeds V. , the ionization potential, 
1 

. adsorbed atoms can become adsorbed ions on the patches of maximum cpk . · 
and patche·s of a. geometry such that A+, .the heat of. evaporati'on 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 define .. CI as the .value of•·T .for which 8 ~ 8c on the patches 

of cpk and A ~· at a given PV (nT) . 
. · m;;~x +min 

As T is raised further, Vi. is exceeded by cp k ( 8) on .more and more· 

patches of lower .and lower: ¢k,. until finally e becomes less than e c 

on the patches of lowest cpk (cpk . ) . At· this time the ·emission-
mln 

limited ion .current is drawn provided that the applied electric field. 

exceeds~that value corresponding to the space-charge-limited~ emi~sion~ 

limited vol:tage kn~e .. In the space-charge-limited region, al tho·ugh 

nearly all adatoms are in the ionic state for T > Tc, the ·ion current 

density is limited and many ions are returned to the ::;urface by their 

image, charges. Because .the probability of neutral emission 'is enhanced 

by the resulting higher e and because the extract·ed ion current is low, 

the measured ionization efficiency is low.· Thus· TCU occurs when· 8 ~ 8~ 
on the patches of cpk .. (the e.ntire surface).· 

· m1n 

Now, .if. PV is raised, nT, 0", and· 8 are also .increased for. corresponding 

'1' 1 s. As ~ is again increased' T and e tie crease but e (arid~ A ) . is' 
c + 

. fir.st exceeded at a higher T ,.·and TCL is therefore higher. In the same 

manner, TCU is increased. Therefore, for 'filament ionizers; ·Tc increases 

w:i.th increasing PV (nT). 

In 'addi t~on, because. of the· uniformity of 8 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 discusE!ions) that as T is incre.ased 

and e decreases from values near unity to smaller values, the adsorbed 

neutrals experience two. binding forces,· that to the surface and that to 

the adjacent adatoms, resulting in a particular value of A . On the 
0 

contrary, as T is decreased and conde'nsation onto the surface increases, 

the individual adsorbing atoms experience binding only to the surface 

arid not to adjacent ada toms. Because. e is very ·low' and A 'i.s. thus 
0 

lower, a lower T is required for evaporation. Therefore, T C is lower 

fpr decr.easing T {increasing 8) than for increasing T (decreasiu'g 8 ) 
as has b~en repo~ted in many instances for cesium on polycrystal~ine 

t11ngsten filaments. 

5.14 CRITICAL TEMPERATURE VS ION CURRENT DENSITY 

The most reliable data obtained in this work. for the variation o~ TC 

with J. are presented in F'ig. 21 , together with most of the other pub,-· 
+ 

lished data for the ionization of cesium on porous tungsten (Ref. 9, 10, 

11, and 28), and one curve for cesium and filament tungsten for compar­

ison (Ref. 7). The data are plotted· in the standard form of inJ vs 
+ 

1/Tc. Both TCL and TCU' as defined in s~ction.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 Eat many various T's, not from a 
+ 

single plot of J vs Tat one partiqular 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 within 

the rather narrow range of 1123 ±5 K (with on~ 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 em of the reported TCU values in 

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

emission-limited J , an increase in TCU still occurs with J (EI). The 
' + + 

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

investigators. The rate of increase o~ the differ~nce between TCU and 

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 TC vs J+ to be 

P.Xtended to J 10 ma/sq em as shown in Fig.2l . The increasing value + ' 
of (Tc{r.minus TCL) was always added to the assumed constant TCL Jor 

porous tungsten ionizers. That is, 

B(J )J 
+ + 

(51) ' 

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

1123 K. This empirical curve falli very close to the empirical cutve 

for filament tungsten above l rna/ sq em (Ref. 7) . 

. ·· 
It was observed in this work that if TC was obtained from simple plots 

of J+ vs T at·some arbitrary value of V (E), the points for TC vs J+ 

fell witp'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 

manner described above fell more nearly on a smooth curve and fairly 

close to ·the filament ionizer curv~ (at higher J), although stil~ 
toward higher values of TC. This may be one explanation of the gross 

scatter of the experimental data which was found for porous ionizers. 
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(Possible reasons for this efte~t. are des~ribed in Ref. 8 .) It.is 

possible, then, that for porous ionizers the choice-of the proper value 

of V can cause the reduction of TC (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 

attractiv~ for ion engine applications. 

If the critical tempe~ature is defined as the ionizer temperature at 

~hie~ 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 th~ seyeral conditions which can influence the 

relationship between T and /3 , such as the magnitude of {3 itself. · max max 
Jf 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 vs J+ 

is. obtained. The .corresponding {3 will be high but not necessarily· 

maximum. 

If, o.n the other hand, TC is defined as the temperature at which the 

ionization efficiency is a maximum~ then Tt will occur at.some value 

.of T above the previously defined TC because {3 may. become ·a maximum or 

be nearly constant at larger :vall)es 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 8. on + . 
the_ surface patches (tho~e farthest from the active pores) inc~~ases and 

causes the corresponding maximum cpk to decrease toward the value of Vi 

(for CE:lsium on tungsten--for other systems, a different situation may 

exis_t). At. low values of J , cpk - ( 8 .. ) is enough larger than- V·. 
· · · · ·+ max m1n _ 1 

to cause /3. to have a definite ma.x;imum at T close to Tc· As J+ is in,.-

crease.d, cpk .. decreas.es and, becQmes more and .more constant ~i th T to 
max ,./.... 

some point near the condi~ion. 't'k . V., beyond which {3 begins to 
max 1 
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increase with T. For much larger values of J+, a maximum in j3 may·· 

never be reached with increasing T. Thus, the decision of the individual 

investigator concerning where Tc is· ·chosen couid account for the varia­

tions in a plot of TC vs J+, particularly 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 chemisorbcd on the sur­

face could cause the· effective 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 i1o method 

is known for measuring the microscopic values of e 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 A (E), A (E),· /3 (E), and TC ·are dras-
o + 

tically changed, such experiments are quite irrelevant, if not incorrect, 

for application or comparison to the process of surface ionization which 

is performed.at values of E 4 to 5 orders of magnitude lower. Thei"efore, 

T C is plotted as a function of J +" However, this leads to possible 

errors because, for e~ample, i~ the ionization efficiency is less than 

unity, JT is greater than J+ and therefo:r.e · 8 is actually greater than 

that which corresponds to J+. If then, TC were plotted against 'JT,;, J+ 

+ J
0 

J+//3, the values of Tc·:would be plotted higher on the scale of 

JT and hence lie closer to the curve for filam~nt ionizers (Fig. 21) ," 

for which /3 is essentially unity. This might also eliminate Rome. of 

the scatter in the porous ionizer data. Other similar considerations 

exist, all of which lead to higher values of 8 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, T C.will be 

somewhat higher f~r 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 vaiues of TC than implied by. some of the 

data of Fig. 21 can be employed to ensure a given value of emission-

limited J • 
+ 

fhe explanation fo~ the prediction of a possible constant TCL or at 

least a le.ss rapid. change of TCL with J + at low J + for porous ionizers 

·is' giv~n in detail in Hef. 8. In brief, it is related to the fact that, 

. f~r porous ionizers' a- and e are not uniform over the surface' but are 

high 'at the pore lips or wails and decrease radially outward, being 

higher at the grain .steps than on the flat surfaces. Therefore, for 

low an.d moderate fiowrates (J ) , areas with 8 from unity to zero exist 
:f-. 

in contrast to the filament ionizer on which e is nearly constant and 

uniform,. and dependent. upon PV (nT) only. 

In Hef. 10, it was observed that for a porous tungsten ionizer the maxi­

mum {3 occ~rre<i about 100 K above Tcu· In this worl' it is observed 

that 0 or.r.1n·s at a T above TC., but that Llu~ amount varies invcrsly f..lmax 
with {3 . . When the maximum emission-limited current is plotted us a 

.. ' .functi~~a:f T, us .i.n Fig. 29, 0 occurs within about 2o ·K ~hen ° ~max · . ~max 
is 9H to 99 percent, within abo.ut 50 K wh~;l 0 . is about <)5 percent, 

. · ~max 
within about 120 K when ° is approximately <)0 percent, and aH much ~max· 
as 250 K higher when {3 is as low as 70 percent. If f3. i.8 plott.ed . . max . 
as a function or T for various V (or E), as .in Fig. ~8, 37, awl 39, 

then for certain V, {3 . may occur for a T closer to 'fc (Fig. 21). max .. 

I ' 
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5 ._15 :FXP~IME.NTAL HYSTERESIS FOR A POROUS IONIZER 

Critical tempera,t~re hysteresis effects have been observed in many exp,eri­

mental investigations of surface ionization with filament ionize.rs of 

several elements and with a number of different atomic and molecular adatom 
;,•' 

species. The data from four such references (Ref. 29, 30, 11, and 31) which 

repo_rt ,information for cesium on tungsten .will be tabulated for comparison 

with the re;:;ults of this work for porous .ionizers. This effect has not been 

observed f,~.r all adatom-surface spe_cie comb_inations, but has always been 

observed for the Cs-W system. The magnitude of the upper critical tempera­

ture diff~rence ( c.alled ~ TG herein) for increasing T and decre~~ing T. seems 

to increase with n
0 

or J + as does Tc itself. No similar experiments or 

results have been published for porous ionizers. 

phenomenon was discussed briefly in section 5.13. 
.. . ~ . . . . l 

The explanation for this 

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 s'ingle 

critical temperature which does occur should be the critical temperature 

obtained for a decrease of ionizer temperature in the case of filament 

ionizers. 

An expcr~ment was performed with the 5-micron porous tungsten ionizer and 

cesium to measure experim~ntally the m~g:ni tude or upper limit of. this 'effect 

for porous ionizers. The technique used was -Lhe standard 'one employed 

through~ut.this work to obtain emission-limited current densities as a func­

tion of "ioniz.er temperature. The results of ·this experiment are presented 

in detail her'e because they will be used· in ottter sections to illustrate 

relationships among variables· and experimental techniques, and will serve 

for comparisons with experiments with other ionizers of different powder 

size. 

Because this experiment required many hours of continuous ionizer operation, 

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 part of 

the cesium feed system and ~herefore determines the cesium va~or pressure. 

The r·eservoir temperature was established at 480 K for this experiment, and 

it was possibl~ to maintain this over. the many hours required 'for the exper­

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

Curves of J , J (n ) , and {3 vs E from 0 to 7 or 8 kilovolts were obtained 
. + 0 0 

at ionizer temperatures of 956, 1005, 1047, 1081, ll2l, 1141, ll59.,,ll79, 

1241, and 1293 K in increasing order. followed immediately by curves at 

1190, 1168, 1136, and 1094 K in decreasing order, having first reduced the 

temperatur_e from 1293 K. Three of these curves are presented in Fig. 23, 

24 , and 25. One ( ll4l K) curve occurs on the sharp rise of Tc a?~ there­

fore illustrates the data for low ionization efficiency; one (1179 K) occurs 

at the knee between the slprp 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 is 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 obtained from the 14 specific temperature plots like 

Fig. 23, 2LJ; and 25; ~re di$played in Fl.g. 26 ·, 27 '· ap.d 28, respec'tively. 

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 

betwe~n TC1 .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 density vs T. TCL 

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

until the emission-limited condition is well established. An indication 

of a second critical point is observed at a lower temperature (rv 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 

107 



E 
.0 

C" 
(/) 
..... 
<( 
.~ 

0.6 

0.5 

0.4 

• 0.3 

0.2 

0.1 

108 

~" I 
I 

JT I 

/ 
I 

I 
.,( , 

I 
I 

I 
I 

I 

~ T=ll41 K I 

I 
I 

I 

, 

Figure 23. Particle Fluxes and Ionization Efficiency 
vs V for 1:::::.. TC Experiment 

40 

30 t-z 
IJJ 
0 
a: 
IJJ 
a.. 
>-
0 z 
IJJ 
0 
LL 
LL 
IJJ 

20 z 
0 

~ 
N 

z 
0 

10 



E 
(,) 
C" 
en 
....... 
<t 
~ 
..., 

o.s~--------~~--~------------------------------------------~100 

0.4 

.0.3 

0.2 

0.1 

0 

Jo 

2 

I 

. I 
I 
I 

')(. 

I 

I 
I 

/ 

,.,. .,. _..x .... ,' 
. x-

_,..,...... ', 
~x,.. x 

X...... ' 

IT= 1179 K I 

3 4 5 

V, KILOVOLTS 

Figure 24. Particle Fluxes and Ionization Efficiency vs V 
~or b. TC Experiment 

.: .. 

90 

t-
,·? 

w 
(,) 
a: 
w 
a.. 
~ 

>-
(,) 
z 
w 

80 u 
LL 
LL 
w 
z 
0 

~ 
N 
z 
0 

' 70 

·': 

... •;.· .. ·. 

., -. 

109 



E 
u 
cr 

C/) 
...... 
<( 

~ 

-, 

llO 

0.7~-------~------------------------~~------------------~100 

OA 

0.3 

0.2 

0.1 

0 2 

I 
I 

l""x--x-- -x ---x--
/ 'x, 
I 
I 
I 
I 

I yf3 
)( 

~T= 1293K I 

3 4 5 6 .7 
V, KILOVOLTS 

Figure ~5. Particle Fluxes and Ionization Efficicincy 
vs V for ~ '1'(; Experiment 

90 

1-
z 
w 
u 
a:: 
w 

80 a..~ 
>-u z 
w 
~ 
lL. 
lL. 
w 
z 
Q 
1-
<( 
N 

70 z 
0 

60 

8 



-~· .. 

4.or-------~------------------------------~----------~ 

0 w 
C/) 

I 

2.4 

E · .. 
.u 
0'" 

~ 
Cl) 

E 
0 
a 

0 
c. 

··.: 

P~ =0.11 mm Hg 

~ ·. ·.· 
~ ·, 
//~ 

// . n0 (T<Tc)FOR V=ITHRU 
// 7 kv ·· · 

/ 
/ 

~· . :' 

1000 1100 1200 ·1300·' 1400 
T,K ·.:J. 

., 

• 

1200 

n,;(Tl FOR E!:OAND 
Pv·=CONST 
Tv =478 K 

V=l kv 

1300 1400 
..... ., .. ' 

Figure 26 Neutral· Fiux vs T at Constant Py for the 
5-Micron Ionizer b. T C Experiment 

·. ;-

1500 

lll 



E 
0 

tT 
t/) 

........ 
0 
E 

+ ...., 

0.6.---------~------~------~-------------------------, 

Pv aO.II rnri1 Hg 

2.5 kv 

2 kv 

.__ ... .,_--~ 0.5 kv 

0 ~--~~----~~~_L~~~L---~~--~~~--~--~~ 
800 900 1000 1100 1200 1300 1400 1500 

.T, K . '• .. 

Figure 27. Ion Current Density vs T at Constant PV for 
5-Micron Ionizer /:1 TC Experiment . 



IOOr---~/~--~~~~~~=~~~-=~~~===========-1 
I 4,5,6,7 

r­z 
LLI u 
0::: 

90 

80 

70 

IJJ 60 . 
a. .. 
>­u z 
IJJ 
(.) 50• 
lJ.. 
IJ.. w 
z 
0 40 
:I­
~ 
.N 
z 
·O 

V. POSSIBLE LIMIT FOR 
VARY LARGE VALUES 
OF E . ·. · 

I 
I . . :Pv· =0.11 MM Hg· 

I 
I 
I 
I 
I 
I 
~I 

I 
;I 

.I 
,, 

:1 
., 

:I 

;/ 

:I 
·I 

:tK·V.= 3 X 10
3 

VICM 
· (:AJ LEAST) 

:GKV, 
:5KV 
4~Kv, 

3KV 
2KV ... · 

I' 

TO :/ .I:KV · 

;I 

·I 
1000 1'100. 

·T, 'K 

2 

I 

'1200 '1300 

Figure 28. Ionization Efficiency vs T ·at. Constant 
·pV ·for 5-Micron 1::. T C Experiment 

1400 

113 



. ' ~ 

seems to be; appearing at lower temperatures, particularly at higher elec-

tric fields. It seeiD.s possible· t.hat .fo~. elec.t:ric fie.lds ,orders of magnitude 

larger, the; curV:e o~ {3 vs T mig~:t·· ap~;~~dt th~ -~otted :cur~e in 'F'ig. 28. 
). : 

No explanation for this observat;iqn is offered at this time. This figure 

also shows ~ tendency for a genera;l 'shift of critical temperature to lower 

values for increasing electric fi~ld, very· much· like the data of Ref. 31 
•·I· 

for considerably larger electric:fields. The influence ofT on the total 

flux is shown in the insert in Fig~ 26 . 

. : . 
The data are then presented in a s1ightly different manner .in Fig. 29'which 

! .. 

is used to ,measure the effect of critical temperature hysteres~s for. this 

porous ionizer· (5-micron tungsten,):.' The values of the maximum 'iC?Jl. cu:rrent 

density at the space-charge-limited, emission-limited knee of each of the 
' 

14 plots of J vs Vat different constant Tare plotted as a function ofT. 
. + 

For example, in Fig. 24 , the value of J+ (0.38 majsq em) at 3."~ kv ~~ 

plotted in Pig. !::!9 at 1179 K. The .. value of J is not necessarily the maxi­
+ 

mum value of J + observed for any v.· because, as 1n Fig. 24 , _slightly 

higher values of J are attained for V > 5 kv. The percentages .at each . . + .. , . 
data. po).:nt are ·Lhe corresponding ionization efficiencies. ARcending .~nd 

descending temperature curves are drawn through the data points of Fig. 29 

and are distinguished by arrows. T:he descending points lie at. slightly 

lower temperatures and the .c~rves i~~icate about a 5 K difference'between 

them. However, because only a few pqints exist.on each curve (aJt.hough 
; ,. 

they fall on fairly straight, paral.l¢1 lines) and -be'cause the ~ccuracy of 

the individual temperature measurements is only within the accura:'cy of the 

optical pyrometer, a definite statement t'hat the d~sce.r.iding curve lies 5 K 

below the ascending curve cannot be .made. Howev~r, .~he statement can be 

made that little or no critical temperatu~e hysteresis .occur~ ·for porous 
.. 

ionizers (at least for the Cs-W system/ at this neutral flux. 
·· .. . · .. _,. '-

Values ot_~ .. TC resul t,ing fr?lll::-~ imilar_·:experim~.~ts ··with f:i~ament ionizers 

are presented in Table 6 for comparis9n. The same Cs-\1 system is included 

·.· 
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System 

Cs-W 

I 
Cs-Re ' I 

I 
I 
I 
i'K-W · 

I 

TABLE 6 

TABULATION OF APPROXIMATE EXPERIMENTAL VALUES 

OF /:J. TC IN DEGREE K 

Ref. 29 Ref. )0 Ref. ll fief. 31 
(Filament) (Filament) (Filament) (Filament) 

1-!0 ( 780) {105 F220) 70 (1,240) 120 ll~O) 
-

{90 puo~ 130 (1235) - -70 1!295 

{175 ~715) - - - 190 910) 

NO'T'F.: (The number in parentheses is the TC for the 
descending filament ionizer curves wRich then 
compares with the TCU of the porous ionizer.)· 

116 . 

This Work 
(Porous) 

~5 (1180) 

- I 

I 
-



r 

together with one ·additional surface specie (Re) with cesium and one 

additional adatom specie (K) with tungsten. The values of 6 TC cover a 

rather large range, but they are all very significant compared to the 

results of this experimen~. 

5 .. 16 SPECIAL PRESENTATION OF 44- to 74-MICRON IONIZER DATA. 

The largest-powder-size ionizer studied (44:..." to 74 micr~ns) yielded some 

characteristics different from the sma11e.r-size powde.;rs studied in this 

work and by other investigators. 
·. . 

Some interesting results were obtained 

at the higher eesium vapor pressures used for th~s :more permeable! i'onizer. 

To show·some of these characteristics and to illustrate the way in which 

data were obtained for these ionizers, some·of the data for the 44- to 
'. 

74-micron i·onizer·ar.e presented here. Plots of J , :J , and hence JT and 
+· 0 

f3 VS E were obtained at various. ionizer temperatures and at two values 

of vapor pressure,. 9:lle low enough to produce relatively good ionization 

efficiencies but low ion current densities, and one at a ~igher cesium 

vapor pressure which produced higher current densities and some other 

P..ff~c.ts which i1iclude ·lower values o'f {3. ·· · 

Measurements .wer,e performe.d at a .ce.sium vapor pressure of 7 x 10-4 mm Hg 

( 373 K) for ionizer temp.eratures of 1019, 1123, 1173, 1273, 1373, and 

1473 K, and at a pressure of 1.3 x 10-
2 

mm Hg (426 K) for temperatures of 973, 

1073, 1123, 1173, 1223, 1273, 1373, and 1473 K. Some typical curves are 

shown in Fig. 30, 31, 32, and 33 for the second case, and in Fig. 34 for ~he 

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 efficienc~ 

because of being on the critical temperature slope. · Figures 3.1 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 

shapes were commonly observed for all ionizers and can be compared to those 

of Fig. 9 for the 0.9-micron, Fig. 8 for the 12=--to 18-micron, and Fig. 24 for 

the 5-micron ionizer. All of these curves show that JT d~creasP. :i.n general 

withE, 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-

e iency for an ionizer of this large size powder will decrease even fur.ther 

with higher flowrates (vapor pressure). Figure 33 shows the unexpected 

effect at 1473 K where the ion current drops to essentially. ze.ro at 7. 5 

kv after having risen on the space-charge-limited curve to about 1/2 ma/sq 

em at about 4.5 kv. The total flux drops to a low value, all of which 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 fl114 with ionizer temperature and thP. pffpd. of .incroas ing 

ion accelerating voltage are seen in Fig. 35 • The curve for V = 0 is 

just the cesium flowrate through the porous ionjzer~ in the absence of any 

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 lo~ vapor pressure case is shown as a dashed lirie in Fig. 29. The 

critical temperature also is evidenced in this type of plot. Figure 35 

shows that for increasing V, n dips lower but eventually rises again 
0 

somewhat more sharply than n 
0 

at V = 0. In the 6-, 7-, and _8-kv cases, 

n reaches a minimum where it remains until some value ofT, above which it 
0 

increases as before. Apparently, the value 'o'f n and hence of {3 could be 
0 

kept low at higher T by increasing the voltage still further. 
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Figure 36 shows c·orresponding plots of J vs T at fixed values of V. For 
. + 

values of V less than the emissfon-limi ted v·ol tage, the curves have the 

characteristic form observed for filament ionizers for which the maximum 

value of J+ is fixed by the incident cesium flux (Py) 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 PV. 

Thus the curves for V>V (EL) continue to rise (n is also rising) almost 
0 

linearly with T as seen for the 4- and 5-kv curves in Fig. 36. Up to this 

point, all such plots are similar for all of the ionizers studied in this 

work. However, for the 44- to 74-micron ionizer only, the forms of the 6-, 
7-, and 8-kv curves of Fig. 36 were observed. Ali drop with·increasing 

seve·ri ty witli 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 othe; 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 ionization efficiency with T at constant V are shown 

in Fig. 37. The effects of the critical temperature are again seen" The 

.effects of both n and J at high V and high T are combined in the effects 
0 + . 

of {3. · 

If the curves for n and J are added, a curve which shows the variation 
0 + 

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 kv, the curves vary little from n at V 0. 
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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