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I. INTRODUCTION 

Operatlng ln an arc discharge mode, hollow cathodes are capable of 

providing large electron currents ( > 1A), efflciently 

drop), for very long tlme perlods (1000's of hours). 

< 50V potential 

These operating 

characterlstics glve hollow cathodes signiflcant advantages over other 

types of electron sources and have led to thelr use ln a wlde varlety of 

plasma dlscharge deVIces. In addltlon, the cathode is ltself a plasma 

dlscharge device formlng a dense, highly lonlzed lnternal plasma during 

operation. Because of lts advantages as an electron source and ltS 

unIque propertIes as a plasma source, the hollow cathode has been the 

subject of a conslderable amount of research Slnce its first appearance 

more than fifty years ago. Though this research has improved our 

understanding of cathode physical processes and has led to a number of 

analytIcal models, there have remalned areas of dIsagreement regarding 

key aspects of cathode operatlon and none of the models has proven to be 

wholly satisfactory as a predictive, self consistent description of 

hollow cathode operatlon. 

The present study deals specifically wlth cyllndrical, orlflced 

hollow cathodes of the type used in mercury lon thrusters. The study 

has two basic objectives. The flrst is to provIde a better 

understanding of the physlcal phenomena underlYlng oriflced hollow 

cathode operation. Thls aspect of the study is based on an experlmental 

Investlgatlon WhlCh lncluded detaIled measurements of plasma propertles, 

surface temperature, and current denSIty profIles within the cathode. 
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These measurements were undertaken to 1dentity the locat10n and 

mechanism for var10US electron product10n processes within the cathode 

and to determ1ne the effect of cathode operating parameters on these 

processes. The second objective 1S to develop an analytical model which 

descr1bes these processes and wh1ch can be used to predict important 

cathode operating parameters such as em1ssion surface temperature and 

discharge voltage. 

Though these stud1es are concerned w1th orif1ced hollow cathodes, 

much of the research 1nvolving the more common open-channel, (non-

orif1ced) hollow cathode has proven appl1cable to the orificed cathodes. 

In turn, many of the physical processes and much of the analysis of the 

present study should also be applicable to other hollow cathode 

configurations, including the open-channel cathode. Before presenting 

the results of the present study, it will be useful to provide, by way 

of background, a br1ef general d1scuss10n of hollow cathodes, the 

impetus for th1s study, and its relation to preV10US research on hollow 

cathodes. 

Background 

The operat10n of hollow cathodes falls 1nto two distinct regimes: 

hollow cathode glow d1scharges (low currents, J < lA w1th h1gh cathode 

potentIal drops, V > lOOV) and hollow cathode arcs (h1gh currents, I > 
c 

lA with low poential drops, V < lOOV). The various emission and 
c 

excitation processes underlying operation 1n these two regimes are 

considerably different and require different experimental and 

theoretical methods. Consequently, research on hollow cathodes is 

generally divided Into Investigations dealing with either the arc or the 
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glow discharge regime. The oriflced hollow cathodes used In ion 

thrusters operate In the arc regime. The present study and the research 

which will be reviewed In this section deal with cathodes operating in 

this arc regime. 

The obvious defining characteristic of the hollow cathode IS that 

the electrode, usually a refractory metal, forms a hollow cavity with 

walls at cathode potential and an opening which faces the anode side of 

the discharge. During operation a plasma discharge IS established which 

extends Into this cavity. The Interaction of this Internal plasma with 

the cathode cavity surface is an essential feature of the operation of 

the deVice. Free electrons are produced within the cavity both by 

surface processes, such as thermionic and various secondary emission 

processes, as well as by volume Ionization of the working gas. The 

ions, photons, and metastable species produced In the volume processes 

return to the walls of the cavity providing the heating necessary to 

control the emission process and make the discharge self-sustaining. It 

IS the combination of electrode geometry and the efficient confinement 

of the internal plasma discharge which IS responsible for the unique 

characteristics of 

characteristics 

the 

high 

hollow 

current 

cathode arc discharge. These 

capacity, relatively low power 

requirement, long lifetime, and a very dense internal plasma - have made 

hollow cathodes attractive for a variety of applications. Besides their 

application as an electron source In Ion thrusters, cathodes have also 

been used as plasma sources for research work and as spectral light 

sources. They have received application in deVices such as gas lasers, 

neutral beam InJectors for fusion research, plasma Jets, and thermioniC 

converters. Since the motivation for the present work IS based on their 
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appllcatlon to ion thrusters, the present dlScusslon will focus on that 

appllcatlon. Readers lnterested in other applications are referred to 

papers by Krlshnan [1] and by Delcroix and Trindade [2], which include 

discuSSlons of the history and varlOUS other appllcatlons of hollow 

cathodes. 

Ion Thruster Appllcations 

Ion thrusters, because they are capable of a hlgh speciflc impulse, 

have slgnlflcant advantages over chemlcal rockets for missions requiring 

large characteristic velocltles. However, because the lon thruster is 

an lnherently low thrust denslty devlce, a typical mlssion of interest 

for this type of propulsion system requ1res rellable operation of the 

thruster for tlme perlods on the order of 10,000 hours. Moreover, the 

overall performance of the propulslon system is very sensitive to 

thruster electrical efficlency because of ltS effect on powerplant mass. 

These requirements mean that thruster components such as the cathode, 

need to be efficlent, reliable, and durable. 

Electron bombardment ion sources requ1re cathodes both to supply 

electrons to the main dlscharge chamber and to neutrallze the lon beam. 

Orlficed, hollow cathodes were developed from the more common open

channel cathode speclflcally to meet the needs of this application. 

Open-channel cathodes, In order to operate in a normal arc regime, 

require an unsuitably large gas flow rate for thruster applications, so 

an orifice plate was added to restrict the gas flow. In addition, an 

insert contalnlng a low work funct10n chemical mlX was lncorporated into 

the cathode deslgn to ald in startlng and to lmprove performance. 

Because of the lack of understandlng of the physical processes taking 
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place within the cathode, the development of these orlflced cathodes was 

more or less a cut and try affair. Even simple changes in cathode 

design or operating requirements require extensive experimental re-

evaluation followed by lifetime testing. Such programs are both 

expensive and time consuming. For this reason, It is desireable to 

understand hollow cathode physIcs and to have a model which can predict 

cathode performance given cathode dimensions and operating conditions 

(discharge current and propellant flow rate). 

For thruster applications, cathode lifetimes and cathode power and 

propellant requirements are lmportant considerations. The cathode 

lifetime IS most sensitive to the operating temperature of the low work 

function Insert because the Insert temperature determines the depletion 

rate of the low work function impregnant. The power required to operate 

the cathode is proportional to the plasma potential just downstream of 

the cathode orlflce. (This is approximately the same as the voltage 

requlred to operate the small sustalner anode known as a keeper). This 

voltage is Important for two reasons. First, It IS a measure of the 

electrical efflclency of the cathode, and therefore, affects overall 

thruster efficiency. Second, it affects the plasma potential in the 

thruster discharge chamber whlch determines the ion energles, and 

thereby, affects the ion sputter rate of critical components In the 

discharge chamber. Finally, the propellant flow rate, particularly that 

through the neutrallzer cathode, affects the overall propellant 

utilization of the thruster system and also affects the insert 

temperature and cathode plasma potential. A useful model, therefore, 

would be one which could predict, for a given cathode, the Insert 

operating temperature and plasma potentlal downstream of the cathode 
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orlf1ce for a prescribed cathode current and propellant flow rate. The 

development of such a model lS one of the obJectlves of the present 

study. 

Hollow Cathode Research 

The long term goal of hollow cathode research has been a thorough 

understandlng of the physical phenomena lnvolved in hollow cathode 

operatl0n and, ultlmately, the development of an analytlcal model to 

predict cathode performance. This has proven exceedlngly dlfficult for 

two important reasons. Flrst, plasma dlagnost1cs and other measurements 

within the cathode are dlfflcult. This is because the cathodes are 

relatively small (a few ml1limeters dlameter typically), operate at hlgh 

temperature (+1000
0C), and sustaln a very dense, internal dlscharge. 

Second, the processes taklng place inside the cathode are very complex. 

It lS posslble for electrons to be produced by any comblnatl0n of five 

surface em1ssion processes: slmple thermlonic, field-enhanced thermlonic 

(Schottky effect), fleld, photo electric, and secondary emission 

(including 10ns and excited states); as well as by the volume ionization 

process which sustains the Internal dlscharge. These processes are 

coupled together In a complex way and they are also coupled wlth the 

gasdynamics affecting the flow through the cathode. In spite of the 

cons1derable amount of research done on hollow cathodes, the emission 

and plasma production processes have continued to be the center of 

vigorous discussion. At this point it will be useful to review briefly 

that hollow cathode research which lS pertinent to the present study. 

It will be helpful here to discrlmlnate between research which deals 

speclflcally wlth or1ficed hollow cathodes and that of a more general 
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nature dealing with hollow cathode arcs, 

cathodes. 

1ncluding open-channel 

Orificed, hollow cathode research has been directed mainly at 

specif1c applications. The early work on these dev1ces was for ion 

thruster appl1cations, while more recently there has been considerable 

1nterest 1n or1ficed hollow cathodes for use in neutral beam Injectors 

for fUS10n research. Soon after the or1ficed hollow cathode's initial 

development [3,4] in the mid 1960's, 1t was apparent that performance 

criteria for thruster applicat10ns could be met w1thout fully 

understand1ng the physics of the device. Because of this and because of 

the d1fficulty in making measurements with1n the cathode, many of the 

early studies were parametric in nature, concerned mostly with the 

development of a reliable device. However, there was also an interest 

in understanding the physics of the deV1ce and the early stud1es 

produced numerous theories for operation of the cathode. However, 

lack1ng the necessary exper1mental data, it was difficult to answer even 

the bas1c questions of where and how the electrons were produced. For 

example, various investigators [4,5,6] involved in these early studies 

were able to provlde arguments in support of each of the five emission 

mechanisms discussed earl1er, elther singly or in combinat1on with one 

another. Most of these studies concluded that the emission takes place 

predominantly from the wall of the cathode orlfice. It has only been 

Slnce measurements of plasma properties [7]. surface temperatures [8.9] 

and currents [9.10] in the cathode interior have been attempted that 

this view of the emlssion process has begun to change. These more 

recent studies, which include data from the cathode interior. suggest 

that emission takes place mostly from the cathode interior surfaces and 
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that the predom1nant surface emiss10n process 1S probably thermionic in 

nature. Even as th1S V1ew was becom1ng widely accepted, other studies 

prov1ded convincing arguments supporting the earl1er theor1es or 

suggest1ng ent1rely new ones. 

Bessling [11] concluded on the bas1s of an experimental study using 

two cathodes having orif1ce plates made of mater1als with different work 

funct10ns (tantalum and thor1ated-tungsten) that electron em1ssion 1S 

from the orif1ce surface and 1S due to a comb1nat10n of field-enhanced 

therm10nic em1SS10n and pure f1eld emiss10n at surface irregular1ties. 

Th1S exper1mental evidence was based largely on photom1crographs of the 

orifice surface before and after operat10n. Wh1le these data could be 

open to other 1nterpretat10ns, h1S deta1led analyt1cal model did agree 

well with this evidence. 

A study that arr1ves at a totally d1fferent conclusion is one by 

Krishnan [1] 1nvolv1ng the large d1ameter argon hollow cathodes used in 

magnetoplasmadynam1c arcJets. Although these are not orificed cathodes, 

this research 1S mentioned here because 1t was partly mot1vated by an 

1nterest in ident1fying fundamental physical processes which might also 

be applicable to the small d1ameter, 10n thruster cathodes. The idea 

was that the large d1ameter cathodes used in the arcjet would allow 

deta1led 1nternal plasma d1agnost1cs Wh1Ch could not be done on smaller 

cathodes. Kr1shnan concluded from h1S exper1ments that 1t 1S possible 

for photoelectr1c em1SS10n to play an 1mportant role 1n hollow cathodes 

and that the surface em1SS10n w1ll locate itself one d1ameter upstream 

of the exit plane when the mean free path for energy exchange of the 

em1tted electrons is approximately equal to the cathode diameter. As 

Krlshnan admltted, 1t is not clear that the results for these large 
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pulsed cathodes are appl1cable to the smaller, steady-state, orif1ced, 

cathodes used in lon thrusters. It does suggest, however, that photo 

electric emission IS a process that should be considered. Th1s 

d1Scussion serves to h1ghl1ght the diverse nature of the theories that 

have been proposed regarding orificed hollow cathodes and to emphasize 

the commonly held op1n1on that detailed data from the cathode interior 

are critical to understand1ng hollow cathode phys1cal processes. 

In add1tion to or1f1ced hollow cathode research, wh1ch has been 

concerned mostly w1th cathodes for a spec1f1c appl1cat10n, there 1S a 

large body o{ research Wh1Ch 1S related to the broader tOP1C of hollow 

cathode arcs. Much of the hollow cathode arc research, particularly 

that carried out In France 1n recent years by Delcro1x and his 

colleagues, 1S of a more general nature In the sense that It IS not 

d1rected at a spec1f1c appl1cat1on. While the 11terature on hollow 

cathode arcs deals w1th a w1de var1ety of hollow cathode conf1gurat1ons, 

the most common 1S the tubular, open-channel hollow cathode. As with 

or1f1ced hollow cathodes, these cathodes require a m1n1mum gas flow 

through the tube in order to establ1sh a hollow cathode arc discharge. 

Though there are ObV10US and slgn1ficant d1fferences in the gas flow 

patterns between an open-channel and an orlflced hollow cathode, the 

research on open-channel cathodes is of interest because the electron 

and plasma production processes are expected to be sim1lar for both 

types of cathodes. Research on open-channel, hollow cathodes has, until 

recent years, been in the same sltuat10n as that on or1flced hollow 

cathodes and for the same reasons. It has been hampered by the lack of 

exper1mental data from the cathode inter lor and by the compleXity of the 

1nternal processes. As with orlf1ced hollow cathodes, this situat10n 
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has changed in recent years as exper1mental data [12] have become 

avallable for the cathode inter10r. The considerable amount of 

information on hollow cathode arc research 1S rev1ewed in an excellent 

survey article by Delcr01X and Tr1ndade [2]. Since publication of the 

survey article, Ferre1ra and Delcroix [13] have published what is 

certa1nly the best attempt to date to construct a comprehensive and 

self-consistent theory for the open-channel, hollow cathode arc. Their 

model agrees well with the ava1lable exper1mental data and w1ll probably 

replace the earlier theoretical work covered 1n the reV1ew article. Our 

discussion w1ll, therefore, focus on th1S recent theory. 

The model proposed by Ferre1ra and Delcroix prov1des a detailed 

analytical descript10n of the basic phys1cal phenomena 1nvolved in the 

operation of open-channel, hollow cathodes. These phenomena include the 

gas flow through the cathode, the surface emission process, the 

format10n of the 1nternal plasma by the wall emitted electrons, the 

radial transport of ions and electrons, the axial transport of 

Maxwellian electrons and the1r kinetic energy, and the energy balance at 

the cathode wall. In descr1b1ng the formation of the 1nternal plasma 

the model uses a method proposed by Allis [13] to determine the mean 

number of excitations and ionizat1ons produced per primary {surface 

emitted} electron. Th1S method uses a "gain function" to account for 

the coll1s10nal degradat10n 1n veloc1ty space of the pr1mary electrons. 

Using th1S analys1s, the authors calculate that, for argon, each primary 

electron yields on the average one add1tional electron due to 

ionizat10n. This means that the volume and surface processes share 

equally in the total discharge current. They assume that f1eld-enhanced 

therm10n1c emission 1S the dom1nant surface em1ssion process. 
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To the extent that this model correlates with the available 

experimental data, It appears to represent a reasonable description of 

the Important hollow cathode physical processes. The theory, however, 

does not account for the possibility of other surface emission processes 

and the degree of correlation between theory and experiment IS not 

sufficient to rule them out. Indeed, In the test case used for 

comparison, the model could account for only 9A out of the 15A measured 

discharge current. In addition, there IS no direct experimental 

evidence supporting the assumption that field-enhanced thermionic 

emission IS the dominant emiSSion process for this type of cathode. 

In spite of ItS detailed analytical formulation, thi model proposed 

by FerreIra and Delcrolx IS not a predicltive one. The model cannot 

predict the location or extent of the cathode emission region or explain 

ItS observed dependence on gas flow rate and discharge current. In 

addItion, the authors rely on an experimentally determined emItting 

surface temperature profile as input to the model In order to obtain a 

comparison of theory with experiment. USing such a profile as 1nput is, 

of course, unsatisfactory for a predictive model both because the 

temperature profile 1S usually not known and because the results are 

extremely sensit1ve to these temperatures. 

It 1S eV1dent that a better understand1ng of the surface emission 

processes and the related plasma production processes which determine 

the locat10n and extent of the emlSS10n reg10n 1S critical to the 

development of a predict1ve, self-cons1stent model describing hollow 

cathode operation. The ab111ty to make deta1led measurements w1thin the 

cathode of operat1ng parameters such as surface temperatures, current 
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densities, and plasma properties will clearly be a critical factor in 

improv1ng our understand1ng of these processes. 

Overview 

This thesis is organized in the following 

describes the apparatus and speCla! test 

manner. 

cathodes 

Chapter 

used in 

II 

the 

experiments with the emphasis on the type of measurements which it was 

poss1ble to make and the type of data which were collected. This 

chapter is meant to prov1de an overV1ew of the preliminary experimental 

work, includ1ng a summary of 1mportant results, as a background and 

physically grounded reference for the discussion of the model which 

follows. Chapter III discusses the model beginning with a 

phenomenological description of the phys1cal processes tak1ng place 

w1thin the cathode. Each of the important physical processes related to 

formation of the internal plasma d1scharge is then discussed in detail 

based on the experimental results presented in Chapter I. A s1mple, 

analyt1cal model is proposed to describe these processes. Chapter IV 

addresses the quest10n of the surface em1ssion mechanism, investigating 

each of the possible processes to determine their relative 1mportance. 

Th1S chapter concludes w1th the descr1ption of an experiment designed to 

test the resulting hypothesis that f1eld-enhanced therm10nic emission is 

the dominant surface em1SS10n process. Chapter V presents, in summary 

form, the analytical relationsh1ps wh1ch comprise the model and the 

major assumptions on which they are based. It also includes a list of 

symbols and un1ts used in the model. Chapter VI describes an experiment 

designed to account for all of the poss1ble current components which 

make up the total discharge current. The results of th1s experiment are 
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used to test a number of important assumpt10ns regarding the extent of 

the internal active region, the flux of ions leaving the reg10n, and the 

energy balance used for predicting the plasma dens1ty 1n the region. 

The results of calculations based on the proposed model are presented 

for the cond1tions used in the experiment and compared with the 

available experimental data. Finally, two experiments are described 

which provIde some insIght Into processes tak1ng place 1n the orif1ce 

reg1on. Chapter VII summarizes the key results of this 1nvestigation 

and suggests some areas for future research which could provide 

additional 1nsight into the operation of these devices. 

All equations presented In th1s paper are in MIS units except for a 

few empirical expressions where the units are clearly indicated. Plasma 

potentials, surface work functions and excitat10n energ1es are expressed 

in volts or electron volts, as appropriate. Important or frequently 

used symbols are listed 1n Table V of Chapter V. Other symbols are 

def1ned in the text at the point where they are used. 



II. PRELIMINARY EXPERIMENTS 

The model wh1ch w1lI be presented 1n Chapter III 1S a direct 

outgrowth of a series of exper1ments a1med specif1cally at identifying 

the electron production processes and the1r location w1th1n the cathode. 

The exper1ments Wh1Ch prov1ded th1S information used a specially 

des1gned cathode and mount1ng f1xture Wh1Ch fac1lttated mak1ng 

measurements which prev10usly had not been attempted. This chapter will 

describe the cathode and related equ1pment, the type of measurements it 

was poss1ble to make, and the procedures used in mak1ng them. It will 

also present a summary of certain key resvlts of these exper1ments. The 

purpose here is to present, as background for Chapter III, those results 

which provide the phys1cal understanding on which the model 1S based. 

Add1t1onal experiments and more detailed results w1lI be presented in 

subsequent chapters to verify certain assumpt10ns of the model and to 

test its accuracy. 

Apparatus and Procedure 

Cathode 

In order to 1solate the 1nsert electr1cally and to prov1de for 

d1rect visual observation of the 1nsert, a spec1al cathode was 

constructed uS1ng a quartz body tube 1n the manner suggested by F1g. 1. 

The cathode consisted of a quartz tube 6.3 mm OD x 4.0 mm ID covered on 

the downstream end w1th an or1f1ce place. The end of the quartz tube 

and the back of the or1fice plate were both ground flat to facilitate a 

good seal between them. The plate was held tight aga1nst the tube by a 
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tensIoning device which also acted as the keeper electrode. This 

electrode had an orIfice dIameter of 3.6 mm and was separated from the 

orifice plate by a 2.5 mm thick quartz spacer as shown in Fig. 1. 

Although prelIminary testing was conducted uSIng the orIfice plate shown 

in the figure, most of the data were collected uSIng the orifice 

plate/valve assembly shown in FIg. 2a. ThIS assembly facilitated rapid 

In vacuo variations of the orIfIce SIze. It conSIsted of a tantalum 

body and slIding orIfIce plate. The body was ground flat on both sides 

and had a 1.6 mm dIameter orIfice. The tantalum orifice slide, also 

ground smooth and flat, had three orIfIces wIth dIameters of 0.51, 0.79, 

and 1.0 mm drilled through it. A pair of leaf springs held the slide in 

contact wIth the downstream side of the body. By movIng the slIde to 

match different SIze orIfices with the body hole, one could change the 

cathode orifice diameter qUIckly without the necessity of opening the 

bell jar and exposing the insert to the atmosphere. During cathode 

operation the or1fice d1ameter was changed 1ncrementally by turning off 

the discharge and moving the slide to change from one diameter orifice 

to another. It was also possible, by moving through a short distance, 

to change the orIfice area continuously wIthout having to shut off the 

discharge. For some tests this latter mode of operation was preferred. 

The quartz tube was covered on the outsIde by a wire heater wrapped 

In a serpentine pattern, which was in turn covered on both ItS interior 

and exterior surfaces by a tantalum foil radiation shield. The heater 

covered 75% of the perimeter of the quartz tubing leaving a 

longitudinal gap along one slde of the cathode through which the insert 

could be vlewed. The insert, whlch was 3.9 mm in diameter, 
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was constructed of 0.025 mm tantalum foil coated w1th the chemical 

R-500i* and was placed 1n the quartz body 1n such a way that it 

presented a single layer thickness in the v1ewing d1rection. Its 

construct10n w111 be d1scussed 1n greater detail below. The cathode 

assembly was mounted 1n the support structure shown in Fig. 1. The 

sta1nless steel support structure shown 1n F1g. 1 included a plenum 

chamber wlth removable covers on both the top and the upstream end. The 

inside of the chamber was f1tted wlth a wire heater to prevent mercury 

condensat10n. The top cover was f1tted with f1ve electr1cal 

feedthroughs which could be used to make electr1cal connections to the 

inside of the cathode such as the one to the 1nsert shown in Fig. 1. 

The rear plate contained a tapered hole which was used as a throttle 

valve seat and another straight hole wh1ch accepted the pressure tap of 

aU-tube monometer. The needle of the throttle valve was made of a 

piece of tapered quartz tub1ng wh1ch could be moved axially to vent a 

portion of the mercury propellant 1nto the bell Jar. Th1S allowed rap1d 

adjustment of the pressure in the plenum chamber without requiring an 

adjustment of the mercury vapor1zer heater. The rear plate also 

contained a feed through al1gned on the cathode axis which allowed 

1nsert10n of a movable Langmulr probe 1nto the insert reg10n of the 

cathode. 

S1Dce the purpose of these experiments was to 1nvestigate basic 

cathode phenomena. the experiments were conducted by operat1Dg the 

cathode in a vacuum bell jar rather than a thruster. Discharge coupling 

was to an axially-mounted. cylindrical anode 6 cm in diameter and 8 cm 

* A double carbonate mlxture - (Ba/Sr) C0
3 

manufactured by the 
J.R. Baker Chemical Co •• Ph111ipsburg. New Jersey. 
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long, made from perforated stainless steel sheet. The bell jar pressure 

in the 10-3 to 10-4 Torr range during the tests. When there was no was 

mercury flow, as was the case during 1nsert cond1tlon1ng, the bell jar 

-6 
pressure would drop to -10 Torr. 

The results presented here will use as a parameter the total 

d1scharge current In' which 1S the sum of the keeper current I
K

, and the 

anode current lAo It was found that, for a given em1ssion current, the 

keeper current IK had (over the range of interest for thruster 

applicatlon) a neg11gible effect on maJor cathode parameters such as 

1nsert temperature and the 1nternal pressure. For all tests the keeper 

current was, therefore, held constant at 0.3 A. 

Insert Construction 

Ear11er testing showed that insert temperatures were very dependent 

on operating h1story and exposure to the atmosphere. Th1S was found to 

be part1cularly important with a s1ngle layer, fOl1 1nsert which did not 

contain a slgnlflcant amount of R-500 which could be released after the 

origlnal surface was depleted or contaiminated. S1nce the surface work 

function of the insert 1S critically important 1n determining 1nsert 

temperatures as well as keeper and d1scharge voltages, cons1derable care 

was taken in the fabr1cat10n and conditioning of the 1nserts. Inserts 

were constructed of 0.025 mm tantalum fOil 15 mm long and - 1.75 t1mes 

the perimeter of the 3.9 mm d1ameter mandrel around whtch they were 

wrapped. The flat foil was first cleaned wlth chlorothene and then with 

acetone. The three quarter turn section wh1ch would be two layers th1ck 

1n the final insert was coated with R-500. Th1s was done to provide a 

reservoir of R-500 thereby extend1ng the useful 11fetime of the 1nsert. 

The fOil was then wrapped around the mandrel and both free edges were 
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spot welded. The inslde diameter of the lnsert and the upstream side of 

the orlfice plate were then coated with R-SOO. The insert was assembled 

ln the cathode wlth the one quarter circumference sectl0n, which was a 

slngle layer thlck, positioned where It could be vlewed directly. The 

downstream edge of the lnsert was positioned -0.5 mm from the orifice 

plate. The lnsert was condltl0ned by allowing the cathode assembly to 

warm up overnlght with the cathode tube heater operating at -8S0oC and 

the mounting structure heaters at operatlng temperature. The cathode 

was started and allowed to operate at 2 to 3 A emission current unt11 

the insert temperatures had stabilized. This required 4 to 5 hours of 

operation. On lnitial startup lt was found that the lnsert would 

operate cold (no V1Slbie radlatl0n) or would have a small hot region 

along or near the downstream edge. During the breakln perl0d the 

temperature profile would change to what was considered the normal 

operatlng condition for this lnsert, a condition that will be shown 

later ln the results. Between operating periods the cathode was 

maintained in a vacuum environment with the mechanical pump. If the 

bell jar was opened, it was kept open for as short a period as possible. 

After the lnltial break ln, the cathode warmup time was a few hours and 

the cathode was generally allowed to run for an addltlonal couple of 

hours before data were collected. These precautions were sufficlent to 

insure that lnsert temperatures at a glven operatlng condltion could be 

reproduced to wlthin ±2S oC durlng dlfferent runs and wlthln ±10oC durlng 

a single run using the same insert. Temperature variations somewhat 

greater than this were observed between cathodes uSlng dlfferent 

inserts. 
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Segmented Insert 

A special, segmented insert was constructed in order to determine 

more precisely where the emission takes place on the insert and to 

correlate this with the insert surface temperature at that location. An 

insert was first constructed in the manner described previously, and 

then It was cut Into four 2 mm long sections and one 7 mm long section. 

Each section was connected with a lead wire to a separate feed through 

on the top cover of the cathode mounting structure. A sketch of this 

segmented Insert 15 shown In Fig. Zb. The segments were separated by 

-0.3 mm, and the emISSion current for each segment was monitored 

separately. The conditioning procedure and precautions mentioned above 

in regard to the continuous insert were also followed with this 

segmented one. 

Pressure Measurements 

The stagnation pressure In the plenum chamber supporting the quartz 

cathode was sensed by a U-tube manometer (Fig. 1) filled with Dow 

CornIng 70S dIffusion pump fluid. This fluid has a vapor point at 0.5 

Torr of 24S oC compared to 108 0 C for mercury. The heater on the high 

pressure side of the manometer maintained that column at a temperature 

which prevented mercury condensation without causing the diffusion pump 

flUid to bOll. The manometer was contained completely within the bell 

jar and thus provided dIrect measurement of the pressure difference 

between the bell Jar and the plenum chamber. The manometer had a 

pressure range of 24 cm of fluid which was equivalent to 13.2 Torr. 

The flUId levels In the manometer could eaSily be read to within 

±O.S mm, which for the low specific gravity Indicating fluid was 

equivalent to 0.038 Torr. Because of thiS the precIsion of the pressure 
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data IS considered to be very good. However, the heater on the high 

pressure column of the manometer causes that column to be at a hIgher 

temperature than the low pressure column. This significantly affects 

the fluid denSity of the high pressure column. The results presented In 

thiS report are corrected for thiS effect. The uncertainty associated 

wIth thiS correct10n IS estimated to be 0.25 Torr although errors as 

high as 1 Torr are considered possible. Unfortunately the greatest 

absolute error occurs at low pressures when the two column heights are 

nearly equal, resulting In what could be substantial relative error at 

these pressures. 

Throttle Valve 

In order to determ1ne whether the throttle valve could be used to 

adjust the Internal pressure and, therefore, the flow rate through the 

cathode orifice rapidly without adverse experimental effects, the 

following experiment was conducted. The cathode was operated at a 

constant em1SS1on current for four d1fferent flow rates 1nto the plenum 

chamber while the Internal cathode pressure was maIntained at a constant 

value by adjusting the throttle valve. Flow into the plenum chamber at 

each operating cond1tion was set by adjusting the vaporizer heater 

current. The test was performed on three occasions and Included 

operat10n with two different orifice diameters and operation at two 

different em1SSlon currents. In all cases, 1t was found that, for a 

constant emission current and constant Internal pressure, the Insert 

temperatures remained essentially constant regardless of the flow rate 

into the plenum chamber. The results of thiS experiment indicated that 

the internal pressure and, therefore, the flow through the cathode 

orifice can be varied uSing either the throttle valve or the vaporizer 
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heater and that either method gives the same results for measurements 

made within the cathode. It should be pointed out that the total mass 

flow Into the plenum chamber does affect the bell jar pressure; and, as 

expected, changes in total flow rate were found to have a small effect 

on the discharge and the keeper voltages. 

Temperature Measurements 

Insert surface temperatures were measured using a micro-optical 

pyrometer. This method of temperature measurement IS influenced by both 

the emissivity of the radiating surface and the transmissivity of the 

quartz tube and glass bell Jar. These effects were accounted for by 

calibrating the pyrometer against a platinum/platinum-rhodium 

thermocouple. The calibration was carried out for a sample of the 

tantalum foil used In making the inserts. The material sample was spot 

welded to a section of swaged heater wire and the thermocouple was 

attached to the surface of the sample. This sample/heater assembly was 

then inserted into a quartz tube and the whole apparatus was placed in 

the bell jar. The surface temperature of the sample was then measured 

at various heater powers using both the thermocouple and the micro

optical pyrometer. Insert surface temperatures measured during the 

experiments were corrected based on the calibration curves resulting 

from these tests. 

Plasma Property Measurements 

Plasma propertles in the insert regl0n were determined using a 

Langmuir probe with a 0.75 mm diameter spherical electrode. Details of 

the probe are shown In Fig. 2c. The tungsten sphere used as an 

electrode was formed on the end of 0.25 mm tungsten wire by striking a 

DC arc between the wire and a graphite electrode in a helium atmosphere. 
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The body of the probe was formed by drawing 2 mm diameter quartz tubing 

as shown in Fig. 2c. A layer of 0.025 mm thick tantalum foil covered 

the necked down portion of the quartz tube. This provided thermal 

protection from the intense plasma discharge and acted as a shield to 

minimize sputter coating of the Insulator end. Because of the density 

of the plasma In the Insert region (_1014 cm-3 ) , It IS not possible to 

bias such a probe near plasma potential without burning up the probe 

and/or significantly perturbing the discharge. Plasma properties were, 

therefore, estimated from the Ion saturation portion of the probe trace 

obtained by biasing the probe from cathode potential to potentials 

slightly above floating potential. The method of recording and 

analyzing the probe traces IS discussed In detail In Appendix A. 

Actually, any cathode surface which can be shown to be non-emitting and 

can be electrically Isolated from surrounding surfaces can also be used 

to estimate average plasma properties adjacent to Itself. The method of 

analYSIS IS the same as that used for the probe. Such surfaces were 

used in a number of experiments for estimating average plasma denSities. 

Results 

USing the apparatus and procedures discussed above, aXial profiles 

of Insert temperature, Insert current and plasma properties were 

collected over a wide range of cathode operating conditions. These 

operating conditions included total discharge currents ranging from 0.3 

to 7.3 A, orifice diameters of 0.51, 0.79, and 1.00 mm, and mass flow 

rates ranging from 90 to 450 rnA. These results are presented In detail 

In earlier publications [7,9] so only those results will be summarized 
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here wh1ch are necessary for the development of the model wh1ch is to 

follow. 

The obJect1ve of the experIments descrIbed above was to Identify 

the electron emissIon regIon and determ1ne the plasma properties 1n that 

reg10n. The results showed that under normal operat1ng cond1tIons 

approxImately 87% of the total d1scharge current comes from the 1nsert 

and that the electron emISSIon 1S normally localized to a region two 

millimeters long at the downstream end of the 1nsert. The orifice plate 

accounts for most of the remaInder of the current. Th1S is shown in 

F1g. 3a where the fraction of em1SS10n current from var10US surfaces is 

plotted as a funct10n of discharge current for a cathode w1th 0.79 mm 

d1ameter orif1ce operat1ng w1th a segmented insert at an 1nternal 

cathode pressure of 6.7 Torr. F1gure 3a shows that for this moderate 

pressure, the em1SS10n current distr1bution of the cathode 1S, at least 

w1th1n the resolution of the 2 mm long Insert segments, essent1ally 

independent of d1scharge current. F1gure 3b shows the effect of 

1nternal cathode pressure on the emiSSIon current dIstribution of the 

same cathode operatIng at a dIscharge current of 7.3 A. At pressures 

above -4 Torr the current is distributed in essent1ally the same way as 

indicated in F1g. 3a. However, as the pressure 1S decreased below -4 

Torr, the emission current reg10n extends upstream involv1ng more of the 

1nsert surface. 

As expected, the h1ghest 1nsert temperature was found to correspond 

to the location of the emission reg10n with temperatures on the order of 

o 1000 C be1ng tYP1cai for an em1ssion current of a few amperes. A 

typical insert temperture prof11e 1S shown 1n Fig. 4a for a cathode 

hav1ng a cont1nuous 1nsert operating at a d1scharge current of 3.3 A and 
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an internal pressure of 3.3 Torr. For this pressure, the current 

distr1bution results ind1cate that the emission region should cover -2 

mm of the insert. This agrees with the results of F1g. 4a which show 

that the h1ghest insert temperature occurs on the downstream end of the 

1nsert. The temperature is fa1rly un1form over the downstream two 

m11limeters of the insert and drops off rapidly in the upstream 

dIrectIon. The effect of dIscharge current and 1nternal pressure on the 

max1mum Insert temperature are shown 1n Figs. 4b and 4c for a cathode 

with a 0.79 mm dIameter orIfice. Data shown for both the continuous and 

the segmented insert are seen to follow essentIally the same curve which 

suggests that segmentIng the insert did not substantially alter Its 

thermal and emIssive characterIstICS. The important result of FIg. 4b 

IS that the maximum Insert temperature substantIally Increases with 

Increases In discharge current when the Internal pressure is held 

constant. Th1S increase was found to be conSIstent with therm10nic 

types of emIssion. The SImultaneous measurement of current and em1SS10n 

surface temperature in these experIments provtded suffiCIent information 

to allow calculatIon of an average, effective thermionic work functIon 

for the emissive surface. Values of 1.7 to 2.0 eV were found to be 

typical. A work functIon of thIS magnitude IS reasonable for the coated 

Insert used In the tests [14]. F1gure 4c shows that the maximum insert 

temperature decreases when the internal pressures 1S increased at a 

constant discharge current. 

TYPIcal plasma conditIons found 1n the region adJacent to the 

emitting portion of the Insert were a plasma denSIty of a few times 1014 

-3 
cm , a plasma potentIal of -9 volts, and an electron temperature of 

-0.7 eV. Prof tIes of the plasma propertIes measured on the axis 
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inside the cathode are shown in Fig. 5 for a cathode with a 0.76 mm 

diameter orifice and a segmented insert. Figure Sa is a semi-log plot 

of the plasma density profiles for the cathode operating at an internal 

pressure of 4.6 Torr for discharge currents of 1.3, 2.3, and 3.3 

amperes. It is seen that the density increases with increasing 

discharge current. Other data (not shown) indicate that adjacent to the 

emission region the plasma density increases with increases in internal 

cathode pressure as well. Figure Sa indicates that near the orifice the 

plasma density is on the order of 1014 cm -3 and falls off exponentially 

In the upstream direction. The density curves show no distinct 

inflection point but do tend to flatten near the orifice. It is 

significant that insert temperature measurements indicated that the 

emission for this particular test was taking place mainly from the 

downstream (0 to 1 mm) half of the segment. This is considered the 

probable reason that the density curves do not exhibit a clearly defined 

plateau near their downstream end (0 to 2 mm). Figures Sb and Sc show 

the pIasa potential and electron temperature for the same test for 

discharge currents from 1.3 to 3.3 A and internal pressures from 0.9 to 

7.1 Torr. The circles represent the average of the data for the given 

location while the bars Indicate the range of the data for that 

location. At the one millimeter position, which is adjacent to the 

Insert emission region, the plasma potential and electron temperature 

are respectively 8.7 V and 0.71 eV. The results in Figs. Sb and Sc are 

presented ir terms of the average values of the parameters because there 

was no clear correlation with either current or pressure for these 

results, except for the electron temperature which showed a very slight 

tendency to decrease with increasing pressure. It should also be 
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mentl0ned here that all of the plasma properties were found to increase 

significantly when the insert work function increased due to either 

contamlnation or depletion. 

The results of these experlments showed that the orlfice diameter 

and mass flow rate are important in determining the internal cathode 

processes only to the extent that they determine the lnternal cathode 

pressure. More specifically, insert temperatures were found to be 

independent of orifice diameter and mass flow rate so long as the 

internal pressure was constant. ThlS can be seen in Fig. 4a where the 

lnsert temperature date for a pressure of 3.3 Torr and current of 3.3 A 

are plotted for three dlfferent orifice open areas. Both the magnitudes 

of the insert temperatures and the lnsert temperature profiles were 

relatively lnsensitive to the almost four-fold change in orifice area 

(and correspondlng change in mass flow rate) as long as the emission 

current and internal pressure were held constant. The lnternal cathode 

processes were found to be essentially independent of orifice diameter 

and mass flow rate for an operation at a given internal pressure, while 

the lnternal pressure was found to be an lmportant parameter affecting 

not only the emlttlng length of the insert but also the maximum insert 

temperature (Figs. 3b and 4c). It is for this reason that the internal 

cathode pressure rather than the mass flow rate was used as a parameter 

ln the data collected for the experiments discussed above. However, 

mass flow rate is the parameter normally controlled during cathode 

operatlon; so it is necessary to have some means of relating internal 

cathode pressure to mass flow rate. In order to do this, the stagnation 

pressure in the plenum chamber lmmediately upstream of the cathode was 

measured with the manometer for a range of emission currents, orifice 
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d1ameters, and mass flow rates. The throttle valve was closed during 

these tests. The results of these measurements are shown 1n Fig. 6 

where the parameter 

discharge current In' 

1S plotted as a function of total 

Here P is the stagnat10n pressure 1n Torr, m is 
o 

the mass flow rate in m1111amps equivalent, and d 1S the orifice 
o 

d1ameter in m11limeters. The three symbols 1n Fig. 6 represent the 

three or1fice S1zes tested, wh1le the bar on the symbol represents the 

range of the data for that part1cular orifice diameter when the mass 

flow rate was varied from - 90 to 450 rnA. The least squares fIt of the 

data to a stra1ght 11ne w1th the equatlon 

-3 2 (13.7 + 7.82I
n

)xl0 (Torr·mm /mA) (1) 

1S reasonably good. It 1S believed that the length of the orifice 

channel has some effect on the pressure. The effect of th1s parameter 

1S not expl1c1tly accounted for by the empirical correlat1on represented 

by Eq. 1. However, for normal cathode dimens10ns and operating 

condit1ons this equat10n is bel1eved to be accurate to w1th1n + 30% for 

or1ficed cathodes operating on mercury. 

It is noteworthy that both the theory of free molecular flow and 

the theory of continuum, choked flow pred1ct that the pressure mass flow 

relation takes the form 

(2) 

where, T IS the gas stagnation temperature at the orlfice and M is the 

atomic weight of the gas. The parameter C is a constant of 

proport10nal1ty which 1S d1fferent for the two cases (free molecular and 

cont1nuum) . The gas temperature for the no d1scharge case (In = 0) was 
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estlmated on the basis of the plenum and cathode wall temperatures to be 

The value of C ~T/M based on thls temperature is plotted on 

the vertical axis for the two flow cases. Clearly, the hollow cathode 

flow IS In the transition region between these two types of flow for the 

no discharge case. In the presence of the internal discharge, 

additlonal compllcations are added due to the heating effect of the 

discharge and the Influence of electrical forces on the charged 

partlcles of the plasma. These effects, which presumably cause the 

. 2 
ratlo P /(m/d ) to increase wlth temperature, wlil be discussed In more 

o 0 

detail in subsequent chapters. 

TYPlcal Hollow Cathode Conditions 

It will be useful In the following chapters to have available a set 

of parameters typical of hollow cathode operating conditions for use In 

dlScusslons and examples. Based on the results of the experiments 

dlscussed above the condltlons In Table I are selected. 
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Table I 

Typical Cathode Conditions 

Discharge Current: ID 3.3A 

Orifice Diameter: d 0.76 mm 
0 

Insert Diameter: d = 4.0 mm In 

EDllssion Length: L 2.0 mm e 

Plasma Density: ::: 14 -3 n n. = 1.8xlO cm 
e 1 

Electron Temperature: T 0.71 eV e 

Plasma Potential: V 8.7 V p 

Insert Temperature: T = 1000
0

C s 

Mass Flow Rate: m = 67 mA 

Internal Pressure: P 4.6 Torr 
0 

Neutral DenSlty: 3.3xlO
16 -3 n cm 

0 

Ion Current: I = 0.9 A 
1 

Electron Emission Current: I 2.4 A e 

Avg. Effec. Work Function: ~ 1.84 eV e 

The plasma parameters In Table I are those considered to be typical 

average values for the region adjacent to the emitting portion of the 

insert. They are based on the results In Fig. 5. The insert emitting 

length of 2 mm shown In Table I is a maximum in that all of the tests 

showed conclusively that for these operating conditions the emission was 

confined to the first insert segment which was 2 mm long. Based on 

insert temperature measrements, the actual emitting region of the insert 

IS belIeved to be between 0.5 and 1.5 mm long for these conditions. The 

last four parameters in the table (n , I, I, and ~e) are actually 
Ole 

results of analysIs which wIll be dIscussed in the next chapter but are 
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included here for convenient reference. The total neutral particle 

density n is calculated based on the ideal gas law. The ion current I 
o 1 

is the estimated ion current for the listed plasma conditions based on 

the Bohm flux of ions to all cathode surfaces, Including the insert. 

The electron emission current I IS the current attributed to surface 
e 

emission from the insert and IS just (I
D 

- 11). The average effective 

work function is calculated from the Rlchardson-Dushman equation based 

on the Insert emission temperature T , the Insert emission current I , 
s e 

and the area of the emitting surface of length L . 
e 



III. MODEL OF INTERNAL PLASMA PROCESSES 

This chapter will present the theoretical model for orlficed hollow 

cathodes that has emerged based on the results of the preliminary 

experiments described In the prevIous chapter. The model will first be 

presented in the form of a general phenomenological description of the 

important physical processes underlYing the operation of the cathode. 

Processes related to the internal plasma will then be discussed in 

detail and an analytical model will be formulated which describes these 

processes. 

Phenomenological Model 

The preliminary experiments suggest the following description of 

Internal cathode processes. An Internal cathode pressure on the order 

of a few Torr is required for normal operation. This corresponds to a 

neutral density on the order of a few times 1016 cm-3 The function of 

the cathode orifice IS to restrict the propellant flow to a reasonable 

value, while at the same time maintaining the required neutral density 

and providing a current path to the downstream discharge. The electrons 

which eXit through the cathode orifice are produced within the cathode 

both by surface emission and by volume ionization processes. As 

indicated In the schematic of Fig. 7 the surface electron emission (I ) 
e 

comes from a narrow band (L ~2mm) on the downstream end of the insert. 
e 

The electrons are produced at the surface of the insert primarily by 

field-enhanced thermionic emission. The very strong electric field is a 



38 

,------ ------ --------- .. , 
Ii Ie 

INSERT 

H+ g I 

-

( ne, Vp ' Te> , .... ___________________ ---_.II' 

I 

Le 

F1gure 7. Schemat1c of Ion Product10n Reg10n 

ORIFICE 
PLATE 

I 

.. .. 



39 

consequence of the very dense plasma which produces a very thin plasma 

sheath across which the plasma potentlal drop occurs. Electrons may 

also be produced at the insert surface by photoelectric emission and by 

secondary emission due to ion and metastable bombardment of the surface. 

The electrons produced at the insert surface are accelerated across the 

plasma sheath by a potential of -9v, thereby gaining sufficient energy 

to produce ion/electron palrs in the bulk plasma. The dense internal 

plasma is sustained by thls ionization. Because of the low electron 

energies, ionizat10n is predom1nately a multi-step process, relying 

heavily on the production of ions from lntermediate metastable and 

resonance states. Since the mean free path for lnelastic collisions of 

the electrons accelerated by the sheath is on the order of the lnternal 

cathode radius, the "lon production" reglon can be idealized as the 

volume clrcumscrlbed by the emitting region of the insert. This is 

indicated schematically by the dotted area in Fig. 7. Ions produced in 

thls volume diffuse out of 1t at the Bohm veloclty and strike the insert 

surface with sufficlent energy to heat it to the temperature (T ) 
s 

necessary to provide the required surface electron emission. These ions 

are neutralized at the lnsert surface and thus complete the current path 

between the cathode surface and electrons produced In the ion production 

reglon (current I.>. Energy is also deposited at the lnsert surface by 
1 

absorption of line radiatlon and by de-excltation of metastable and 

resonance state atoms. 

The plasma propertles in the lon production region (n , V , T > are 
e p e 

coupled into the problem by the energy balance at the insert surface in 

the following manner. The plasma properties determine the flux of lons 

and other excited states and, therefore, the energy lnput to the 
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emission surface. For a given emlssion current, the surface temperature 

(T ) lS determlned by the energy balance WhlCh requlres that the thermal 
s 

losses from the surface (Qth) due to electron product lon, radlation and 

conductlon are balanced by the energy input from the plasma. The plasma 

propertles also affect the required emisslon temperature because they 

determlne the magnitude of the electrlc fleld at the emlSSlon surface 

and, thereby, the degree of field-enhancement in the emlssion process. 

Therefore, for a given emission current, the surface temperature and 

plasma properties must be consistent to the extent that they satlsfy the 

energy balance at the lnsert surface. 

All cathode surfaces which contact the plasma receive ion currents 

proportional to the Bohm velocity and the plasma denslty adjacent to the 

surface. Electron emission, on the other hand, can be assumed to come 

predomlnatly from the 2 mm band on the downstream end of the lnsert. 

The total discharge current In from the cathode is equal to the sum of 

the lon currents to the varlOUS cathode surfaces and the current of the 

emitted electrons. 

The plasma processes descrlbed above do not occur unlformly 

throughout the ldeallzed "ion production reglon" In the real 

sltuation both aXlal and radlal varlations of plasma properties, gas and 

surface temperatures, and gas densltles are expected ln thlS region of 

the cathode. However, a lumped parameter model, which is based on the 

idea of a well deflned "ion production region" characterlzed by a 

slngle set of plasma properties, is analytically slmple and is the 

approach which will be presented here. The dlScusslon WhlCh follows 

wlll show that thlS viewpolnt provides a useful and qualitatively 

accurate description of the cathode internal processes. In additlon, it 
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leads to a slmple set of analytlcal relationshlps which can be used to 

make reasonable predictions of important cathode operatlng parameters. 

The analytical development of the model will be dlvlded into a 

discussl0n of the plasma production processes, WhlCh will be presented 

In thiS chapter, and a discussion of the surface emission mechanism 

WhlCh IS the subject of the next chapter. In thls chapter, current 

contlnulty and energy balances wll1 also be formulated WhlCh 11nk the 

volume and surface processes together and relate them to such operating 

parameters as dlscharge current and d1scharge voltage. 

Neutral Gas Density 

A knowledge of the neutral gas density wlthln the cathode is 

essential in order to model the plasma production processes. The 

presence of the cathode or1f1ce plate slmpllfies thlS problem somewhat 

because most of the pressure drop is across the orlfice and the pressure 

w1thln the cathode cavlty upstream of the orifice is essentially 

constant. However, predlcting this pressure from cathode dimensions, 

mass flow rate, and operatlng condltl0ns IS, In itself, a complex 

problem. The problem IS made particularly dlfflcult by two factors. 

For normal cathode dlmenSl0ns and flow rates, the cathode operates in 

the tranSition reglme between free molecular and contlnium flow. In 

addltion, because the gas IS ionlzed, the flow 1S subject to energy 

Input from plasma processes and is affected by the forces due to the 

electrlc fields set up within the plasma. Solutl0n of this complex gas 

dynamical problem IS beyond the scope of the present study. Therefore, 

a general analytlcal model for the flow processes wl11 be avoided by 

uSlng the emplrlcal formulation for predicting the cathode internal 

pressure that was presented In Chapter II. This pressure can be used to 



42 

make a reasonable estimate of the neutral gas denslty withln the 

cathode. 

The total pressure at any pOlnt In the cathode is the sum of the 

partlal pressures of each species. Using the Ideal gas law this can be 

expressed as 

p n kT +n kT +n kT 
eel 100 

(3) 

where k 1S Boltzmann's constant, n IS the denslty, T IS the temperature, 

and the subscrlpt e, 1, 0 refer to electrons, 10ns, and neutral atoms 

respectlvely. Given the local pressure, each of the temperatures, and 

the plasma denslty, Eq. 3 can be solved for the neutral gas denslty. 

For the 10n productlon region, the local pressure P in Eq. 3 can be 

estimated from the emplrical correlatlon glven by Eq. 1 for the desired 

discharge current, mass flow rate, and oriflce dlameter. In the region 

upstream of the cathode orifice, tYPlcal mean free paths of the heavy 

particles (atoms and ions) are less than 0.01 cathode diameters, so it 

is reasonable in this reglon to speak in terms of continuum flow 

propertles. The pressure measured in the experiments would, therefore, 

be the local upstream stagnatlon pressure P. Because the flow veloclty 
o 

along the tube is very low (Mach «0.1), the stagnatIon pressure is 

nearly constant along the tube and essentially equal to the local 

pressure P. Even considerlng a signlflcant increase in stagnation 

temperature due to heat addltl0n In the 10n productl0n region, the 

pressure is expected to change signlflcantly only very near the orlflce. 

It IS, therefore, reasonable to assume that the pressure In the ion 

productlon regl0n IS constant and 1S equal to the upstream stagnation 

pressure determined experlmentally, or 



p ::: p 
o 

. 
m = 

43 

-3 (13.7 + 7.82 ID)xl0 . (4) 

Again the units are P (Torr), m (mA equivalent), do (mm), and ID(A). 

A reasonable assmuption for the ion and neutral temperature (T. and 
1 

T) ln the 10n production region is that they are both equal to the o 

surface temperature T of the emitting portion of the insert. 
s 

This 

assumption is based on estimates which show that the energy exchange 

mean free paths for ion-lon, ion-neutral, and neutral-neutral collisions 

are small compared to the dlmensions of the ion production region and 

that these partlcles are in much better thermal contact with the insert 

surface than with the electrons. These arguments will be presented-in 

more detal1 in the section describing the plasma production processes 

where the various mean free paths and collisional processes are 

discussed. In calculating the neutral density from Eq. 3, the electron 

temperature ln the 10n production regl0n can be assumed to be 0.71 eV 

(82400K). The electron and 10n densities must be approximately equal 

(n ~n.) Slnce the plasma must be quasi-neutral. 
e 1 

Using the above 

assumptions, Eq. 3 can be solved for the neutral density ln the ion 

production regl0n to give 

n 
o 

P - n k(T + T ) 
e e s (5) 

k T 
s 

where n lS the electron dens1ty, T is the electron temperature, T is 
e e s 

the emission surface temperature, k lS Bottzmann's constant, and P is 

the pressure est1mated from Eq. 4. It lS worthwhile to point out here 

that the electron density (n - 1014 cm-3 ) is generally about two orders 
e 

of magnltude smaller than the neutral density -3 cm ). 
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Therefore, even though the electron temperature lS 

considerably larger than the ion temperature (T.=T -1300oK), the partial 
1 s 

pressure of ions and electrons (Eq. 3) lS only about 5% of the total 

pressure; and, at least for a first approximation, the term n k(T +T ) 
e e s 

ln Eq. (5) can usually be neglected. 

Although no attempt wlll be made here to formulate an analytical 

model for predicting the internal pressure, there are a number of 

experimental results that provide some Insight into the physical 

processes which cause the internal pressure to rise when the discharge 

current is increased at a constant flow rate. The important factors 

affecting this increase appear to be: 1) the Increase ln the heavy 

particle stagnation temperature as the current increases, and 2) the 

backflow of ions through the orifice. The lon backflow is due to a 

slight electric fleld WhlCh propels Ions upstream. This effectively 

increases the neutral mass flow required and results In a colliSlonal 

drag force on the neutrals. These factors will be discussed In more 

detail along with the related experimental results In a section dealing 

with the orifice region In Chapter VI. 

The Internal Plasma 

An understanding of the plasma production processes In the hollow 

cathode IS important. The preliminary experiments indicated that volume 

production of electrons could account for as much as 25% of the total 

discharge current. Furthermore, the plasma discharge produced by these 

volume processes is needed to sustain the surface production of 

electrons. It provides the energy which maintalns the Insert surface 

temperatures necessary for thermionic emission and provides the electric 

fleld which enhances this emission. 
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This section will discuss the collisional processes which are 

responsible for the formation of the plasma and will then present a 

method for estimating the extent of the ion production region and the 

number densities of the Important particle species in the plasma. 

Energy balances related to these processes will also be discussed and 

used to predict the plasma properties In this region. 

Collisional Processes 

Considerable insight into the nature of the internal plasma 

processes can be gained by looking at the collision rates associated 

with various reactions occurring in the ion production region of the 

cathode. Table II lists energy exchange mean free paths and collision 

frequencies estimated for the set of typical plasma conditions given in 

Table I. The first column in Table II lists the reaction followed by 

the designations which will be used as subscripts on the parameters when 

they are referred to In the text. The first and second subscripts refer 

respectively to the projectile and target specie. The mean free paths 

are expressed in fractions of an insert diameter based on the 4 mm 

insert diameter of the test cathode. The electron reactions in the 

table are for the primary (surface emitted) electrons having an energy 

of 9 eV, which IS the energy they would pick up by acceleration across 

the plasma sheath for a plasma potential of 9 volts. The e1ectron

electron reaction in the first row of the table refers to primary 

electrons colliding With the background population of thermalized or 

Maxwellian electrons. 
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Table II 

Energy Exchange Mean Free Paths and ColllS1on Frequencies 

Reaction 

elec*-elec (ee) 

e1eC*-10n ( ed 

e 1 e c *- a t om (e 0 ) 

lon-ion ( Ii) 

lon-atom (10) 

a tom- a tom (00) 

atom-Ion (01) 

elec*-effectlve (e) 

10n-ef fect 1 ve ( 1) 

atom-effective (0) 

elec*-inelastic (In) 

*Primary electron 

Type of 
Energy 
Exchange 

elastic 

elastic 

elastic 

elastic 

elastic 

elastic 

elastic 

elastic 

elastic 

elastic 

Inelastic 

Normalized 
Mean Free 
Path (Aid ) 

In 

1.6 

6x105 

lx104 

6x10-4 

2x10-2 

2x10-2 

3 

1.6 

6x10-4 

2x10-2 

0.20 

CoIl ision 
Frequency (\» 

3x108 

7x102 

3x104 

2x108 

6x106 

6x106 

3x103 

3x108 

2x108 

6x106 

2x109 

The three entries between the dashed lines are effective or overall 

values for the Indicated projectile species and are based on the 

Individual reactions shown In the upper part of the table. The last 

entry In the table IS for Inelastic collisions of the primary electrons. 

It is based on the dominant inelastic collision reactions possible for 

an electron with a mercury atom and IS a result of calculations which 

will be discussed In the next section. 

Energy input to the ion production region is mainly through the 

current of primary electrons. This energy is given up by collisions of 

these electrons with other electrons and with Ions and atoms. The 
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results of Table II can be used to trace the transfer of the kinetlc 

energy of the incoming primary electrons to other species in the plasma 

and to ascertain the relative importance of the various reactions. 

For primary electrons, the largest collision frequency is that for 

Inelastic collisions ~In. This suggests that much of the initial 

kinetiC energy of the primaries is transferred into potential energy by 

excitation of mercury atoms In the plasma. Most of the remainder of the 

primary electron kinetic energy IS transferred preferentially into the 

kinetic energy distribution of the background electron population. This 

can be seen by comparlng ~ with ~ . and ~ The collision rate of ee el eo· 

primaries with other electrons (~ ) is at least four orders of ee 

magnitude greater than the collision rate with either ions (~ei) or 

neutrals (~ ). In addition, the elastic colliSion cross-section for an eo 

electron-electron collislon is proportlonal to the inverse square of the 

projectile electron's energy. Therefore, once a primary electron gives 

up energy, either by small angle elastic or by inelastic collisions its 

collision rate increases and It is rapidly thermalized, losing its 

identity as a primary. On the other hand, because of the relatively low 

collision rate between electrons and heavy particles (~ei and ~eo)' 

there is llttle klnetic energy exchange between the electrons and the 

heavy particles. This means that the bulk of the plasma electrons will 

be in thermal equilibrium with themselves. The ions and neutrals, 

however, have very collision rates 

(" ~ ~ are >106s-1) and their mean free paths vli' 10' 00 

among themselves 

are small compared 

to the cathode dlmenslons (A(0.02 d.). It is a reasonable assumption, In 

therefore, that these heavy partlcles are locally In thermal equilibrium 

With themselves. The neutral denslty analysis presented in the previous 
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sect10n assumed that their equil1br1um temperature was the local wall 

temperature. This can be justif1ed by look1ng at the average collision 

rate with the cathode wall. For typical cathode flow rates, a heavy 

particle wlII experience a coillsion with the wall n the average every 

0.005 rom ofaxlal distance as it traverses the cathode. This 

respresents about 400 collislons over the -2 mm emittlng length of the 

insert. Since insert temperature gradients In thls region are 

relatively small, 1t appears that for reasonable values of the 

accomodatlon coefficlent the assumption of thermal equ11lbrlum between 

the heavy partlcles and the wall is valid. 

Even though the heavy partlcles are in equlllbrium with themselves 

at a temperature near the wall temperature, they are influenced by the 

energy of the primary electrons. ThlS is so because the local plasma 

cond1tions such as plasma density and plasma potential influence the 

local wall temperature. Th1S represents an lndlrect method of 

transferring the primary electron energy via potential energy of 

exc1tation, into the thermal energy d1stribution of the heavy particles. 

ThlS situat10n in which heavy particles are In thermal equil1brlum wlth 

the wall while electrons are in equilibrium at a much high temperature 

1S typical of plasma discharges such as the hollow cathode d1scharge. 

Cr1teria for determining the locat10n and extent of the ion 

production reg10n are essential for modelling the hollow cathode. 

Pr1mary electron collisional processes can provide insight into thls 

problem as well. Primary electrons enter the production region With 

rad1al trajectories due to the1r acceleration across the plasma sheath. 

They would tend to oscillate between opposite walls of the cathode until 

they had a col11s10n except that there 15 also a small axial electric 
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field which accelerates them toward the orifice. Since the plasma is 

sustained prImarily by the excitation reactions of the primary electrons 

and these electrons are perferentially directed toward the or1f1ce, it 

is reasonable to expect that the ion production region will establish 

itself adjacent to the low work function surface closest to the orifice. 

Therefore, during normal cathode operation with an insert having uniform 

surface conditions, the emission would be expected to take place on the 

downstream end of the insert, as found experimentally. 

As discussed above, a primary electron is quickly thermalized and 

loses its identity as a primary once it has had an energy exchange 

collision. This suggests that the extent of the ion production region 

m1ght be expected to be on the order of the primary electron mean free 

path. Primaries can lose energy both by elastic collisions over a mean 

free path of A 
e 

and by inelastic collisions over a mean free path of 

AIn , so the effective mean free path for the loss of a primary electron 

would be 

(6) 

From where they are created, primary electrons w111 be scattered 

upstream to some extent by elastic collisions. Therefore, a reasonable 

criterion for the length of the ion production region is probably one to 

two primary electron mean free paths. Based on the values 1n Table II, 

the primary electron mean free path A is -0.7 Mm. 
pr 

This gives an 

emission length of L of 1.4 mm if the ion production region is assumed 
e 

to have a length of 2A pr A length of 2A was also found to give the pr 

best agreement with add1tional experimental results which will be 

presented 1n Chapter VI. The criterion for the emIssion length L 
e 

is, 



therefore, chosen to be 

L 
e 
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2A pr (7) 

For design purposes, 1t would also be useful to have a criter10n for 

selection of the 1nsert diameter. To most eff1c1ently utilize the 

cyl1ndr1cal volume of the ion product10n region, primary electrons 

should have a mean free path on the order of the 1nsert rad1us so that 

they can reach to the centerline of the cathode before giv1ng up their 

energy by collIsIon. However, for a primary electron to have a mean 

free path larger than the 1nsert radius would not be very effic1ent, 

because the pr1mary would have a h1gh probab1lity of being lost through 

the or1fice before either exc1t1ng a neutral atom or deposit1ng 1tS 

energy 1nto the Maxwel11an electron d1stribution. Such an argument 

regarding the loss of pr1mary electrons 1S sim1lar to the one proposed 

by Krishnan [1] as an explanation for the location at wh1ch the active 

zone establishes Itself in large diameter argon hollow cathodes. It 

also agrees w1th exper1mental results reported by L1dsky, et al. [15] 

for an open tube cathode. Work1ng w1th a number of d1fferent gases (H
2

, 

Re' A, N2 ), L1dsky determined exper1mentally that the emiss10n region 

locates 1tself where the local pressure-d1ameter product 1S - 1 Torr-cm. 

A pressure-d1ameter product of th1S magn1tude corresponds to a pr1mary 

electron mean free path on the order of the cathode radius. In the open 

tube cathode, the local pressure var1es slgn1f1cantly along the tube and 

presumably the active zone locates 1tself where cond1tions are most 

favorable for eff1cient 10n product10n. In the or1f1ced hollow cathode, 

on the other hand, most of pressure drop occurs across the or1fice plate 

so that the pressure w1thin the tube IS rather constant along the aX1S 
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of the cathode and can be adjusted Independently wlthout signiflcantly 

affectlng the emlSSlon locatl0n, whlch IS normally at the downstream end 

of the Insert. While the internal pressure does not affect thlS 

10catl0n, It IS reasonable to expect that efflclent operation would be 

obtalned for a pressure-dlameter product slmilar to the one whlch 

determlnes the locatlon of the actlve zone In the open tube cathode. 

ThlS 1S 1n agreement w1th exper1mental results [9] for a mercury 

or1f1ced hollow cathode wh1ch show that a keeper/d1scharge voltage 

minimum wlll occur at a pressure-dlameter product of a few Torr-cm. 

Th1S corresponds to an 1nsert rad1us of a few mean free paths. 

The above d1scuss10n suggests that, for des1gn purposes, the 1nsert 

should be chosen to have a rad1us on the order of a few primary electron 

mean free paths. This would correspond to an lnsert radlus wh1ch IS 

about the same as the em1SS10n length and an 10n production reg10n which 

has an aspect ratlo (D/L ) of approximately two. Such an aspect ratio IS 
e 

also convenlent w1th regards to application of the model Slnce it should 

result 1n an 10n prodUction reglon with falrly unlform plasma properties 

(a baslc assumptlon of the model). 

The prlmary electron mean free path criterl0n as well as the 

concept of an ion productl0n region are clearly idealizatlons. The 

extent of the 10n productlon reglon In realIty wlll not be sharply 

deflned; propertles wlll not be unlform throughout the regl0n and 

1on1zatl0n WIll occur upstream of the boundary. In addltlon, 10ns 

produced In the reglon wlll dlffuse upstream, heating the insert In the 

regl0n upstream of the boundary. So far the diffuslon of ions upstream 

has not been dlscussed; although to be conslstent wlth the proposed 

model, the plasma denslty must falloff rapldly upstream of the 
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boundary. If this were not the case, slgnificant lon heatlng of the 

lnsert and related electron emission would be expected to occur upstream 

of the boundary defined by the mean free path crlterion. Experimental 

plasma density profiles show that, In fact, the aXial plasma density 

drops off exponentially ln the upstream direction. This suggests that 

ion heating will not extend far upstream of the ion production region 

and lS consistent with the rapld falloff ln surface temperature 

upstream of the emission region. 

Excited State Densties and the Primary Electron Mean Free Path 

In order to estimate the prlmary electron mean free path 1 , it lS 
pr 

necessary to know not only the collision cross-sections but also the 

specles density for each of the important Inelastic reactions which are 

probable in the ion production region. These speCles densities will 

also be needed for the energy balances discussed at the end of this 

chapter and for estlmatlng secondary electron emlssion currents in 

Chapter IV. Peters [16] has complIed the necessary coillsion cross-

sectlon data and developed a computer model WhlCh calculates excited 

state densltles for a mercury dlscharge. Peters' model was originally 

developed for predlctlng double Ion densities in lon thruster discharge 

chambers. However, the general analytical method which he used IS also 

applicable to the ion roductlon region of the hollow cathode and appears 

to Yleld reasonable results for thlS appllcatlon. The model lS used 

here to estlmate excited state densities and the prlmary electron mean 

free path In the hollow cathode ion production region. Peters' original 

work contains a detailed descrlption of hlS analytical model and a 

complete listing of his computer program, so only a brief summary of his 

method and the required Input to the model will be presented here. 
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The various reactions which are considered in the model are shown 

schematically In Fig. 8 which IS taken flom Peters' paper. The species 

included in the model were selected because they have substantial 

electron Impact cross-sections of formation over the electron energy 

range of interest and, therefore, would be produced In relatively large 

numbers. The symbols used In Fig. 8 represent the following species: 

H 0 neutral ground state mercury 
g 

II m 
g 

3 - metastable neutral mercury (6 P 
o 

and 63p states) 
2 

Hgr - resonance state neutral mercury (63P
l 

and 6l pl states) 

+ 
H - singly Ionized ground state mercury 

g 

n m+ _ ( 2 2 
g singly lonlzed metastable mercury 6 D3/2 and 6 DS/2 states) 

++ 
H - doubly Ionized ground state mercury 

g 

The general scheme of the model IS to equate the production and loss 

rates of each species and then solve the resulting set of equations. 

Excited species are produced by electron lmpact involving electrons from 

both the background Maxweillan populatlon at temperature T and from the 
e 

monoenergetic population of primary electrons. An exclted state can be 

lost by de-excitation at the boundary or by excitation to a higher state 

by another electron Impact. A resonance state IS also assumed lost 

whenever a photon diffuses to the boundary. (A photon produced by de-

excItation of a resonance state In the bulk of the plasma is readily 

absorbed by a nearby ground state neutral atom so does not represent a 

loss until It diffuses to a boundary.) Volume recombination of Ions IS 

neglected. The model assumes that the loss rate of the neutrals is the 

random thermal flux based on the heavy partIcle temperature T , 
5 

whIle 

ions are lost at the Dohm velocity. Slnce production of excited states 

15 a volume process and thelr loss to the walls 15 a surface phenomenon, 
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the production rate 1S determined by lntegrat10n over the volume wh1le 

the wall loss rate is determined by integration over the surface of the 

Ion product10n region. In order to reduce the 1ntegral equations to 

algebraic equations, the equations are expressed in terms of volume 

averaged properties; and uniformity factors are 1ntroduced which relate 

the volume to surface averaged propert1es for each of the excited 

states. These factors are un1ty if the temperature and density of the 

excited states are uniform throughout the volume. 

Peters' computer program uses an algorithm based on the above 

assumptions. Input required by the program are the volume and surface 

area of the ion ploduct10n region, the electron temperature of the 

Maxwellian electrons Te and theIr denSIty ne , the primary electron 

energy & and density n , the heavy partIcle temperature T, and the pr pr s 

unIformity factors. Rate factors, which are the collision cross-sectIon 

times the electron velocIty Integrated over the electron energy 

distribution, are also requIred for each reaction but are conta1ned in a 

data f1le included in the program listIng. WIth the above 1nput, the 

program can calculate the density of each of the excited species 

considered in the model and the correspondIng total neutral atom 

denSIty. Once the neutral densit1es are known the inelastic mean free 

path for prImary electrons A
In 

can also be easily calculated (See 

Appendix B) . 

A very useful and rather unexpected result was obtained when the 

computer program d1scussed above was used to calculate inelastic mean 

free paths AIn over a wide range of Input parameters typical of hollow 

cathode conditions. The results of the computations are shown in Fig. 9 

where AIn IS plotted as a function of total neutral density n using 
o 
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pr1mary energy as a parameter. Although all of the 1nput parameters 

were var1ed over a cons1derable range, the mean free path for inelastic 

col11s10ns was found to be sensitive only to total neutral density and 

to primary electron energy. That the mean free path var1es w1th neutral 

dens1ty and primary energy is not surpr1sing S1nce the collision 

frequency for a react10n is proport10nal to the target particle density 

and the collision cross-section (in turn, dependent on the proJect1le 

particle energy). However, the effective 1nelastic mean free path is 

not dependent s1mply on the total neutral atom dens1ty n but 
o 

on the 

ind1vidual dens1ties of all of the target species, 1nclud1ng each of the 

excited states. To f1rst order, of course, these densities are 

proportional to the density of the neutral ground state atoms from which 

they are produced. Since the neutral ground state density is typically 

70 to 80% of the total neutral density, it reasonable that the mean free 

path is most strongly dependent on the total neutral density. However, 

for a given neutral density, the 1nd1vidual excited state dens1t1es and 

the1r relative proport10ns are somewhat senS1tive to input parameters 

bes1des primary energy. That the mean free path does not reflect this 

sensit1v1ty 1S a b1t surpr1s1ng. The reason for th1s must be due, in 

part, to the fact that for a given total neutral density, if the density 

of one neutral exc1ted state 1ncreases, then the densit1es of the ground 

state and/or the other neutral states must undergo a corresponding 

decrease. It 1S bel1eved to be, at least, partially coincidental that 

these changes precisely compensate one another 1n calculat10n of the 

inelastic mean free path. One minor exception to the above d1scuss10n 

is the Maxwellian electron dens1ty n wh1ch was found to have a slight 
e 

effect on A
ln

. However, th1s effect 1S rather small amount1ng to an 
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lncrease in AIn of less than 20% when electron denslty lS increased by a 

factor of flve. For our purposes here, this effect can be neglected. 

Recognizing that the mean free path varies as the inverse of the 

neutral density no' the results of Flg. 9 can be fit with the following 

expression 

23 
(2.83xl0 -1.5) __ I __ 

no 103 
E 

(8) 

pr 

This expression fits the results shown in Fig. 9 over the full range of 

the parameters withln ~ 5% except for values of E equal to 6.0V where pr 

AIn is over estlmated by -20% ln the intermediate density range. Using 

Eq. 8 for the inelastic mean free path, the effective primary electron 

mean free path for energy loss due to both elastic and inelastlc 

colllSlons can be calculated from Eq. 6, if the elastlc mean free path 

A is known. Since elastlc electron-ion and electron-atom collislon 
e 

frequencies (U . and U from the prev10us section) are relat1vely low, el eo 

the effectlve elastic mean free path for energy exchange 

approximately equal to the electron-electron mean free path, or 

A :::A 
e ee 

2 
E __ .l!L-_ 

-17 . 
6.5xl0 n 

e 

lS 

( 9) 

Here the expression for A [17] lS based on a Coulomb collislon between ee 

a primary electron wlth energy E and a low energy Maxwellian electron. pr 
," 

Comb1n1ng Eqs. 6, 8, and 9 the pr1mary electron mean free path for 

energy exchange A can be estimated as pr 

A pr t -17 
6.5xl0 n 

2 e + 
e pr 

103n E j-l _________ ~o~p~r~ __ 
23 

2.83x10 -1.5n
o 

(10) 
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These results should prove very useful from the stand point of 

cathode design calculations. In conjunction, with the criterion 

presented earlier for determining the length of the ion production 

region, Eq. 10 provides an easy means of estimating the Insert emission 

length. Of particular importance IS the fact that over the normal range 

of cathode conditions, the results of Eq. 10 are dependent mainly on the 

neutral density and are not very sensitive to the plasma potential 

(e ~V IS normally 8-12V) or electron density. This enables one to 
pr p 

make a reasonable estimate of A based only on tYPical plasma pr 

conditions and the neutral density. 

It is worth pointing out that the curves In Fig. 9 are relatively 

flat at densities greater than -2 x 1016 cm-3 resulting In typical 

values of A near one millimeter. This IS in good agreement with the 
pr 

experiments, which show that for pressures over a few Torr (n - 2x10
16 

o 

cm-3 ) , the emission IS confined to a region -2 mm long or less on the 

downstream end of the Insert but that the region extends upstream at 

pressures below a few Torr. Comparison with additional experimental 

results will be presented in Chapter VI. 

In addition to the calculated mean free path A , the other goal of 
pr 

the analysis presented here IS an est1mate of the excited state 

denslt1es. All of the 1nput parameters required In order to use the 

computer program to calculate 

experimentally except for the primary 

these densities were determined 

electron density n 
pr 

and the 

uniformity factors. The pr1mary electron population can be estimated by 

equating the production and loss rate of primaries, assuming that they 

are produced by acceleration of surface emitted electrons through the 

plasma sheath and are lost as soon as they have an energy exchange 
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collision (See Appendix B). However, at this point, if the uniformity 

factors are also known, the problem IS over specified in the sense that 

not only the excited state densities but also the total neutral density 

n can now be determined by the computer program. In the present case, 
o 

the total neutral density can be estimated based on the experimentally 

determined pressure. Therefore, uniformity factors were simply chosen 

to give the specified total neutral density n. For the typical cathode 
o 

conditions of Table I and a value of 1.2 for the uniformity factors as 

Input, the computer program yields a neutral density of 16 -3 3.3xl0 cm, 

which IS the value given in Table I. The corresponding excited state 

densities calculated by the computer program for these conditions (Table 

I and uniformity factors equal to 1.2) are shown in Table III. The 

various species densities are shown in column 2 of Table III followed in 

column 3 by the density normalized to the total neutral atom density n • 
o 

The designation (m) and (r) following the species deSignation indicate 

metastable and resonance states, respectively. 
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Table III 

Excited State Densities for the Operating Conditions Given in Table I • 

Species 
-3 

Fraction of DenSlty(cm ) n 
0 

Ground state atom 2.4x10)6 0.73 

6 3p (m) 7.2xl0
14 0.02 

0 

3 
6 P2 (m) 3.3x10

15 
0.10 

3 6P
1
(r) 2.6x10

15 
O.OS 

1 
6 PI (r) 2.1x10

1S 0.06 

Ground state ion (+) 1.Sxl0
l4 

0.01 

2 6 D
5/2

(+m) 6.5xl0
11 

-0 

2 
6 D3 / 2 (+m) 7.9x10

11 
-0 

Total neutral atom (n ) 3.3xl0
16 

1.00 
0 

It should be noted that uniformity factors equal to 1.2 are 

reasonable. They correspond to plasma and eXCited state denSities which 

peak in the center of the production region, or more specifically to a 

loss rate to the walls which is O.S times the rate for a uniform plasma. 

Higher densities In the center of the plasma are quite possible since 

ions and eXCited states can be created anywhere within the volume but 

are lost mainly at the walls. Additional evidence suggesting a reduced 

loss rate to the walls Will be presented In the energy balance 

diSCUSSion in the next section. 

It IS, of course, also possible to set the uniformity factors at 

unity and obtain the spec1fied neutral dens1ty by varying one of the 

other input parameters such as electron temperature. For example, With 

un1formity factors of unity, an electron temperature of 0.S2 eV also 

results 1n a neutral dens1ty of 16 -3 
3.3xl0 cm . This value of the 
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electron temperature is only slightly outside of the range of the actual 

measured values shown In Fig. 5. Furthermore, It differs from the value 

in Table I by only 0.11 eV which is well within the range of uncertainty 

assoCiated with the data analysis and measurement techniques for the 

LangmUir probe method used In the experiments. Similar calculations 

were also made using both the electron denSity n and the primary energy 
e 

e , separately, as the Independent variable while pr keeping the 

uniformity factors at unity. In these cases the values required to 

obtain the specified neutral density were not in reasonable agreement 

with those In Table I. However, regardless of the parameter chosen as 

the independent variable (uniformity factor, electron temperature 

electron density or primary energy), the net results were similar as far 

as the magnitude of the excited state densities were concerned. 

Although the relative fractions of the excited states varied somewhat 

depending on the independent variable chosen, the fraction of the total 

eXClted state density to total neutral density was 1n the range from 

0.20 to 0.29 for all of the solutions. The solution based on the 

uniformity factor of 1.2 was selected for presentation here (Table III) 

because, of all the input parameters, only the uniformity factors were 

not experimentally based and were, therefore, somewhat arbitrary. 

Energy Balances 

Calculations so far have relied on the experimentally determined 

values of the plasma properties ln the 10n production region. For a 

predictive model, it would be des1rable to have a means of determlning 

these properties from speclfied cathode operating conditl0ns. This 

section will discuss energy balances on the emitting portion of the 
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lnsert and on the ion production reglon and show how in theory these can 

be used to estimate the electron density and plasma potential. 

In order to do the energy balance. it is first necessary to 

determine the varl0US particle fluxes and currents across the boundarles 

of the control volume defined by the 10n production region. As 

discussed earlier and shown in Fig. 7. electrons emitted from the insert 

surface enter the control volume after acceleratl0n across the plasma 

sheath. In addition. electrons are produced within the volume by 

10nization reactions. Electrons can leave the volume only through the 

cathode orlflce Slnce they do not have sufficient energy to overcome the 

adverse potential gradlents at the sheath ln order to return to the 

cathode wall. Ions produced in the volume 10nlzation reactions are 

assumed to leave the volume at the Bohm velocity. There lS evidence 

WhlCh wll1 be discussed ln Chapter VI that the orlfice lS also a region 

of 10n production. As such lt contrlbutes to the overall dlscharge 

current both by ions which are neutralized at the walls of the orlfice 

as well as by ions which are pulled upstream through the orifice into 

the maln ion production region. However. the experiments show that this 

contribution is small (-5%). and it wl11 be neglected here. Neglecting 

this component of the current simplifles the analysis considerably since 

a one to one correspondence can then be assumed between the electrons 

produced within the control volume and the 10ns which leave the volume 

to be neutralized at the wall. This allows the volume production of 

electrons to be accounted for by the Bohm flux of ions across the 

control volume surface. Assuming that the plasma propertles are uniform 

throughout the ion productlon region. the 10n current denslty J. at the 
1 

control volume surface is given by 
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J i = en i vB 

en. (kT 1m.) 1/2 ( 11) 
1 e 1 

where n
i 

is the ion density and vB is the Bohm velocity based on an 

electron temperature T 
e 

and 10n mass m .. 
1 

The total discharge current 

flowing through the cathode orifice is, therefore, 

I + j. (A ) 
e 1 s 

I + I 
e 1 

(12) 

where I 1S the electron current emitted from the 1nsert due to all 
e 

surface emission processes, A IS the surface area of the Ion production 
s 

region, and I. is the total ion current crossing the boundary of the 
1 

region. The surface area of the ion production region IS Just 

A 
s 

A + 2A 
e c 

(13) 

where A is the insert emission area and A IS the cross-sectional area 
e c 

of the end boundary of the ion production region. 

The Bohm current density j. can be estimated from an energy balance 
1 

on the emitting surface. In such a balance, the power due to heating 

from ion neutralization and de-excitation of excited states IS equated 

to the power conducted and radiated from the surface plus the power 

removed by emitted electrons. The equation [18] describing this IS 

J.A (V + e -~ )+qd A +q-hA 
1 e pIS x e ~ e (14) 

where ~e is the effective work function of the surface, Q
th 

is the 

thermal power transferred away from the surface, V IS the potential 
p 

drop across the plasma sheath, e. is the ionization potential, ~ IS the 
1 s 
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work function of the surface material (a materlal property), and the 

other terms are as described below. The first group of terms on the 

left side of Eq. 14 represents the net power deposited at the insert by 

neutrallzation of the 10n current at the insert surface and assumes that 

the neutralized ions leave the surface at the insert temperature. The 

. 
next term qdx Ae is the power deposited at the insert surface by de-

. 
exc1tation of the exc1ted states were qdx IS given by 

vthn e. 
~ 1 1 

4 
(15) 

j 

Here v
th 

1S the thermal veloc1ty based on the heavy part1cle temperature 

T, n 1S the denslty of excited state j estimated in the previous 
s J 

section, e is the excitation energy for state J, and the summation IS 
J 

over all of the exc1ted states. The term qph Ae in Eq. 14 accounts for 

plasma radiation, such as brehmsstrahlung and resonance radiation, which 

is absorbed at the 1nsert surface. The term IS included for generality, 

although in most cases it is expected to be negligible. Brehmsstrahlung 

(due to Coulomb interactions between ions and electrons) IS estimated to 

be very small «10-5 watts); and It wll1 be shown in the sectlon on 

photoemlssion that radlatlon from the decay of resonance states is 

effectively trapped within the plasma. The terms on the r1ght side of 

Eq. 14 represent the thermal power lost from the surface Q
th 

and the 

power removed by emitted electrons I ¢. In general, the thermal loss 
e e 

In Eq. 14) IS a functl0n of the surface temperature T and must be 
s 

estimated from the specific cathode thermal configuration on the basls 

of conduction and radiation from the insert. An analysis is presented 

in Appendlx C WhlCh estimates Qth for the quartz tube test cathode used 

1n the experlments. Equations 12, 13, and 14 can be solved for the Bohm 
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current density jl to give 

[
6 - (q +q ) A I [ J-1 

th dx Qh_e +1 • 2A +A (1+-lL) 
I/J D c e I/J 

e e 

(16) 

where a=(V +e.-I/J). Knowing J and assumlng the plasma lS quasi-neutral 
p 1 S 1 

(n ~n.), the electron, or plasma denslty, n can be determlned from Eq. 
e 1 e 

11 and is 

n 
e e[kT 1m ]1/2 

(17) 

e 1 

where T lS the electron temperature and m. IS the mass of an 10n. 
e 1 

The plasma potentIal can be estimated by a slmllar energy balance 

on the control volume which is defined by the 10n production region. 

Energy is convected lnto and out of thlS volume by the motIon of the 

varIOUS partIcle species across the boundarIes of the Ion productIon 

region. ThlS partIcle motIon transports not only the random and 

dlrected kinetIc energy of the partIcles but also thelr excltatl0n 

potential energy. tJ 
lJ 

The energy transported across 

partlcles of type J can be wrItten as 

(J 
IJ 

2 m v 
+.....L...J.

2 
+ ee ) r A 

J IJ 1 

surface 1 by 

(18) 

where the terms on the rIght hand side of the equatIon are respectlvely, 

left to rlght, the enthalpy, the drift klnetlc energy, and the 

eXCItatIon potentlal energy assocIated wlth partlcles of type J havlng a 

temperature T, 
J 

a mass m , and a drIft velOCIty v . 
J J 

In this equatl0n 

A IS the area of a partIcular surface 1 of the 10n production regIon 
1 

(e.g., Insert emIttIng area, orlflce area, etc.) and r IS the particle 
IJ 

flux In one directIon across the surface (eIther Into or out of the 
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volume). The net energy transport associated with a given type of 

particle is the sum over all of the surfaces i making up the boundary of 

the ion production region, or 

L(U .. (out) - U .. (in». 
i lJ lJ 

(19) 

Using this notatlon and assuming steady state conditions, the energy 

balance for the ion production region can be written as 

o (20) 

where the subscripts (0, i, e) refer to neutral atoms, lons, and 

electrons, respectively, and A is the total surface area of the ion 
s 

production region. The term qph lS the net flux of plasma radiation due 

to brehmsstrahlung and resonance radiation WhlCh leaves the volume. 

Again the term is included for generallty, although it is expected to be 

negligible. 

Before fililng in the terms in Eq. 20, it will be useful to discuss 

Eqs. 18 and 19 for each type of particle, dropping the terms which are 

small. As a reference for the magnitude of varlOUS terms, the 

electrical power deposited in the ion production region by the primary 

electrons will be used. This can be estimated as the primary electron 

current I times the plasma potential V. The discussion will be based 
e p 

on calculat10ns made for the cathode conditions given in Table I which 

show a power of - 20 watts associated with the primary electrons. 

For neutral atoms, including ground state and exclted neutrals, the 

net energy convected into the volume due to the first two terms in Eq. 

18 is considerably less than 1% of the total and can can be neglected. 
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The reason that these terms are small is because the temperature T. 
J 

is 

based on the heavy particle temperature which will in all cases be less 

than or equal to the insert temperature T , resulting in relatively low 
s 

drift velOCities (v.) and fluxes (~). This is true even for the sonic 
J IJ 

region near the orifice where the magnitude of the flow velocity and 

flux must still be near the thermal quantities based on a temperature of 

- T. For ground state neutral atoms, the excitation potential energy 
s 

term is zero. Therefore, only the excitation potential energy term for 

the excited neutral atoms is of importance, and the net power due to the 

flux of neutral atoms leaving the volume becomes 

vthn.e. 
AU = A r: 1] 

0 s . 4 
J (21) 

A 
. 

s qdx 

where the summation is over all of the neutral excited states and is the 

same as the one appearing in Eq. 15 where it was represented by the 

symbol 
. 
qdx' 

Ions leave the control volume at the Bohm velocity VB with a 

corresponding flux based on their density. The enthalpy and drift 

kinetic energy terms due to thiS flux of ions are respectively -0.2 and 

-0.3 watts for the conditions of Table I. The ions are neutralized at 

the surface and return in the ground state. When they return as 

neutrals, although they have no directed kinetic energy, they have an 

enthalpy similar in magnitude to that with which they left. This is 

because they enter and leave at approximately the same temperature. 

Their net enthalpy flux is, therefore, negligible. Although small, it is 

convenient to retain in the analysis the drift kinetic energy term 
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2 
(miv

B 
12) for ions leaving the volume. The potential energy term e. for 

1 

the ions amounts to -7 watts and must also be retained. The net power 

associated with the ions leaving the volume can be written as 

kT (22) 
AU. = (2e

e 
+ e.)j.A 

1 1 1 S 

where the first term results from the Bohm veloclty vB = .lkT 1m. and j. \I ell 

is the Bohm current density. Terms, similar to A~., for excited single 
1 

ions and for double ions can be neglected because their densities are 

orders of magnitude lower than the ground state ion density (Table III). 

The primary electrons bring into the control volume the kinetic 

energy that they pick up by acceleration through the plasma sheath 

(Ue(in) = Ie Vp). Assuming that all of the electrons leaving through 

the orifice have had sufficient collisions to be thermalized, the power 

which they remove from the control volume is 

U (out) 
e 

(23) 

The second term in this equation is negligible (_10-3 watts) because of 

the low mass of the electron. The net power due to the electrons is, 

therefore, 

AU 
e 

where In is the total discharge current given by Eq. 12, 

(24) 

I is the e 

electron emIssion current, and V is the plasma potential. Equations 
p 

12, 20, 21, 22, and 24 can be solved for the plasma potential V to give 
p 

1 [ kTe 5kTe l n ..] 
V = -I-'-A ( 2-+8 .) J.A + -2--+( qd +qh)A 

p D-J • ell sex""p s 
1 S 

(25) 

where the variables are as prevIously defined. 
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Based on the assumptions of the model, Eqs. 16 and 25 provide, at 

least in theory, a simple means of estimating plasma density and plasma 

potential. As they stand, however, they do not agree very well with the 

experimental results. Calculations using the cathode conditions of 

Table I provide a good example of the difficulties involved and will be 

.. 
used here as a basis for discussing the application of the equations • 

For the reasons discussed previously, the radiation term 
. 
qph in 

Eqs. 16 and 25 is small and will be neglected. The difficulties in the 

analysis involve the terms for the power flux associated with the 

excited states qdx and the insert thermal loss Qth. For example, using 

the species densities presented In Table III, the power input to the 

insert due to excited states qd A is -10 watts. The analysis presented 
x e 

In Appendix C estimates the thermal loss Q
th 

from the insert to have a 

probable value of 2.3 Wand a maximum conceivable value of 6.7 W. Even 

using the maximunl value of 6.7 W, the Bohm current density j. calculated 
I 

using Eq. 16 is negative due to the large value of qd A . 
x e 

A similar 

difficulty arises in calculating the plasma potential where the energy 

loss rate from the volume due to the excited states qd A is -23W which, x s 

using Eq. 25, results in a plasma potential of -14V. This is obviously 

too large. Similar results are obtained at other operating conditions. 

These results indicate that the power flux associated with the 

motion of excited states, across the boundaries of the ion production 

region is probably considerably less than that calculated by the model. 

Examination of a number of operating conditions showed that, in 

general, agreement of Eqs. 16 and 25 with the experimental results 

required excited atom densities which were 0 to 30% of the values 

calculated by the computer program. The calculations of the computer 
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model are believed to be, if not accurate, at least reasonable. The 

total excited neutral atom fraction of 0.2 to 0.3 calculated with the 

program is of the order of magnitude expected for this type of 

discharge; and is supported by the lntense line radiation observed 

spectroscopically in the internal plasma. In addition, the mean free 

path/emission length agreement based on these densities is reassuring. 

Much of the cross-section data used in the program was theoretically 

derived because experimental results were not available. This and other 

approximations in the computer model could possibly account for 

calculated densities that are in error by a factor of two or three. It 

is unlikely, however, that the calculations are in error by much more 

than this. 

Assuming that the calculated densities are, at least, of the right 

order of magnitude, suggests that either ions and excited neutral atoms 

do not leave the volume at the rate predicted or, if the particle fluxes 

are as predicted, the associated potential energy of the particles is 

either lost at a different rate or is somehow returned to the plasma. 

Particle fluxes at the boundary could be lower than expected because of 

density gradients resulting in lower densities near the boundaries. 

Such gradients have already been accounted for to some extent by the 

uniformity factor of 1.4 used in the calculations. If the discrepancy 

in the energy balance is due to such gradients, the uniformity factor 

would need to be still larger. The net flux of excited atoms across the 

boundary might also be reduced due to reflection at the cathode 

surfaces. Although the surface reflection coefficient for excited atoms 

can take on values greater than 0.5 [19] for light atoms such as helium, 

it is unlikely that this process is important here. The only data found 
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for mercury [20] ind1cate that all mercury exc1ted atoms wh1ch col11de 

with a surface are de-excited there. It IS also possible that the net 

flux of potent1al energy associated w1th the exc1ted particles does not 

correspond to the part1cle loss rate. For example. photons produced by 

atoms wh1ch de-exc1te near the boundary would be to a large extent 

reflected back 1nto the volume of the plasma S1nce the reflectiv1ty of 

tantalum 1S on the order of 0.8. In thls case, the exc1ted atom would 

be lost but much of Its potent1al energy would be returned to the 

plasma. 

In keep1ng w1th the s1mple nature of the model presented up to this 

p01nt, the follow1ng course is suggested. It w111 be assumed that the 

mean free paths and exc1ted state densities pred1cted by the computer 

model are reasonably accurate. and that, for whatever reason, the energy 

loss rate from the volume due to the exc1ted states 1S less than 

pred1cted. Based on these assumptions, the energy flux terms due to the 

exc1ted states w111 s1mply be neglected In Eqs. 16 and 25. Th1S w111 

simpllfy the analysls conslderably. Slnce the densitles of the excited 

states w111 no longer be requ1red In calculat10ns of the plasma 

potent1al and plasma dens1ty. The model based on these assumpt10ns will 

be used as a comparison to the exper1mental results presented 1n Chapter 

VI where it will be seen that, even neglecting these terms, the 

agreement 1S reasonably good. 

Neglect1ng the excited state energy flux. the above analys1s can 

provide a rough estimate of the electron density and plasma potent1al in 

the 10n production reg10n. Of the plasma propert1es 1n the ion 

production reg10n, th1s leaves only the electron temperature to be 

determined. The electron temperature IS also dependent on the 
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collisional processes and energy balance. Presumably, one way of 

determining this parameter would be to select the temperature whIch 

gIves the specified neutral density and results in excited state 

densItIes which are consIstent with the energy balances. Considering 

the uncertainties discussed above regardIng the energy and particle 

fluxes from the ion production region such a method is not expected to 

be very successful. Fortunately, the model is not very sensitive to the 

electron temperature over its range of possible variation. It IS 

suggested, therefore, that the experimentally determIned value of 0.71 

eV be used in the calculations. thIS value was found to hold within 

± 0.1 eV over a wIde range of cathode condItions and should gIve 

satisfactory results for calculatIons based on the proposed model. 

The key relationshIps and assumptions of the model can now be 

summarized. Electrons are produced both by surface emIssion from the 

downstream end of the insert and by volume IonIzatIon within the 

ideallZed "ion production region". The "Ion productIon region" is 

defined as the volume cIrcumscribed by the emItting portIon of the 

insert. It is assumed to have a length L which IS equal to two primary 
e 

electron energy exchange mean free paths; and all propertIes (densIties, 

temperatures, etc.) are assumed to be unIform throughout the region. 

The heavy partIcles neutral atoms and ions - are assumed to be in 

eqUIlIbrIum at the emIssion surface temperature and the electrons are In 

equilibrium with themselves at a hIgher temperature, which IS assumed to 

be the experimentally determined value of 0.71eV. The plasma density 

and plasma potentIal are determined by two energy balances: one on the 

Insert surface and another on the volume of the ion productin region. 

In performing these energy balances the ions are assumed to leave the 
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regIon at the Bohm velocity, and the energy term assocIated wIth the 

thermal flux of excIted state atoms is neglected. The neutral atom 

denSIty is required by the model In order to estImate the primary 

electron energy exchange mean free path. This density is determined 

uSIng the Ideal gas law and an empirical expressIon which relates the 

pressure to the propellant mass flow rate, orifIce dIameter, and 

dIscharge current. 

The model descrIbed above IS complete except for the determinatIon 

of the emissIon current from the Insert surface. This will be discussed 

In the next chapter whIch covers the varIous possIble emission 

mechanisms. A summary of the Important equatIons which comprise the 

model will be presented In Chapter V. 



IV. SURFACE EMISSION PROCESSES 

The electrons requIred to maintain the internal discharge may be 

produced at the cathode or insert surface by anyone, or a combination, 

of the fIve surface emIssion processes: sImple thermionic, fleld-

enhanced thermIonIc, field, photo electric, and secondary emission 

(induced ions and excited states). The importance of each of these 

processes to hollow cathode operation has been a vigorously debated 

topic and IS central to our understanding of the cathode. This section 

WIll dIscuss each of these processes, the extent to whIch they may be 

important In hollow cathodes, and how thev can be incorporated Into the 

model. An experIment will then be described which provides addItional 

support for the conclusIon that fIeld-enhanced thermionic emission is 

the domInant surface emission process for this type of cathode. 

Simple ThermIonic EmissIon 

As a metal IS heated, electrons in the conductIon band pick up 

sufficient thermal energy that some of them can overcome the surface 

potential barrIer and escape from the surface. This "boiling off" of 

electrons from the surface IS known as thermIonic emIssIon. The current 

densIty of emitted electrons is given by the Richardson-Dushman [18] 

equation 

(26) 

where a
o 

= 1.2xl0
6 A/m2 0[2 is a theoretical constant, ~s is the surface 
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lS the surface temperature ln 
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the surface potentlal barrler), and T 
s 

o 
K. It lS readlly observed wlth all 

steady state, hollow cathodes that discharge current increases are 

accompanled by increases ln cathode surface temperatures. Thus, even 

the earllest work on hollow cathodes suggested that some form of 

thermlonic emission could play a role. The maln question has always 

been whether the surface temperature lS consistent with the work 

function and surface area available for emission. In the present case, 

since the lnsert emlssion current densities and temperatures could be 

measured, it was posslble to estimate the surface work function WhlCh 

would be required to account for all of the emlSSlon current by 

thermionic emissl0n. The prelimlnary experlments ln this study showed 

that values of the surface work functl0n ranging from 1.7 to 2.0 eV 

would be necessary for all of the current to be accounted for by 

thermionic emlSS10n. These values, though low, are not unreasonable for 

tantalum coated with R-500. Fomenko [14] in an excellent summary of 

work function data gives values ranglng from 1.5 eV for tantalum coated 

with barlum oXlde to an average value of 2.7 eV for various barium and 

strontlum tantalates. Although lt lS posslble to argue that simple 

thermionic emission is the dominant surface emission process there is 

evidence that suggests this process may be enhanced by the presence of 

strong electric flelds at the surface. 

Field-Enhanced Thermionic Emlssion 

When a strong electric field lS present adjacent to the surface of 

a materlal emlttlng therml0nically, ltS effect lS to reduce the work 

functlon of the surface; that lS, lt acts to pull more electrons from 

the surface than would be expected from the therm10nic model for the 
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preva111ng temperature. The average effective work funct10n of the 

surface then becomes 

(27) 

and the em1tted current dens1ty is glven by the Schottky equation which 

1S simply Eq. 26 w1th the surface work funct1on, replaced by the 
s 

effective work funct10n ,. In Eq. 27, e 1S the electronic charge, E is 
e 

the electric f1eld adjacent to the surface, and e 1S the perm1tiv1ty of 
o 

free space. 

In the ion product1on reg10n, the very dense plasma (- 1014cm-3) 

results -7 1n a very th1n plasma sheath (- 10 m) wh1ch suggests that a 

very strong electric f1eld should be present at cathode potent1al 

surfaces. A f1rst order estimate of this field can be obta1ned using 

E 
dV 
dx 

v 
~ 

A.D 
-v 

p 
(28) 

where V 1S the plasma potent1al, T 1S the electron temperature and the 
p e 

sheath thickness is estimated as one Debye length (AD)' For the plasma 

conditions in Table I, th1S would ind1cate an electric field of 

1.9 x 107 Vim and would glve an effective reduction of 0.16 eV 1n the 

surface work funct1on. A field-enhancement effect of th1S magn1tude is 

substantlal and would result in a four fold increase in the 

therm10nically emitted current for a surface operat1ng at 10000 C. 

This order of magn1tude calculat10n ind1cates that the f1eld-

enhancement effect could be signif1cant in the hollow cathode. However, 

before apply1ng th1S result, two quest10ns need to be addressed. F1rst, 

for the very small Debye lengths and low electron temperatures 1n the 
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ion production region, are the standard plasma criteria satisfied? 

These plasma assumptions are implicit for equations such as Eq. 28. 

Secondly, what is the effect of emitted electrons on the surface 

electric held? 

For a Ionized gas to have the collective properties of a plasma two 

criteria must be met. The Debye length AD must be much less than the 

smallest dimension of the plasma. thiS criterion IS easily satisfied in 

the hollow cathode where tYPical dimensions are on the order of a 

millimeter while the Debye length IS - 10-4mm. The other criterion IS 

that the plasma parameter or number of parttcles ND In a "Debye 

sphere" must be large, that IS 

(29) 

where 

ND - ~ 7T A3 n 
3 D e 

4n ['Oe:Te(2 
3 

1/2 n 
e 

For plasma conditions tYPical of the Ion production region of the hollow 

cathode, ND IS approximately seventy. For most plasmas, the plasma 

parameter ND is considerably greater than a thousand; so by this 

criterion the discharge inside of the hollow cathode is borderline for 

being considered as a plasma. Having said this, it must also be 

recognIzed that there IS no other reasonable method of approaching the 

problem except to model the discharge as a plasma which is what has been 

assumed throughout the development of the model. 

At least, In the case of estimating the electric fIeld there IS 

support for making thiS assumption even in cases where ND IS less than 

in the present case. Porotnlkov and Rodnevich [21], using a statistical 
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analysis, calculate the average electr1c field near a cathode surface 

due to a collection of charged part1cles. They show that, even for Nn 
as low as - 0.1, the average electric f1eld 1S approx1mately the same as 

that calculated on the bas1s of plasma assumpt10ns using Poisson's 

equat10n. 

If the plasma adjoins a cathode surface which is emitting 

electrons, such as by thermionic emission, a double sheath is formed 

between the surface and the plasma. This double sheath 1S characterized 

by a reg10n of net negat1ve charge close to the em1tt1ng surface where 

the emitted electrons are mov1ng slowly and the1r dens1ty is h1gh. 

Between this negative charge region of the sheath and the essentially 

neutral plasma is a reg10n of net posit1ve charge. The negative space 

charge near the surface acts to reduce the electric field from what it 

would be for a non-emitting cathode surface. Therefore, the 

approximation g1ven by Eq. 28 for a non-em1tt1ng surface over est1mates 

the field adjacent to the insert em1tt1ng surface. Prewett and Allen 

[22] provide a theoretical treatment of the double sheath at a hot 

cathode surface in which they calculate the normalized electric field e 
c 

at the cathode surface as 

e = 4 p ~ [(1 + ~)1/2 - 1] _ 8 J ~2 + 2 exp(-~ ) - 2 t j
1/2 

c 1 0 ~o e p p 

The parameters in this equation are normalized in the following 

The normalized electric f1eld IS 

e = 

the normalized plasma potential is 

eAn dV 
kT dx' 

e 

(30) 

manner. 

(31) 
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eV 
----P. 
kT 

e 

the normal1zed em1SS10n current is 

J = J [n e e e e 

kT 
(_e) 

m 
e 

1/2 

the normal1zed posit1ve 10n density at the sheath edge is 

p = 1 + 2'1\ J 
1 P e 

( 32) 

(33) 

(34) 

and the normal1zed energy of the pos1tlve ions at the sheath edge is 

! t + 2 'l\p J e] 
2 1 - J 

e 
(35) 

The dimensional parameters in these equat10ns are the em1ssion current 

denSity j , the plasma electron denSity n , the electron temperature T , 
e e e 

the plasma potenh al V, the Debye length AD and the usual physical 
p 

constants e, k, m For the range of hollow cathode operating e 

cond1tions covered in the present study, typical values of J and '1\ e p 
-3 are: J ~ 10 and '1\ ~ 10. Under these cond1tions, the electric field 

e p 

can be approximated based on Eqs. 30 through 35, as 

[

n kT ]1/2 [ eV 1/2 ]1/2 
E ~ ee e 2 (1 + 2 ~) - 4 

o e 
( 36) 

Th1S equat10n g1ves an electric field of 3.8 x 106 Vim for the same 

cond1t1ons used in the earl1er approx1mation g1ven by Eq. 28. Th1S is 

only 20% of the value estimated earl1er. It does, however, still 

represent a reduct10n of the surface work funct10n by 0.073 eV wh1ch 

would effectively double the thermion1c current of a surface at 10000C. 

Although not as large an effect as 1ndicated by the f1rst approx1mation, 
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field enhancement of the thermIonIc emiSSIon current is probably 

s1gn1ficant for orificed hollow cathodes. 

Field Em1ss10n 

In the presence of very strong electric fields 7 010 vIm), 

electrons can be "pulled" out of even cold surfaces by the action of 

the field alone. This form of pure field emission 1S also known as cold 

cathode or auto-electronic emission. Fowler and Nordheim [23] developed 

the following expression based on wave-mechanics theory for th1s type of 

emission: 

2 ~ 312 

1.54 x 10-6 E- exp(-6.8 x 109 -! ) 
~s E 

(37) 

where E 1S the electric f1eld in VIm, ~s 1S the surface work function in 

eV, and the phys1cal constants have been ~ncorporated into the numerical 

coefficients to g1ve the current density, J 1n 
e 

2 AIm. It is readily 

apparent from the exponent1al term 1n th1s equat10n that electric fields 

on the order of 109 VIm are necessary to provide s1gn1f1cant electron 

emission by this process. Such large electric fields are three orders 

of magnitude greater than the electrIC fields estimated in the previous 

section for the hollow cathode discharge. EquatIon 37 has been verified 

experimentally [18] for very carefully cleaned surfaces. However, 1t 

has also been found experimentally that cold emission will start from 

impure mercury surfaces at lower average electric f1elds on the order of 

107 VIm [18]; and Muller [18] found that for tungsten surfaces coated 

with ceS1um some measurable field em1ssion could be obtained at electric 

fields as low as 106 Vim. Wh1le tbese experimental values for the onset 

of cold cathode emiss10n are in the upper range of the surface electric 

fields est1mated for the hollow cathode, it 1S unl1kely that this 
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emission process is important for steady state, hollow cathode 

operation. 

Photoelectric Emission 

Electrons can be emitted from the surface of a metal due to the 

impingement of photons having energ1es greater than the work function of 

the surface. The current density of electrons produced by thiS 

photoelectric process depends on the quantum yield, which is the number 

of electrons emitted per incident photon, and on the photon flux to the 

surface. An estimate of the magnitude of the photoem1ssion current in 

the hollow cathode Will be presented in the discussion wh1ch follows. 

The quantum yield is strongly dependent both on the photon energy 

and on the surface mater1al and 1tS condition. For the electron 

energ1es found in the hollow cathode discilarge, the only exc1ted states 

expected in any quantity are those of mercury atoms (Hg I) and single 

10ns (Hg II). Photon energies associated w1th transitions from these 

states are all less than 10 eV (wavelength - 1200X). The quantum yield 

for clean metall1c surfaces due to photons w1th energies less than 10 eV 

is generally accepted to be less than 10-2 [24]. Metals with 

contaminated surfaces can have h1gher Y1elds, on the order of a few 

percent for energ1es below 10 eV; and BaO and SrO , both of Wh1Ch may be 

present 1n cathode inserts, have shown Y1elds reaching 0.1 electron per 

photon for energies 1n the 5-6 eV range [24]. It turns out, however, 

that the quantum Y1eld makes 11ttle difference 1n the present case 

because the photon fluxes at the cathode surfaces can be shown to be 

very small. 

Only the two optical transit10ns of mercury between the 

resonance levels and the Hg I ground state need be 
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consldered in in determlning the photon flux for the following reasons. 

Excited states of slngle ions (Hg II) can be neglected because the 

single ion density is at least two orders of magnltude less than the 

neutral denslty. The density of excited states of lonic speCles will, 

therefore, be relatively low compared to those of the atom (see Table 

III) . Of the excited states of the atom (Hg I), only the flrst four 

lowest energy levels need to be considered for two reasons. Flrst, most 

of the dlscharge energy WhlCh goes lnto excited states of mercury can be 

accounted for by these four states [25] which is just an lndication that 

their populatlon densltles are relatlvely large (Table III). Secondly, 

the energies associated wlth transltlon from each of these states back 

to the neutral ground state are larger than for any allowable transition 

from higher exclted states. These states are only ones with energies (4 

to 7 eV) sufficiently greater than the work function to give signlflcant 

quantum yields. Of the first four Hg I energy levels, two are 

metastables (63Po and 61P2) and can be neglected ln photo processes 

because of thelr long average lifetimes. ThlS leaves only the two 

resonance levels (63P
l 

and 61pt) to be accounted for. 

Photons released by de-excitatlon of resonance levels are quickly 

re-absorbed. The transport of photons through the plasma can, 

therefore, be modeled as a dlffusion process. From dlffusion theory the 

flux of photons across a plasma boundary can be determined using Fick's 

Law, 

r 
p 

dn 
-D ----1! 

dx (38) 

where n is the photon density and D lS the diffuslon coefficient for 
p 

photons glven by 



84 

D (39) 

Here, ~ is the average lifetime of the resonance state atom, n is the gs 

neutral ground state atom density, and a is the cross section for 
c 

absorption of the photons by neutral ground state atoms [26]. Using 

Equations 38 and 39, Peters [16] develops the following expression for 

the photon flux 

r 
p 

n [ -K 
3C ~ 

(40) 

where n IS the resonance state atom density and C IS the speed of 
r 

light. In developing this equation, Peters assumes that the photon 

density IS uniform in the plasma and decays linearly to zero at the 

boundary over a distance of one photon mean free path 1/(n a). 
gc c He 

also assumes that in the plasma the photon density is proportional to 

the resonance state density and that the constant of proportionality can 

be expressed as the ratio of the average lifetime of a free photon 

11 (C n a) to the resonance state atom hfetime ~. Using Eq. 40 for 
gs c 

the photon flux, the photoemlssion current from a cathode surface is 

I 
p 

'Ye r A 
p e 

(41) 

where 'Y is the quantum yield, e is the electronic charge, and A is the 
e 

emission surface area. Equation 41 can be used to estimate an upper 

bound for the photoemission current from the hollow cathode insert due 

to photons produced In the Ion production region of the cathode. USing 

the resonance and ground state atom densities from Table III and the 

known cross sections and lifetimes for mercury [27], Eq. 41 gives 
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photoemission currents of for both the 63p I I and the 6 PI 

resonance states. It is apparent that, even for quantum YIelds on the 

order of one. photoemIssIon is not an important process in the orificed 

hollow cathode. The reason that the photon fluxes and, therefore, 

poss1ble photoemission currents are so low 1n the hollow cathode is that 

the neutral atom density is qUIte high. thIS combIned with large 

-13 2 absorption cross sections (a - 10 cm) causes the photons from the 
c 

resonance state transItions to be effectIvely trapped wIthin the plasma. 

Even. if as suggested by the dIScussion of excited state energy fluxes. 

many of the resonance state atoms were to de-excite preferentially very 

near the surface. the photon flux would not be expected to be large 

enough to produce a significant photoemission current. 

Secondary EmissIon 

The final surface emISSIon process which IS possibly of 

significance in hollow cathodes is that of secondary emission. This 

process 1S similar 1n nature to photoemission in the sense that the 

emission results from particles colliding with the surface and gIving up 

sufficient energy to free electrons. Secondary em1SSIon can result from 

the impacts of electrons. ions. excited atoms. and ground state neutral 

atoms. The energy which IS gIven up by the particles in this process 

can be either theIr kInetIc energy or their potential energy of 

excitatIon. or both. The extent to which each of these categories of 

particles can contribute through secondary electron emIssion to the 

hollow cathode dIscharge current wIll be dIscussed in thIS section. 

Secondary electron emIssion due to the impact of both electrons and 

ground state atoms can be readily neglected. Generally. plasma 

electrons cannot make it back to cathode potential surfaces because they 
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do not have sufflclent energy to overcome the adverse potential of the 

sheath. The number of electron impacts with cathode surfaces and the 

secondary emiSSlon due to these lmpacts lS, therefore, negligible. 

Ground state neutral atoms arrive at cathode surfaces at a rate 

determined by their thermal velocities. Although the flux of these 

particles to the surface is large, they have no excitatlon potential 

energy to glve up and their kinetic energy for typlcal cathode 

temperatures lS much too low to produce secondary electron emlssion. 

On the other hand, the flux of lons to cathode surfaces is . . 
slgniflcant, as lS the amount of potential and klnetlc energy with whlch 

they arrlve. Ions have a hlgh probablllty of being neutrallzed at the 

surface, so wlll pick up at least one electron upon impact. This 

neutralizing electron leaves the surface bound to the atom and is best 

considered as the flnal step of the volume lonizatlon process whlch had 

previously produced a free electron ln the plasma ln creatlng the ion. 

However, In addition to completing the Circuit for what IS essentially a 

volume electron production process, the lon can also produce unbound or 

secondary electrons at the surface. This is posslble because the lon 

deposits in the surface both ItS kinetic energy from falling through the 

cathode sheath and the potential energy in excess of its neutralization 

energy. The yield for this process, that lS the number of secondary 

electrons per incident lon, lS dependent on both the avallable energy 

and the surface material. As with most surface processes the difficulty 

in estimating the magnitude of the secondary emission current is highly 

dependent on a knowledge of parameters such as yield coefflcients, which 

often are not avallable for the materlal or comblnatlon of materials of 

Interest. Yield coefficients for mercury ions on BaO coated tantalum 
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surfaces are not available but an order of magnitude estimate can be 

made based on the coefflclents for slmilar materials. For ions with 

kinetic energies less than a few hundred electron volts, klnetic 

ejection lS negllgible and secondary electron emission lS predomlnantly 

due to potential ejection [19]. The potentlal ejection yield 

coefflcient for low energy, slngly-charged, mercury atoms bombarding a 

tungsten surface are on the order of 0.01 for surface temperatures 

typical of hollow cathode operatlng conditions (-1300oK). Potential 

ejection of electrons is most strongly dependent on the potential energy 

of the ion and the work function of the surface. Empirical correlations 

[28] show that as a flrst order approximation the Yleld coefficients for 

potentlal ejectlon increase linearly w1th the potential energy ln excess 

of that needed to neutralize the lon. For ground state lons, this 

excess potential energy is the difference between the ionization 

energy e and tWlce the surface work functlon ~ 
1 Y s ' 

e - 2 fJ • 
1 S 

(42) 

For the R-500 coated tantalum emittlng surfaces used ln the cathode 

experiments, a reasonable value for the surface work function is - 2.0 

eV. This would give an excess potential energy Ae of 
p 

6.4 eV for 

mercury ions for the R-500 coated surface. This lS about five times the 

excess potential energy for + 
Hg on a clean tungsten surface 

(Ae = 1.4 eV) and suggests that a reasonable value of the yield 
p 

coefficient r for the emitting surfaces in the hollow cathode would be 
1 

0.05 electrons per incident ion. The ion collision rate with cathode 

surfaces can be calculated based on the Bohm velocity and the plasma 

denSity. For tYPical cathode conditions, this amounts to an ion current 

(I ) to cathode surfaces of less than 
1 

30% of the total dlscharge 



88 

current. The secondary emission due to Ions would, therefore, be 

approximately five percent of this or less than 2% of the total 

discharge current. 

In the hollow cathode discharge, excited atomic states of mercury 

(Hg I) have negligible kinetic energy but may have sufficient potential 

energy to cause secondary electron emission. As discussed in the 

section on photoemisslon, only the first four excited levels of the 

mercury atom (two resonance and two metastable states) are present in 

sufficient numbers or have sufficient energy associated with them to 

make them Important for surface emission processes. While we have shown 

that photon fluxes to the cathode surface are negligible because the 

resonance radiation IS effectIvely trapped In the plasma, both resonance 

state and metastable state atoms arrive at the wall at significant rates 

because of their high number density (Table III). Their arrival rate IS 

Just their random thermal flux (nv
th

/4), so that the secondary emission 

current due to excited state atoms is 

I sec 

vtheAe 
4 Ly. n. 

j J J 
(43 ) 

where v th IS the average velocity, n
J 

IS the number density of the 

exc ited state, is the electron yield per excited atom, and the 

summation IS over the four excited states being considered 

In Eq. 43, it has been assumed that all of the 

excited species are at the same temperature and, therefore, have the 

same thermal velocity v th and that their density IS uniform throughout 

the production region. 

In order to estimate the magnitude of emission current uSing Eq. 

43, it is necessary to know the yield coefficIent and the number density 
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of each of the excited states. Again, yield coefficients for this 

process for the materials used in the cathode Insert are not available 

in the literature but reasonable estimates can be made. The closest 

applicable data is by Sonkln [29] who found that, for the 63p mercury 
o 

metastable on a tungsten surface, the maximum Y1eld for the normal 

surface conditions of his experiment was one or two electrons per 

hundred Incident metastable atoms. Sonk1n found that the yield was 

highly dependent on the presence of a stable complex of mercury and 

oxygen atoms on the surface and that, for temperatures of 10000 C and 

above, the surface film of mercury was evaporated and yield fell to 

approximately ten percent of the normal value (i.e., r - 0.001). 
m 

Assuming that the work function of the surface operating at 10000
C was 

approximately that of pure tungsten, the yield coefficient for R-500 

coated tantalum used in our experiments can be estimated based on an 

excess potent1al energy argument s1m1lar to that used for incident ions. 

For metastables, the excess potent1al energy is the d1fference between 

the excitation energy e 
ex and the surface work funct10n 

¢s' or (e - ~). For the 63
p metastable state, the excitation energy ex s 0 

is 4.68 eV and the ratio of the excess potential energy for a surface 

with a work function of 2.0 eV to that of clean tungsten (4.52 eV) is 

(4.68 - 2.00)/4.68 - 4.52) z 17. Using Sonkin's result of y = 0.001 
m 

for tungsten at 10000 C gives a yield coefficient of 0.017 electrons 

per incident metastable atom for our conditions. It 1S a reasonable 

assumption that the yield coeff1c1ent for resonance states which de-

excite at the insert surface can be estimated in a similar manner from 

the above data. 1 The 6 PI state has the largest excitation energy (6.7 

eV) of the Hg I resonance states and would give an estimated yield 
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coefficient of - 0.03. Recognizing that the above arguments are only 

1ntended to give an order of magnitude est1mate for the maximum value of 

the Y1eld coeff1cient, a value of 0.03 w111 be assumed to hold for 

potential eJection due to each of the four excited states of mercury 

being considered here. 

Equat10n 43 can now be used to estimate the secondary emission 

current due to excited states if the number density of each of the 

excited spec1es is known. US1ng the dens1ties from Table III, an 

average thermal veloc1ty based on a temperature of 10000C, and a yield 

of 0.03 electrons per inc1dent excited atom, the max1mum secondary 

emission current due to all excited atomic states is estimated to be of 

the order of 0.1 A or approximately 3% of the total discharge current. 

In summary, it appears that for the 0r1ficed hollow cathode most of 

the surface emitted electrons are a result of therm10nic emiss10n 

probably enhanced to a signif1cant degree by the effect of the strong 

electrIC fIeld present at the plasma-surface Interface. The only other 

surface emission process that appears to be of any significance in these 

devices is that of secondary electron emission due to 1mpacting ions, 

metastable and resonance state atoms. The potential eJection of 

electrons assoc1ated with thIS process is expected to account for less 

than 5% of the total surface em1ssion current. Field emission and 

photoelectric emIssion were both shown to be negligible in thIS type of 

hollow cathode. 

The results discussed above can be used to est1mate the total 

surface em1SSIon current I WhICh was required In equatIons such as Eq. 
e 

12 In Chapter III. The total 

cathode insert will be 

surface emission current I for the 
e 
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(44) 

where Ith is the field-enhanced thermionic emission current based on 

Equations 26. 27. and 36; and I lS the total secondary emission sec 

current due to both 10ns and excited neutral atoms. Slnce the secondary 

emlssl0n current was shown to be small. lt will be neglected in future 

calculations. ThlS lS consistent with other approximatlons made in 

developing the model and means that calculation of the excited state 

denslties will not be requlred anywhere in the model. 

Surface Work Function and the Emission Mechanlsm 

In the discussion above. the hypothesls that field-enhanced 

thermionic emlssion is the dominant surface phenomenon producing 

electrons is based mainly on calculatl0ns showlng that the other 

emisslon processes play only a minor role. Verification of this 

hypothesis lS important to the proposed model. Dlrect experlmental 

evidence supporting the suggested emlSSlon mechanlsm has been based 

prlmarily on the abl1ity of the model to predict reasonable values of 

the surface work function (~). Based on the results of the preliminary 
s 

experlments uSlng a cathode with two millimeter long insert segments. 

the model was used to calculate average surface work functlons which 

were found to be on the order of 1.9 eV and showed a clear linear 

increase with surface temperature. More extenslve work functl0n tests 

completed subsequent to these experiments gave simllar results wlth 

surface work functl0ns ranglng from 1.8 to 2.2 eV and also increasing 

linearly wlth temperature. A surface work function of - 2.0 eV is quite 

reasonable for tantalum coated wlth R-500 and agrees with tabulated 

values for these materials. Further. a surface work function which is a 
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11nearly increaslng functlon of the surface temperature lS, in fact, 

expected when 6 20 2 the theoretlcal constant for a (1.2xlO Aim K) lS used 
o 

to calculate ~ from the Schottky equatl0n. In this case ~ is known as 
s s 

the " true" work function as opposed to the "Rlchardson" work 

function whlch lS not a function of temperature but relies on an 

emplrlcally determined value for the constant a • 
o 

The relationshlp 

between these two work functions is dlscussed ln Ref. [30]. 

The experimental results discussed above indicate that the field-

enhanced therml0nic emission process is, in fact, characterlzed by a 

work function that is reasonable because of its magnltude and its linear 

dependence on temperature. However, these were average results based on 

a relatively large surface area. Because of this and because the 

emissl0n current shows an exponential sensitivity to the work function, 

this evidence alone was not considered sufficient to permit one to state 

conclusively that field-enhanced thermionlc emission was the predomlnant 

emission mechanism. It was felt that such a Judgement might be made, 

however, if the actual work function were accurately known for the 

emittlng surface. One method of determining this work function would be 

to make an lndependent measurement of the work function of a small 

sample of the emitting surface wlthout the discharge present. This work 

function could then be compared wlth the surface work function of the 

same sample area calculated using the hollow cathode model based on data 

from the operatlng cathode. Because of the extreme sensitivlty of the 

surface work functl0n to contamination and operating hlstory, it was 

consldered lmperative that thlS measurement be made without having to 

remove the insert from the cathode. An experlment to perform such an 

In-situ measurement was designed and the baSIC features of the apparatus 
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used in the test are illustrated schematically in Fig 10. The sample 

area for the test was a tantalum "patch" - 2 mm square and 0.125 mm 

thick coated with R-500. The patch had three, 0.25 mm dla. leads 

including a platinum/platinum-13% rhodium thermocouple pair and a lead 

for measuring the emission current. The patch was electrically isolated 

from the insert and the rest of the cathode. The basic procedure for 

the experiment was to operate the cathode in the normal manner while 

making measurements of patch temperature, emission current, and plasma 

properties. The discharge and flow were then turned off and a 

conventional surface work function test was performed in which the 

cathode was heated USing the external heater and the patch emission 

current was collected using the auxiliary anode. 

This experiment was attempted a number of times without much 

success because it was very difficult to establish electron emission 

reliably from the patch while the cathode was operating. This was due 

to difficulty in maintaining a sufficiently low work function at the 

patch surface for a long enough period to conduct a complete experiment. 

The assumption of uniform surface work function and emission current 

density are idealizations. Apparently the work function of the insert 

surfaces show rather strong local variations with the emission tending 

to take place predominantly from sites having the lowest work function. 

There were occasions when the patch was apparently a low work function 

site and would emit. However, when this occurred the tendency was for 

most of the cathode emission to come from the patch. This caused a 

rather high patch temperature which resulted in a gradual depletion of 

barium from the patch causing the emission site to shift eventually to 

another location. It was Impossible to complete an experiment with 
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Figure 10. Apparatus for In-SItu Measurement of Patch Work Function 
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consistent results under these conditions. This problem was finally 

circumvented by using a separate power supply to bias the patch negative 

with respect to cathode potential and, thereby, establish electron 

emission from the patch. The emisston process was stimulated when this 

procedure was followed because the power supply tncreased the sheath 

potential drop at the patch. thiS rat sed the patch temperature due to 

increased ion heating and also increased the electrtc field adjacent to 

the patch, thereby, increasing the field-enhancement of the emission 

process. The fact that the patch would not emtt under normal conditions 

is now seen as beneftctal because when thts occurs the patch can be used 

both as a probe to sense plasma condttions at the cathode wall (these 

are necessary inputs to the model) and as a test surface from which 

electron emission can be measured. The experiment was conducted by 

operating the cathode tn the normal manner and recordtng a current

voltage charactertstic while the patch was btased from -35 v to +5 v 

above cathode potential. The procedure and data analysts for this are 

dtscussed tn Appendix D. Ustng data collected from the patch in the 

field-enhanced thermionic emission mode, the work function of the 

surface was computed based on Eqs. 26, 27, and 36. These work function 

results are shown as the open symbols in Ftg. 11. As the ftgure 

suggests, this test was conducted three times and at two separate 

discharge current levels. The soltd symbols in Fig. 11 correspond to a 

conventional surface work function test in which the Rlchardson-Dushnlan 

equation was used to compute the surface work function. 

The results shown tn Ftg. 11 tndicate that the test patch had a 

work functton of approximately 2.5 eV wtth the discharge present and 

approximately 2.7 eV without the dtscharge. Considertng the exponential 
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sensitivity of the emission current to the work function. the 0.2 eV 

difference between the work functions for the two cases is quite large. 

However. some of this difference is probably due to experimental 

variation in work function. The data in fact show that the work 

function varied both during the course of an individual test as well as 

from one test to the next. It was observed for example that the 

electron emission current at the higher temperatures decreased during 

the time It took to make a temperature measurement. (See Fig. D.I. 

Append1x D.) This change became Increas1ngly sign1f1cant as the 

negative bias. and therefore. the patch temperature were increased. 

Th1S decrease in emIssion current with time 1ndicates an increase in 

work function probably due to increased sputtering and evaporation of 

barium caused by higher ion bombardment energies at the h1gher negative 

bias. In the extreme case. the barium was apparently depleted to the 

point where there was negligible electron emiss10n from the patch even 

if the patch was b1ased to -35 V. thus indicating a substant1al increase 

1n surface work function. This situation is discussed in Append1x D. 

It was found. when the patch would not emit. that by heating the entire 

cathode to - 1250 0 C using the external heater the patch surface could be 

reactivated. presumably by forcing a redistribution of barium from 

other. normally cooler. surfaces within the cathode. After such a 

heating cycle the experiment could be continued although the surface 

work functIon would be somewhat different than that in the previous 

test. Such a reactivation procedure was performed between Test #1 (open 

circles) and Test #2 (open squares). A similar redistribution of barium 

apparently took place during Test #4 when the cathode was heated to 
y o 

1100 C by the end of the test and 1S respons1ble for lowering the 
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surface work function from Test #4 to Test #5. The pOlnt of this 

discussl0n is that the magnitude of the surface work function results in 

Fig. 11 is seen to vary significantly from one test to the next and that 

thls variation, due to actual surface condition changes occurring 

between tests, is nearly as great as the variation between the discharge 

case (open symbols) and the no dlscharge case (solid symbols~. 

The fact that the work function wlth the discharge present was less 

than the case without the discharge may be attributable in part to the 

procedure used in running the experiment and analyzing the data. 

Blasing the patch negative with respect to the other cathode surfaces in 

order to Induce emiSS10n may locally increase the plasma density 

adjacent to the patch. The work function IS calculated based on the 

increase In electron current from the patch as the patch is blased 

negative. The analysls (Appendlx D) treats all of this increase as 

belng due to electron emissIon whlle, if the local plasma denslty is 

also 1ncreas1ng, then the measured current 1ncrease would also be due to 

the increased Ion flux to the surface. There is no way of accounting 

for this effect in analyzing the data. A local increase in plasma 

density would also increase the electrIc fleld at the surface and, 

thereby, contrlbute to an estimate of the surface work function which 

was lower than its actual value. Finally, the presence of the discharge 

may truly decrease the surface work function by ItS interaction with the 

surface. For example, some barium that would normally evaporate and 

diffuse to cooler surfaces is probably ionized by electron impact and 

attracted back to the hot cathode surface, tending to keep the work 

function of the surface lower than for a 

temperature but not exposed to the discharge. 

surface at the same 
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The purpose of the experiment embodied by Fig. 11 was to compare 

the surface work function of the test patch calculated uS1ng the hollow 

cathode model with an independently determined value measured when no 

d1scharge was present. Cons1stent agreement between the two values of 

the work function for a number of such tests could have been considered 

sufficient evidence to conclude that field-enhanced thermionic emission 

1S the dominant surface em1SS10n mechan1sm for the hollow cathode. The 

actual agreement obta1ned between the d1scharge and no d1scharge case is 

not close enough to warrant such a statement. However, it is possible 

to explain the d1screpancy between the two cases on the basis of the 

experimental considerat10ns discussed above. It is suggested, 

therefore, that the results support the hypothes1s that field-enhanced 

thermion1c emission 1S the most likely em1ssion process for this type of 

cathode. 

It should be ment10ned that the work function of 2.5 to 2.7 eV 

applies to the test patch wh1ch is probably somewhat depleted and, 

therefore, not representative of the larger tantalum insert surfaces 

which are coated with R-SOO. Values in this range (2.5 to 2.7 eV are 

typical of barium tantalate compounds which are probably present on the 

surface even after the oxide coat1ng is depleted. It is considered 

likely that most of the emiss10n in the cathode takes place from regions 

of the insert where the work funct10n IS on the order of 2.0 eV. This 

average surface work funct10n is typical of the larger surfaces such as 

the 2 mm long 1nsert segments discussed previously and probably reflects 

the presence of barium oxide coating. In fact, considering the observed 

experimental variat10n in work function and its extreme sensitivity to 

surface condition, it is probable that average surface work functions of 
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2.0 eV are obtained as a results of small, localized regions where the 

work function IS even lower. 



V. SUHMARY OF MODEL 

Before presentlng the results of an addltlonal experlment whlch was 

performed to test certaln assumptions of the model, It will be helpful 

to present the collectlon of equations which comprlse the analytical 

model. The equations are shown in Table IV where the first column 

indlcates the physical basIs of the equatlon and the second column notes 

Important assumptions. Table V lists the symbols and units used for the 

parameters In the equations In Table IV. It should be noted that all of 

the equations In Table IV are In ~~S unlts EXCEPT for the parameters in 

the emplrlcal expression for the pressure (Eq. IV.l). 

Glven the mass flow rate ~, the orifice dlameter d, 
o 

the total 

dlscharge current I
D

, the surface work functlon ¢ , the Insert thermal 
s 

power loss 0th' and the phySical constants (e, k, m., e , e., a ), 
I 0 1 0 

the 

equatl0ns In Table IV can be solved for all of the other parameters 

except the electron temperature. As discussed In Chapter III, a value 

of 0.71 eV IS a reasonable assumption for the electron temperature. 

Eecause Eq. IV.IO can not be solved expliCitly for the surface 

temperature T , 
s 

the solution of these equations is necessarl1y 

Iterative. Powever, the equations generally converge to five place 

accuracy in SlX or~seven iteratlons. The results of calculations based 

on thlS set of equations wlII be compared wlth experimental results In 

Chapter VI. 



Table IV 

~ummary of Equat10ns Used 1n Model 

Emp1r1cal 

r------------------------
Ideal gas law 

~-------- ---------

Comments 

Keglect~ or1f1ce plate 
t&lckness effect. 

Assumes heavy partIcle 
temperature equal to 
Insert temperature. 

Energy exchange mean free 
path based or results 
of computer ~odel. 
Assumes EPI = Vp . 

.---------------------- ---- - --------------------
EX1stence length for 
pr1mary electron 

~--------- --------
Current balance 

-------

Insert energy balance 

CriterIon for emIss10n/lon 
productIon region length. 

-------------------------
ThermIonic electron emISSion 
from Insert only; lon flux 
based on Bohm criterion. 

Neglects energy Input due 
to excited states and plasma 
radiatIon. 

_________________ Equa~~~ _________________ _ No. 

-3 
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Table IV (cont.) 

Summary of Equa tions Us ed In Mode 1 

Physi~al Basi~ ___ _ 

Bohm crlterlon 

r------------------------
Energy balance on 
lon productlon reglon 

-----------------

Comments ---------------_._--
Assumes unlform or 
average plasma propertles. 

Neglects energy loss due 
to excited states and 
plasma radlatlon. 

Double sheath analysls Approx. based on theoretlcal 
analysls l~3Ref. [22]_ Holds 
for J < 10 (J from Eq.33) 

---------------- -------------------------
Fleld-enhanced Model neglects all surface 
thermlonlc emlSSlon emlSSlon mechanisms, except 

thls one. 

~------.------------------- ----------------------
Effectlve work 
functlon 

Based on electric field 
at emlSSlon surface 

E 

Equatlon ------------. 

n 
e 

-
c[kT 1m ]1/2 

e 1 

No. 

IV.7 

---------------------------------~--

IV.S 
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'V 1/2 ]'12 IV.9 

:::; -1!) _ 
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Table V 

Llst of Symbols and Unlts 

- theoretical constant (1.2x106 A/m2 °K2) 

- area of end boundary of lon production reglon (m2 ) 

- lnsert emlssion area (m2 ) 

- total surface area of lon production region (m2 ) 

- orlflce dlameter (mm) 

- electronic charge (Coulombs) 

- electric fleld at insert surface (Vim) 

- total discharge current (A) 

- lnsert electron emisslon current (A) 

- total lon current to cathode surfaces (A) 

- Hohm current density (A/m2) 

J
th 

- fleld-enhanced thermionlc emlSSlon current density (A/m2) 

J - normalized emlSSlon current (Eq.33) 

k - Holtzman's constant (1.38x10-23 J/oK) 

L - lnsert emlssion length (m) 
e 

m - propellant mass flow rate (mA equivalent) 

m. - lonic mass (kg/lon) 
1 

n 
e 

electron density in lon production region (m-3) 

n 
o 

-3 - total neutral atom density In lon production reglon (m ) 

p - lnternal cathode pressure 

6
th 

- lnsert thermal power loss (W) 

T 1 t t t d t· . (oK) e e ec ron empera ure In lon pro uc lon reglon 

T t · t t (OK) - lnser emlSSlon empera ure 
S 

V plasma potential In ion productlon region (V) 
p 
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- ionization potential (10.4V for Hg) 

- permitt1vitity of free space (8.85x10-12 F/m) 

8 - pr1mary electron energy, equivalent to plasma potential V (eV) 
pr p 

A - primary electron, energy exchange mean free path (m) 
pr 

g
e 

- average effective work function (V) 

9
s 

- average surface work funct10n (V) 



VI. COMPARISON WI1H EXPERIMENT 

One of the major assumptIons of the model presented here is that 

most of the hollow cathode current can be accounted for at the 

boundaries of the 10n productl0n regl0n elther as electrons produced at 

the emission surface clrcumscrlblng the regl0n or as 10ns produced 

wlthln the region and returnlng to the cathode surfaces at the Bohm 

velocity. To determine the magnltude and orlgin of the varl0US hollow 

cathode currents, an experiment was set up to perform a current balance 

on all of the cathode surfaces which could contrlbute to the total 

emission current. The purpose of thlS experiment was to account for the 

current to each surface of the cathode and to determine for each surface 

the fraction of the current that was due to 10n current. The experiment 

also provlded a means of testlng other assumptlons of the model related 

to the ion productl0n region such as the emlSSlon length crlterion, the 

appllcabl1lty of the Bohm veloc1ty, and the use of the energy balances 

for predict1ng plasma denslty and plasma potential. In this chapter, 

the results of thlS experiment are compared to the predlctions of the 

model and discussed ln the context of the assumptlons of the model 

regardlng the 10n productlOn region and the cathode current 

dlStrlbut10n. 

Current Accountlng 

The test cathode designed and bUIlt to facliltate the measurement 

of the currents necessary to perform the overall current balance is 
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shown in Fig. 12. The cathode was fabrIcated from a quartz tube such 

that all of the Internal surfaces were covered with tantalum foil and 

each surface of interest was isolated as a separate electrode. The 

insert was made 2.2 mm long to test the assumption regardIng the 

locatIon and extent of the emISSIon region. Both the insert and the 

cathode tube were coated wIth the low work function chemIcal R-500. 

This cathode had an Inner diameter of 3.9 mm and an orIfice diameter of 

0.96 mm. The cathode dIscharge was coupled to a cylIndrIcal anode which 

was completely enclosed wIthin a stainless steel ground tube covered on 

its downstream end by a fIne mesh screen. The current from each of the 

surfaces shown In FIg. 12 wa& measured separately for total discharge 

currents In of 1.3, 2.3, 3.3 and 4.3A at a mercury flow rate (m) of 

-100mA. Data were also collected for an emission current of 3.3 A at 

Internal cathode pressures P rangIng from 1.3 to 5.5 Torr. The internal 

pressure and Insert temperature were measured using the procedures 

described in Chapter II. The ammeters used In makIng the current 

measurements were carefully calIbrated to the same reference prIor to 

the experiment. 

The results of these experiments are shown in Table VI where the 

currents - II, 12 etc. - are those from the surfaces identified In FIg. 

12. The current IT IS the sum of these numbered currents. The results 

are normalIzed with respect to the total 

appears that all of the currents necessary 

emission current I
D

• It 

to perform the overall 

cathode current balance are accounted for, because the total of the 

currents (IT) agrees with the total emission current (I
D 

= IA + I
K

) 

wIthIn a few percent. 
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TABLE VI 

Cathode Current Account,ng 

m(mA) p(torr) 10(11) IlllO 12110 1/10 I4IIO I5IIO 16/1 0 IT/I O T,nsert 
(Ca thode (Insert) (Upstm (On f,ce) ( Oownstm. ( Ground (Total (OC) 
tube) On f, ce Onf1ce Screen 

Plate) Plate) 

102 3.6 1.3 0.023 0.R46 0.077 0.031 ,0 0.002 0.980 965 

102 4 6 2.3 0.022 0.865 0.070 o 039 0.004 0.002 1.000 1009 

106 5.5 3 3 o 021 0.R54 0.070 o 052 0.006 0.002 1.003 1039 

105 6.2 4.3 o 021 0.844 0.067 0.060 o 006 0.003 1.000 1070 

110 5.8 3 3 0.015 o fl54 0.073 o 052 0.005 0.002 1.000 1039* 

78 4.1 3 3 0.047 0.842 0.073 o 033 0.003 o 002 0.997 1051 * 

62 3 2 3 3 0.076 0.fl24 o 070 0.027 0.003 o 002 1.003 1057* 

35 1.8 3 3 0.379 0.533 0.054 o 015 o 003 0.002 0.988 1067* 

25 1.3 3 3 0.576 o 373 0.042 0.012 ,,0 0.002 1.006 1071 * 

* These temperatures were est,mated from an earl,er exper,ment under s,m,lar cond,t,ons 

TABLE VII 

Calculated Ion and Electron Currents to Insert 

p(torr) Io(A) I2(e)/Io 12(, )1l 0 IT(, )/ID* n
2

(1011'cm- 3) 

(Insert (I nser t (Total 
El ectron Ion Ca thode 
Current) Current Ion 

Current) 

3.6 1.3 0.68 0.16 0.30 o 8 

4.6 2 3 o 73 o 14 0.28 1.2 

5.5 3.3 0.73 0.13 0.28 1.6 

6 2 4.3 072 0.12 o 28 2.0 

5.8 3.3 0.73 0.13 o 27 1 6 

4.1 3.3 0.72 0.13 o 28 1.6 

3.2 3.3 o 70 0.13 o 31 1.6 

8 3 3 0.48 0.10 1.2 

3 3.3 0.29 0.08 1.0 

* IT(, ) I I (,) 
J J 
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One purpose of this test was to determine the origin and relative 

Importance of the various current components of the cathode. The data 

presented in Table VI indicates that for internal cathode pressures 

above -3 Torr the 2.2 mm long insert provided -85% of the total emission 

current (12/1
0

, column 5) which is in agreement wIth the earlier 

experiments. Most of the remaining current was accounted for by the 

upstream surface of the orifIce plate (-7%), which forms the downstream 

boundary of the ion production region, and the wall of the orIfIce canal 

(3 to 6%) •• In all cases the surfaces upstream of the orIfice were 

responsible for at least 93% of the total discharge current. This 

supports the assumption of the model that most of the current can be 

accounted for by considerIng only the boundary of the ion production 

region. Note that while the results of Table VI IndIcate that the 

Insert current (12/ 1
0

> decreases for pressures below - 3 Torr that the 

current to the cathode tube (11/ 1
0

) undergoes a correspondIng increase. 

This indicates that the emission regIon is extending upstream along the 

cathode tube. However, even at these lower pressures where the emission 

surface extends to cover both the 2.2 mm insert segment and a portIon of 

the cathode tube, the emission surfaces account for 85~ or more of the 

total emission current (1
0
). 

Ion Currents 

The data of Table VI indicate how much of the total emission 

current IS attrIbutable to each of the cathode surfaces but do not show 

• The fact that the very small surface area of the orIfice canal 
accounts for as much as 6% of the total emission current is felt 
to be significant. EVidence Will be presented and discussed 
shortly whIch will suggest that the orIfIce region is Itself an 
Ion production region. 
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whether these currents are ion currents or electron currents. The 

proposed cathode model assumes that electron emission takes place only 

at the low work function insert surface and that the current 

contribution of the other cathode surfaces is due solely to ion currents 

to those surfaces. This assumption was tested experimentally by biasing 

each of the electrode surfaces (except the insert) with respect to 

cathode potential and observing the effect on the collected current. A 

typical current-voltage trace obtained from these tests is shown as the 

solid curve in FIg. 13. This characteristic is essentIally the same as 

the ion saturation region of a Langmuir probe trace. That the curve is 

approximately horizontal where it crosses the y-axIs (i.e., at a cathode 

potential), indicates that the current is primarily a collected ion 

current. The current-voltage trace at nepatlve potentials for a surface 

such as the insert which is emitting electrons thermionically is 

substantially different than a non-emitting surface and takes the form 

suggested by the dotted curve in Fig. 13. For a relatively large 

emItting surface, thIS response is observed because negative biasing of 

the surface effectively increases the discharge voltage and, thereby, 

the discharge current. For smaller surfaces, the effect is due to 

increased heating of the surface as the potential difference between the 

surface and plasma potential is increased. 

The test described above demonstrates that the surfaces, except for 

the insert, are neither emIttIng thermlonically nor collecting electron 

currents in any significant amounts. It does not prove whether or not 

electrons are being emitted from the surfaces due to photo or secondary 

emission processes. However, these secondary emission currents for 

surfaces other than the insert should be less than the secondary current 
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estimated in Chapter IV for the insert because the work functions of 

these surfaces are expected to be signiflcantly greater than the insert 

work function and, therefore, their yield coefficients considerably 

less. The secondary emlssion current from the relatlvely low work 

function insert was already shown in Chapter IV to be negllglble. On 

the basis of these considerations, currents II, 13 , 14 , IS, and 16 can 

be assumed to be ion currents to each corresponding cathode surface. 

The data of Table VI can also be used to determine that fraction of 

the total dlscharge current due to volume processes (i.e., ion 

production) and that due to surface electron emlSS10n. To do this it is 

first necessary to separate the collected 10n current component of the 

measured insert current (12 ) from the emitted electron component. The 

Ion current 12 (1) to the insert can be estimated from Eq. 16 based on 

the insert energy balance. In making thlS calculation, the thermal 

power Q
th 

was taken from the solId curve of FIg. C.1 in Appendix C based 

on the insert temperature shown in Table VI. In addition, the other 

power terms (qd A and q hA ) were neglected and the surface work x e q e 

functions (¢ and ~ ) were both assumed to be 1.9 eV. e s The results in 

the next section, which deals with the model predictions, will show that 

this is a reasonable value for the work function; furthermore, the 

calculations are not very sensitive to this parameter over its possible 

range of variatlon. The plasma density n
2 

adjacent to the insert 

surface can also be calculated using the value of 1
2
(i), estimated 

above, and Eq. IV.7, whlch is based on the Bohm current denslty. The 

results of these calculations are shown in Table VII (on p.109) where 

the currents are agaln normalized with respect to the total discharge 

current In' With the estimates of insert ion current I
2

(i) shown in the 
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table, the fraction of the total discharge current which is due to ions 

collected at cathode surfaces can be calculated. This lS shown in the 

flfth column of the table. The important point to be drawn from this 

ana1ysls lS that the volume productlon of electrons (as indlcated by 

IT(i)/I
D

, column 5) amounts to -30% and IS relatlvely constant over the 

rather broad range of cathode conditions in the experiment. The 

estimates of the plasma density n
2 

are also of interest and will be 

discussed in the next section. 

Ion Productlon Regl0n 

The results of thls experlment can also be used to check other 

aspects of the model regarding the ion production region. The model 

assumes that the ion production region is a region of rather uniform 

plasma density circumscribed by the emission surface. On the test 

cathode where the insert is the electron emlssion surface, the upstream 

surface of the oriflce plate also forms a boundary of the ion production 

region. Slnce ions are assumed to leave this region with the Bohm 

velocity, the plasma denslty can be calculated from Eq. IV.7 for any 

surface for which the ion current and the surface area are known. ThlS 

means that lf, in fact, the plasma density in the ion production region 

15 faIrly uniform and If the energy balance used to calculate the ion 

component of the lnsert current lS valid, then the plasma density 

computed using the ion current to the insert (I
2

(i» should be the same 

as that computed using the 10n current to the orifice plate (1
3
). 

Figure 14a shows the plasma density adjacent to the lnsert (n
2 

from 

Table VII) plotted (circles) as a function of total dlscharge current 

for the cathode operating at a mass flow rate of - 100 rnA. The plasma 

density based on the ion current to the upstream surface of the orifice 
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plate (n
3

) and to the orifice (n
4

) are also plotted in Flg. l4a as the 

squares and triangles respectively. Fig. 14b shows the same sort of 

data plotted as a function of internal cathode pressure for a total 

emission current of 3.3A. In both Figs. 14a and 14b the plasma denslty 

adjacent to the Insert (n
2

) and the plasma density adjacent to the 

orlfice plate (n
3

) agree reasonably well both in magnitude and in their 

dependence on the independent varlable. ThlS supports the assumptions 

dlscus~ed above regardlng the ion production region and suggests that 

the energy balance provides self-consistent results for the ion current 

to the insert. It should also be noted that the plasma densities near 

the Insert (n
2 

and n
3

) are in agreement with those presented In Fig. Sa 

based on Langmulr probe measurements made under slmilar condltlons. 

Predlctlons of the Model 

A critical test of the model is ItS ability to predict the length 

of the Insert emission reglon as thlS parameter strongly affects the 

predlcted insert surface temperature for a glven dlscharge current and 

surface work function. The model assumes that the Insert emission 

length IS of the order of the primary electron mean free path. The 

primary electron mean free path A can be calculated wIth Eq. IV.3 pr 

assuming a primary electron energy of 8.7 eV and a neutral denslty 

estimated from the measured cathode pressure. The results of this 

calculatIon are plotted as the SOlId curve (2A ) In Fig. 15. pr Insert 

ecission lengths determined from the experimental results are indicated 

In the flgure as circles. The agreement between the experimental data 

pOlnts and the calculated curve is quite good and supports the 

assumption of the model that L /A IS approXimately two. The data e pr 

pOints above a pressure of four Torr would have been In even closer 
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agreement wIth the curve except that there was no way of dIscriminating 

emISSIon lengths shorter than the 2.2 mm long insert segment. 

(Temperature profIles were not measured in thIS experIment.) Insert 

emISSIon lengths, for conditIons where emission was taking place from 

the cathode tube (surface 1), were estimated from the fraction of the 

current to that surface. 

If controllable operating parameters (discharge current and mass 

flow rate) m and the cathode physIcal confIguration (dImensions, surface 

work function, and thermal characteristics) are specifIed, the equatIons 

of the model as summarIzed in Chapter V can predIct cathode operating 

condItions such as insert temperature and plasma potential. The 

experIment described above pIovides a good opportunIty to compare 

measured operating conditions with the predictions of the model. 

CalculatIons using the model were performed based on the follo~ing 

consideratIons. 

1. The measured pressures were used as 1nput to the model rather than 

the mass flow rate. EquatIon IV.1 could have been used to 

determine the pressure from the flow rate and orIfIce dIameter, but 

in this case It underestImates the pressure by about 20%. A 

probable explanatIon for thIS discrepancy is that the effectIve 

dIameter of the tantalum, foil-lIned orifice was slightly smaller 

durIng operatIon than Its measured diameter when cold. A small 

error in the orifice dIameter results in a large error in pressure 

because it appears In Eq. IV.] as an inverse square. 

2. The surface work function ~ for the Insert was not known. The 
s 

value used in the calculation was arbitrarily chosen as 1.94 eV to 

gIve agreement between the measured and the calculated temperature 
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at the operating conditions where Iv is 3.3 A, and 
. 
m IS 100 mAo 

The comparlson between calculated and measured temperatures will, 

therefore, be a relative one valid ma1nly for checking the 

functlonal dependence on discharge current and pressure predicted 

by the model. 

3. The thermal power loss used for the calculations was taken from the 

dashed curve of F1g. B.1 In Appendlx B. 

4. The electron temperature was assumed to be 0.71 eV. 

5. The ratio of emlssion length to meal! free path L /').. was a!osumed 
e pr 

to be two. 

6. Because Eq. IV.10 cannot be solved explic1tly for the surface 

temperature T , 
s 

the equa hons In the model were solved in an 

1terat1ve manner. 

The results of calculat10ns using the model based on the 

as!oumpt10ns discussed above are shown In F1gs. 16 through 18. Figures 

16a and 16b show the effect of discharge current and pressure on the 

emission temperatures pred1cted by the model based on the assumed 

average surface work function of 1.94 eV. It should be recalled here 

that agreement wlth the exper1mental temperature at a current of 3.3A 

was assured by selecting a value of 1.94 for ¢ The s1gnlf1cant feature 
s. 

of F1g. 16a, therefore, IS that the model accurately predicts the effect 

of d1scharge current ov the emiss10n temperature. 

Such good agreement is not obta1ned for the effect of pressure on 

the emission temperature. F1g. 16b shows emIssion temperatures plotted 

as a funct10n of pressure for a d1scharge current of 3.3 A. 

Unfortunately, at the pressure condItIons Indicated by the solid 

c1rcles, Insert temperatures were not measured because the original 
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objective of the experiment requ1red only measurement of the cathode 

currents. The data 1nd1cated by the sol1d symbols were. therefore, 

est1mated using the results of Fig. 4c which showed that for a cathode 

of similar construction operating at a discharge current of 3.3A the 

maX1mum insert temperature decreased w1th 1nternal pressure by - 7°C per 

Torr. However. It is bel1eved that th1s estimate is reasonably 

reliable. so 1t would not account for the differences between the two 

curves in Fig. 16b. The main reason for the differences between the two 

curves 1S that the temperatures 1ndicated by the circles are the maximum 

emission temperature while the calculated temperatures (solid curve) are 

average values based on the assumption of uniform em1SS10n over the 

entIre emlttlng length. The calculated em1ssion temperature increases 

w1th 1nternal pressure because the emission length 

the emission surface area predicted by the 

L and. therefore. 
e 

model decreases as the 

pressure 1S 1ncreased. While for short emission lengths. the uniform 

emiss10n assumption 1S probably valid. the assumption apparently breaks 

down as the length of the em1ssion region increases. This suggests 

that. for low pressures. emlSS10n temperature grad1ents become important 

and the simple. lumped parameter model does not provide an accurate 

descr1ptlon of the em1SS10n temperature. 

The Ion product10n region plasma dens1ty predicted by the model is 

plotted 1n Fig. 17a as a function of d1scharge current (solid curve). 

For compar1son. the plasma densities n3 adjacent to the upstream side of 

the orifice plate are plotted as the c1rcles. These data points Cn
S

) 

were est1mated from the measured current 13 based on the Bohm criterion 

and are repeated here from Table VII and F1g. 4a. They represent the 

average plasma density adjacent to the downstream boundary of the ion 
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production region. Plasma densities are shown in F1g. 17b plotted as a 

funct10n of internal pressure for a d1scharge current of 3.3A. In both 

cases (F1gs. 17a and 17b), the agreement between experimental values and 

those predicted by the model 1S reasonably good although 1n F1g. 17b the 

curve shapes for the measured and calculated values are different. This 

difference may be attributable, at least partially, to the assumption in 

the model of a un1form ion production region. Th1S assumpt10n 1S 

expected to hold best for operation at conditions where the primary 

electron mean free path IS on the order of the 1nsert rad1us. As the 

internal pressure 1S increased beyond th1s pOint (a few Torr), the 

primary electrons have a lower probability of reach1ng the centerl1ne of 

the cathode, so that Ion product1on is 1ncreasing1y confined to an 

annular region bounded by the emission surface (as opposed to the 

assumed cyl1ndrlcal volume). Such a reduction In volume could account 

for the fact that the average measured values of the plasma density 

adjacent to the orifice plate are nearly constant for pressures above a 

few Torr (Fig. 17b). 

The fraction of the total discharge current that is due to volume 

processes depends mainly on the plasma density. For the plasma 

densities predicted by the model this fraction ranged from 0.30 to 0.34. 

This IS In good agreement With the values In column 5 of Table VII which 

were based on measured currents. 

F1nally, the plasma potential predictions of the model are shown in 

Figs. 18a and 18b where they are plotted, respectively, as a function of 

discharge current at a constant mass flow rate (-100 A), and as a 

function of Internal pressure at a constant dtscharge current (3.3A). 

The plasma potential was not measured In this experiment so the average 
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value of 8.7V determined from Langmulr probe measurements for a cathode 

operatlng under similar condltions is indicated ln the figures as a 

dashed 11ne. The value is shown as a constant (horizontal 11ne) because 

the probe measurements showed no clear correlation of the plasma 

potential In the 10n production region with either current or pressure. 

It should be recalled that the plasma potential predlction is based 

on the energy balance for the ion productl0n regl0n and neglects the 

energy lost from the reglon due to the the flux of exclted atoms. 

Including the exclted state powel term would lncrease the predicted 

plasma potential by 8 to 10 volts In most cases. In view of this, the 

results shown ln Fig. 18 Indicate that the model predicts plasma 

potentials of approximately the right magnitude when the excited state 

power term lS neglected but, as suggested In Chapter III, would provide 

better agreement if a power which is 20 to 30% of the calculated excited 

state power were Included. 

The energy balance used for predicting the plasma potential is 

useful from the standpoint of a qualltatlve understandlng of the 

Important lnternal physical processes, but is not very useful for 

accurately predlctlng the plasma potentlal. It is, therefore, suggested 

that, since the measured plasma potential does not vary much from its 

average value of 8.7V, that this experimentally determined value should 

be used when making calculatl0ns with the model. 

In summary, for a cathode operating on mercury, the model 

represented by the equatlons of Table IV (Ch. V)·provides reasonably 

accurate predictions of emlssion length, emission surface temperature, 

plasma denSity and fraction of discharge current due to volum~ 

Ionization, partlcularly at pressures above the critical pressure of 8 
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few Torr. It will be worth reviewIng at this point the important 

assumpt10ns which went into the model used for mak1ng these predictions. 

The model assumed that plasma properties and surface temperatures were 

uniform throughout the ion production region and that the region was two 

primary energy exchange mean free paths In length. It neglected the 

energy loss associated WIth the thermal flux of excIted state atoms 

across the boundary of the region and assumed a value of 0.71 eV for the 

electron temperature. In addItIon to the above assumptions, the 

comparison with experImental results suggested that when applying the 

model to cathodes operatIng on mercury that a plasma potential of 8.7 V 

should be assumed for the ion production regIon. Finally, the model is 

belIeved to be most accurate for condItions where the p1imary electron 

mean free path 1S on the order of the insert radius. Such an operating 

cond1ton is expected to result in relatively un1form plasma properties 

In the ion production regIon In addItion to provId1ng effIcient cathode 

operation. 

The OrifIce Region 

Though the main thrust of this paper is the model and experimental 

results dealIng with the Internal cathode processes, the experiments 

have also produced some Interesting results providing insIght into 

processes taklng place In the orlf1ce regIon. Processes taking place 1n 

that regIon are important to cathode operation because they provide the 

lInk between the Internal dlscharge and the downstream anode collectIon 

region. The results of Fig. 14 are particularly interestIng because 

they suggest that the plasma in the orIfIce may be somehow separated 

flom the 1nternal dIscharge. ThlS can be seen by examInIng the curves 
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for the plasma density within the orifice region (n
4

, triangles). These 

curves display a different dependence on the emission current and 

internal pressure than do the curves for the densities in the ion 

production region adjacent to the insert (n
2

, n
3
). 

Two other experiments were performed which also suggested that the 

plasma processes in the orifice region are somewhat independent of the 

internal discharge. One experiment involved moving the insert back 

2mm from the orlfice plate and examining the effect on local plasma 

denslties. This experiment showed that while moving the insert back 

decreased the plasma density adjacent to the upstream side of the 

orifice plate by a factor of four it hardly affected the density in the 

orifice canal. The plasma density adjacent to the insert was also 

unaffected by the upstream movement of th~ insert. The other experiment 

involved biasing the upstream surface of the orifice plate (surface #3) 

as an anode to collect all of the emission current. In this case, not 

driving the emission current through the orifice bore decreased the 

discharge voltage by -2.5V from what it was when the current was 

collected on the downstream side of the orifice (surface #4). The 

internal cathode pressure was also reduced by almost a half. These 

experiments and their results are discussed in more detail in Reference 

[31] but are mentioned briefly here because they help to explain a 

couple of lmportant aspects of cathode operation. 

In both of the experiments discussed above. the results suggest 

that the internal discharge may be separated from the plasma in the 

orlfice region by the double sheath which normally forms just upstream 

of a discharge constriction such as the orifice [32]. A sheath of this 

kind is characterized by a potential drop which provides to electrons 
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cross1ng the sheath suff1cient energy to form an ion production reg10n 

wIth1n the constrIction, in th1s case the orif1ce canal. The result1ng 

increased plasma density in the orifice region 1S essentIal for 

ma1nta1n1ng current continuIty In the presence of the large change In 

cross sectIonal area of the conduction path. SInce the experimental 

results 1ndlcate that the or1fice walls are not emltt1ng thermionlcally, 

the higher electron densities found In the orifice region (n
4

, FIgs. 14a 

and 14b) are considered eVIdence of the presence of such a double 

sheath. 

These experImental results also help to explaIn the effect of the 

orIfIce on the overall d1scharge voltage. It is ultImately the 

discharge voltage, not the internal plasma potentIal, whIch 1S of 

Interest from the standpoInt of cathode design and performance. The 

d1scharge voltage drop IS made up of three components: 1) the 

potentIal drop across the cathode sheath, indIcated by the plasma 

potentlal In the Ion productIon regIon, 2) the potentIal drop across the 

orIfIce, and 3) the potentIal drop occurrIng between the orifIce and the 

anode. The last 1S h1ghly dependent on downstream cond1tIons such as 

background pressure, anode surface area, and the presence of magnetIc 

f1elds. It IS, therefore, very applicatIon specIfIc and will not be 

dIscussed here. The plasma potentIal in the Ion productIon region was 

shown to be normally -8.7 volts. This value was seen to be fairly 

constant and probably reflects the large excitatIon cross-sectIons for 

mercury near this voltage. As for the orIfIce, there are believed to be 

two processes WhICh contr1bute to the potential drop In that region. 

One 15 the double sheath whIch IS believed to form at the orifice 

upstream boundary. The other IS the ohmIC drop assocIated WIth t~e 
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plasma conductivity In the orifice. The double sheath analYSIS [33] 1S 

quite sensitive to the relative magn1tudes of the plasma densities in 

the Ion production region and Within the orifice. This makes a 

reasonable est1mate of the potential drop associated with the double 

sheath dlff1cult. On the other hand, a reasonable est1mate can be 

obtained for the OhmiC potential drop across the orifice. The 

10nlzat10n fraction In the orIfice region IS suffiCiently large that the 

conductIvity can be estimated uSing Spitzer's formula [34]: 

Te 3/2 
~=- 65.3 ~nA (mho/m) 

(45) 

where Te IS the electron temperature In the orIfice in OK and £n A is 

the coulomb logarIthm. The value of ~n Jl is a weak function of the 

electron density so that the conductivity is virtually 1ndependent of 

the electron density. For plasma conditions typical of the hollow 

cathode)~DAls -6. In one dimension, Ohm's law is 

j &'E _fY dV 
dx (46) 

and the potent1al drop across the orifice can be estimated as 

AV .L.!. 
e' 

65.3 (~n~)~~D 
~/2A 

e 0 
(47) 

where t IS the orifice plate thickness and A 
o 

is the cross-sectional 

area of the orifice, In IS the discharge current, and Te is the electron 

temperature 1n the orifice region 1n OK. The electron temperature in 

the orifice region can be estimated from the voltage-current 
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characterlstic for the orlfice surface (Flg. 13. SOlld curve) and was 

found to be 0.86 eV at a discharge current of 3.3A. The oriflce 

dlameter and length were respectively 0.96 mm and 1.8 mm. Using Eq. 47 

these conditl0ns result ln a potentlal drop across the orifice of 3.2V. 

which lS in fa1r agreement wlth the experimental value of -2.5V 

discussed above. 

It 1S worth noting that Eq. 47 IS ln qualitatlve agreement wlth 

cathode deslgn experlence which has shown that the operatlng voltages 

lncrease with lncreasing orIfIce length and decreaslng orlflce dlameter. 

It lS also sIgnifIcant that the plasma conductivity lS proportional to 

T 3/2. This lndlcates that small changes ln electron temperature should 
e 

have a signlflcant affect on the operating voltage. Slnce the double 

sheath. If it exists. would control the acceleration of electrons lnto 

the orifice. it could have a sign1flcant effect on the electron 

temperature in the orifice and. thereby. on the discharge voltage. 

However. the fact that the ohmic drop can account for the observed 

potentlal drop across the orlflce would suggest that the potential drop 

across the double sheath may be rather small. 

The experlment descrlbed above in wh1ch the lnternal pressure was 

reduced by one half when the dlscharge was collected at the upstream 

side of the orlf1ce helps to explaln the pressure-flow rate results 

(F1g. 6) of Chapter II. Those results showed that for a glven mass flow 

rate. the cathode pressure increased substantially wlth discharge 

current. ThlS increase is certa1nly due ln part to the plasma heating 

upstream of the oriflce region. but cannot be accounted for entirely on 

that bas1s. Electrlc fIeld effects on the 10ns also appear to 

contrlbute to the pressure lncrease. Because of the electric fields. 
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the ions produced in the orifice reglon migrate to the orifice walls or 

in the upstream directlon but cannot readlly travel downstream except as 

propelled by collislons. The effect of thlS on the pressure lS twofold. 

Flrst, ions created ln the orlflce and returning to the inter lor of the 

cathode represent a net flux of atoms upstream which does not occur in 

the absence of the discharge. This flux of ions has the same effect as 

lncreaslng the mass flow rate because the same net mass flux through the 

orlflce now requires a greater flow of neutral atoms downstream across 

the orlfice plane. In other words, some of the neutral atoms which 

entered the oriflce and would normally pass through are 10nlzed and then 

accelerated back upstream. ThlS motion of ions in the upstream 

direction lS also the basis for the second effect on the pressure. This 

effect is related to collisions. The orifice region is highly 

coillsional because of the high particle densities. As ions produced in 

the orlfice move upstream under the influence of the electric field 

there, they have coillsions WhlCh transfer their momentum in the 

upstream dlrection to the neutral atoms which are trying to exit the 

cathode. This represents an effective colllslonal drag force. Based on 

plasma condltions ln the orlfice, rough estlmates were made for the 

magnltude of both of these effects. The calculations indlcated, that 

together with plasma heatlng, the effects could easily account for the 

pressure lncreases observed when the dlscharge current is increased. 



VII. CONCLUSIONS 

A phenomenological model has been presented which describes the 

physical processes underlYing the operation of mercury orlflced hollow 

cathodes of the type used In Ion thrusters. That this descriptive model 

l~ In good qualltat1ve agreement with the experimental result~ lnd1cates 

that our basic understanding of the 1mportant physical processes for 

these dev1ces 1S essentially corr~ct. Further, by assuming an 1dealized 

ion production reg10n Within which most of the plasma processes are 

concentrated, th1s phenomenological model has been expressed 

analyt1cally as a s1mple set of equations which relate cathode 

d1menslons and specifiable operating conditions, such as mass flow rate 

and discharge current, to such Important parameters as insert 

temperature and plasma properties. A comparison betw~en the results 

calculated using this model and the experimental results described in 

this study has lead to the follOWing conclusions. 

1. Approximately 70% of the cathode discharge current IS due to 

surface emission of free electrons from a localized region on the 

downstream end of of the Insert. The dominant surface emiSSion 

process IS field-enhanced thermionic emiSSion which 1S estimated to 

account for more than 97% of the surface emitted electrons. Volume 

Ionization of mercury vapor accounts for -30% of the total 

discharge current. 

2. Because of the low primary energies and low electron temperatures 

the volume 10nlzatlon process In the cathode 1~ a multi-step 
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process 1n Wh1Ch lons are produced predom1nately from 1ntermed1ate 

metastable and resonnance state atoms. 

3. The ion production reg10n in the cathode 1S adjacent to the 

emitting region of the 1nsert where the primary (surface em1tted) 

~lectrons are produced. Its length is approximately two primary 

electron mean free paths, where the mean free path 1S that for 

energy exchange due to both inelast1c and elastic collisions. The 

mean free path is eas1ly determ1ned uSing the simple relation given 

1n Eq. IV.3. 

4. The plasma dens1ty and plasma potential in the 10n production 

reg10n determine the emission surface temperatures by their effect 

on the energy Input to the surface from the plasma. One energy 

balance on the emiSSion surface and another energy balance on the 

control volume, represented by the Ion production reg10n defined in 

the model, are used to estimate these two plasma properties. The 

best agreement between measured and calculated values of the plasma 

density and plasma potential 1S obtained when the energy transport 

assoc1ated with the excIted atomic states are not included in the 

energy balances. However, the results IndIcate that the true 

situation IS one 1n which the excited state energy flux 1S probably 

signifIcant but is considerably over estimated based on the 

assumptions made in the present model. ~ased on these results it 

IS concluded that uSing the emission surface energy balance and 

neglecting the excited state energy flux allows a reasonable 

estimate of the plasma denSIty and emiSSion surface temperature, 

w~lle the plasma potential is better taken as its average measured 
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value of 8.7V. ThlS value of plasma potentla1 was found to hold 

withln ±0.5V over a wlde range of operatlng condltlons. 

5. No prOVISlon is made In the model for calculation of the electron 

temperature. However, the calculations in the model are not very 

sensltive to thlS parameter and, like the plasma potentla1, ltS 

measured value is rather constant over the normal range of 

operatlng conditlons. Based on the experimental results, a 

reasonable value for the electron temperature in the lon production 

region of mercury hollow cathodes IS the average measured value of 

0.71 ± 0.1 eVe 

6. The model predicts emlSSlon surface temperatures WhlCh are believed 

to be reasonably accurate and show excellent agreement wlth 

measured values In thelr functlona1 dependence on the total 

discharge current. 

7. The primary function of the cathode orlfice IS to restrlct the 

propellant flow to a moderate value, while at the same time 

malntalning a relatively hlgh neutral density (a few tlmes 10
16 

-3 
cm ) In the lon productlon reglon and provldlng an electron 

conduction path between that region and the downstream anode. 

8. The total neutral denslty wlthln the cathode is an important 

parameter because 1t affects the primary electron mean free path 

and, thereby, affects the length of the emlssion region and the lon 

productlon reglon. Based on a corre1atlon of results from the 

measurement of Interna1 cathode pressures, the total neutral 

density can be estimated for a glven oriflce dlameter, mass flow 

rate, and discharge current from the simple emplrlca1 re1ationshlp 

glven In Eq. IV.]. 
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9. The overall dlscharge voltage drop is the sum of the plasma 

potential in the ion production region, the potential drop across 

the orifice, and the potential drop between the orlfice and the 

anode. As noted above, the experlmental results lndicate an 

internal plasma potential of -8.7 eVe The potentIal drop across 

the orifice is determined experimentally to be on the order of a 

few volts and can be estimated from the Ohmlc drop across the 

orifice reglon. The matter of the potential drop between the 

orlfice and the anode has not been addressed in the present study. 

The analytical model presented here should be a useful tool for 

deSIgning new hollow cathodes and Improving the design of eXIsting 

cathode confIguratIons. Probably more important, however, than the 

estImates of cathode operating parameters that can be obtained with the 

simple analytical model, is the phYSIcal understanding of crItical 

cathode processes that is reflected by the general agreement between the 

phenomenologIcal model and the results of the experimental portion of 

this investigation. 

Future Work 

Currently, there IS conslderable Interest In the development of ion 

thrusters which operate on an inert gas such as argon. The present 

study has dealt speCIfIcally WIth cathodes which use mercury vapor as 

the propellant gas. The analytical model presented here can easily be 

extended to cathodes operatIng on other propellants such as argon or 

other Inert gases by SImply using the appropriate values for parameters 

such as atomic mass and collIsion cross-sectIons. However, the 

applicability of this extenSIon of the model to cathodes operating on 

other propellants needs to be checked experImentally. Of particular 
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interest would be an experimental determination of the location and 

extent of the emission region, and the dependence of these on mass flow 

rate and discharge current for the propellants of interest. In 

add1tion, a determination for these propellants of the ratio of volume 

to surface production of electrons and of the extent to which field

enhanced thermionic emission contributes to the surface emission process 

1S a matter of critical importance to applY1ng the present model to 

other propellants. Measurements of the internal plasma properties would 

also be of interest to determine if the plasma potential and electron 

temperature are relatively constant over a wide range of operating 

cond1tions as they were for operation with mercury. 

One factor which was not included in the present investigation was 

the effect of insert diameter on cathode operating parameters. In the 

development of the present model, it was suggested that for efficient 

operat1on the insert diameter should be on the order of the primary 

electron mean free path. In addition, the experimental results 

1ndicated that the model will be most accurate when this condition 

holds, because such a condition is expected to result In relatively 

uniform plasma properties in the ion production region, a basic 

assumption of the model. The Insert diameter is obviously an important 

parameter and the effect of varying it should be investigated in future 

studies. 

Another area that has not been addressed here is that of plasma 

processes taking place downstream of the orifice, between the orifice 

and the anode. An earlier investigation [7] indicated that conditions 

in that region, such as background pressure and anode 

conf1guration/spacing are important in determining the overall discharge 
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voltage and strongly affect whether the cathode operates in the so 

called plume or spot discharge mode. Understanding of the processes 

taking place in the reg10n downstream of the orifice and the 1nteraction 

of the cathode wlth these processes is of considerable interest and 

could eas1ly be the goal of a separate investigation . 
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APPENDIX A 

Probe Analysis 

In the early stages of this lnvestlgation, probe measurements made 

within the cathode were made using a cylindrical Langmulr probe with a 

very fine 0.076 mm dlameter tungsten electrode [7]. This gave 

reasonably good results in regions where the plasma density was less 

14 -3 than 10 cm . However, in reglons where the emissl0n lS taklng place, 

which are of greatest interest, the plasma densities are greater than 

10
14 -3 cm • Blasing the probe to plasma potential in the reglons where 

the plasma density IS very hIgh causes the fine wIre probe to burn up. 

In order to alleviate this problem, a technique uSlng a spherical probe 

having a larger surface area and an analysls based on the 10n saturation 

region of the probe trace was developed. (Details of the construction of 

the 0.75 mm dlameter spherical probe used in the experiments are 

discussed in Chapter II. See Fig. 2c.) The large surface area of the 

spherical probe makes it sensitive to the ion saturation current over 

the wide range of plasma denslties found lnside the cathode. The ion 

saturation current lS normally only a very small fraction <_10-5 ) of the 

electron saturation current so that the larger area is necessary to get 

a measurable signal in regions of low plasma denslty. Figure A.1 shows 

a sketch of a tYPlcal voltage-current characteristic for a Langmuir 

probe biased to a potential above plasma potential. For the 

experimental results reported in this investigation, the spherical probe 

was only biased to a potential Just above floating potential and the 



142 

t 
I
Z 
W 
0: 
0:: 
=> ,-" __ ~P=.:LA:...:.S=-M:.:..:.:....:A~_ 
() POTENTIAL (Vp ) 
w 
CD 
o 
0: 
a.. FLOATING 

POTENTIAL 
(Vtl 1 

ION SATURATION ! 
CURRENT ...... - - --- --j, 

// I " 
f ' 

I 
--I 

I 

ELECTRON 
SATURATION 
CURRENT 

\ -,;--
, ...... / PROBE POTENTIAL --J_~ 

...... _-----

/ 
I 

" --------------- .......... ,// I 
// Vf --I 

i-1---=::::=:II~=l__-------........,~- --'-- - - - \ 
I \ 

I I 
\ I 
\ / 
\ / 

" DETAIL OF ION SATURATION REGION I 
~ // 

" ,// 

~~ ----- ---- --......------- -----

Figure A.l. Typical Langmuir Probe, Current-Voltage Characteristic 



143 

resulting trace of the ion saturation current (shown enlarged in the 

detail of Fig. A.l) was used to determine the plasma properties. 

Operation at floating potential or below has the additional advantage of 

causing less of a perturbation to the plasma than does the large 

electron current drawn to a probe at plasma potential. The use of the 

Ion saturation region of the probe current-voltage characteristic 

requires a different method of analysIs than does the usual Langmuir 

probe trace. A method for performing thl& analysis will be presented, 

but first It will be useful to discuss some considerations which affect 

the type of analysis used. 

Previously, characteristics taken from probes inside of the hollow 

cathode have been analyzed based on Langmuir's theory [35]. This 

analysis applies In the limit where the sheath IS collisionless and is 

thin with respect to probe size. This implies a low pressure, slightly 

ionized plasma. The hollow cathode plasma, bowever, is a relatively 

high pressure (a few Torr) plasma with a bigh plasma density (lOll to 

l015cm-3). Even though tbe pressure is high, it bas been assumed in the 

past tbat because of the very thin Debye length (due to the high plasma 

density) tbe normal analysIs could be applied with reasonable results. 

It still appears that tblS IS tbe case, based on the argument contained 

in tbe following paragraphs. 

The conditions found In the hollow cathode are such that, altbough 

tbe sbeath is thlD compared to the probe dimensions, the high neutral 

density witbin tbe catbode results In particle mean free patbs which are 

of the same order as or smaller than tbe probe dimensions. This usually 

causes a presheatb to be established between the bulk plasma and the 

sheatb Itself. In tbis presheath, particles approaching the probe 
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undergo numerous collisions. These collisions would normally result in 

significant gradients In the plasma density and plasma potential. When 

the presheath is present, the conventional Langmuir analysIs IS 

inaccurate in that It significantly underestimates both the plasma 

potential and the plasma density of the undisturbed bulk plasma. A 

survey of the literature has shown that there are a number of theories 

[36,37] which are available for analyzing the probe data In a situation 

where the sheath IS thin and the high neutral density causes a 

significant presheath. In the case of the hollow cathode, however, the 

region surrounding the probe IS also one In which the ion production 

rate IS large compared to the rate of ion loss to the probe. Further, 

the probing technique being proposed here involves the use of only the 

ion saturation portion of the characteristic probe curve so that large 

electron currents are not drawn to the probe. Under these conditions, 

it is believed that the presheath plasma gradients discussed above 

cannot be established. 

Under typical hollow cathode operating conditions It 15 estimated 

that the production rate of ions in a volume on the order of the 

presheath volume is considerably greater than the loss rate of Ions to 

the probe. Where this IS the case it is considered justifiable to 

assume that no significant plasma gradients can be sustained and the 

conventional thin sheath analysis can be applied. This IS almost 

certatnly the situation In the htgh plasma density (1013 to 1015cm-3 ) 

region of the cathode where electron emission and Ion product ton are 

concentrated. Upstream of this reg ton where more moderate (1011 to 

1013cm-3) plasma densities are expected some intermediate situation 

probably occurs in whtch the ion production rate is not great enough to 
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compensate for the plasma gradients set up as ions diffuse to the probe. 

However, in order to standardize and slmplify the analysis, and because 

the method of approach ln the lntermediate situatlon is uncertain, all 

of the probe results obtained inside of the hollow cathode were analyzed 

using the relatlvely slmple, thln sheath, coillsioniess type of 

analysis. 

Glven the ion saturatlon portlon of the probe characteristic shown 

ln the detail of Flg. A.l, the analysis for the thin sheath probe in an 

unperturbed plasma (l.e. no presheath) lS quite simple. Flrst, the 

electron temperature lS determined ln the standard manner from the 

exponentlal portl0n of the trace. ThlS is done by making a semilog plot 

of the electron current measured above the extrapolated ion saturation 

current (i shown ln the detail of Fig. A.l) agalnst probe potential. 
e 

The electron temperature is then proportional to the inverse slope of 

this line. The plasma density is determined from the ion saturation 

current (1 ) based on the assumption that the lons enter the sheath with 
1 

the Bohm velocity. ThlS can be expressed as 

n 
e 

i. 
1 

i. 
1 

[

kTel
1l2 

aA e--
p m

i 

(A. 1) 

where A is the probe surface area, e is the electronic charge, k is 
p 

Boltzmann's constant, T is the electron temperature, and m. is the ion 
e 1 

mass. The parameter a is dependent on the ratio of ion temperature to 

electron temperature and also on the size of the probe in relation to 

the extent of the plasma but usually as a value of -0.6 [35] for small 

probes. Slnce the probe used here was relatlvely large compared to the 
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extent of the plasma. a value of 1.0. which is also the appropriate 

value for a plasma confining surface. was used for a. The plasma 

potent1al is estimated from the floating potential based on the 

cond1t1on that the ion and electron currents to the probe must be equal 

when the probe is float1ng. Th1S leads to the following expression for 

the plasma potential [35]: 

[kT] [[nmlI/2] 
Vp = Vf - 7 Qn 4aL8m;J (A.2) 

where V
f 

1S the floatlng potentlal. me lS the electron mass. and the 

rest of the symbols are as previously deflned. The analysis described 

above is actually applicable to any non-emltting surface in contact with 

the plasma and was used for determinlng plasma properties from current-

voltage characteristlcs 11ke that shown ln Fig. 13 of Chapter VI. 

Probe Contam1nat1on 

A common problem with probe traces taken 1n an oXlde cathode 

env1ronment is that the probe w1II be contam1nated by the low work 

function compounds [38]. Th1S can cause two problems: 1) the 

formatlon of res1st1ve oxide coatings. and 2) a reduction in the probe 

work function. The res1stive coatlngs cause a change 1n the shape of 

the character1stic. and thereby. glve a false 1ndlcat1on of the velocity 

distribution of the electrons in the plasma. The probe work function 

affects the pos1tion of the probe character1stic with respect to the 

reference potential and can. therefore. affect the value determined for 

the plasma potent1al. Because barium oxide compounds are used to reduce 

the surface work functl0n 1n the hollow cathode. probe contamination was 

a concern. In order to minimize the effect of probe contamination. 
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probe circuitry was developed which incorporated a probe cleaning bias 

and allowed a rapid sweep of the probe potential. Preliminary tests 

uSing the circuitry showed that contamination could affect the probe 

traces If the traces were recorded slowly (5-10 seconds). However, by 

using the cleaning bias and then rapidly recording the probe traces, 

this effect was shown to be minimal. The rapid sweep circuitry with 

cleaning bias was, therefore, used for making the probe traces In the 

experiments reported here. Details of the design of the probe circuitry 

and of the preliminary tests mentioned above are discussed in Ref. [31]. 

The probe traces that were recorded uSing the spherical probe and 

the procedure described above indicated electron energy distributions 

within the cathode which appeared to deviate somewhat from a Maxwellian 

dlstrlbut10n. That is they did not plot as a straight line on a semilog 

plot. ExtenSive tests were performed to determine whether this was an 

inadequacy of the probing techn1que or If It was a true reflection of 

the electron energy distribution. The tests. which are discussed in 

detail in Ref. [31]. did not indicate any obVIOUS problem with the 

experimental procedure. Indeed. in the region adjacent to the insert, a 

non-Maxwellian population might even be expected due to the surface 

electron emission. However. for typical cathode conditions the density 

of primary or wall emitted electrons IS estimated to be only -0.2% of 

the Maxwellian population (see AppendiX B) and is, therefore, difficult 

to detect. For this reason a computer program [39] uSing a numerical 

curve fitting technique was developed to fit the recorded data to a 

Maxwellian (exponential) plus mono-energetic (straight line) energy 

distrlbut10n. The results of this analYSIS did not show a clearly 

defined mono-energetic or primary population, although for a number of 
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conditions the curve fit indlcated primary electron concentratlons in 

the range 0.01 to 0.2%. The electron temperatures determined by 

separating out the primary portion of the electrons, determined with the 

curve fitting procedure were not very consistent. However, they also 

were not slgnificantly dlfferent ±15% than temperatures determlned by 

fitting the data to a purely Maxwellian distrlbution. The results 

reported here (Fig. 5c) were, therefore, based on the simple Maxwellian 

fit of the data. 



.. 
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APPENDIX B 

Determination of the Primary Electron 
Inelastic Mean Free Path and Density 

The primary electron energy excbange mean free path A 
pr can be 

easily calculated from the excited state densities which are the normal 

output of Peters' computer model for a mercury plasma discharge [16]. 

The calculation of the mean free path A is given by Eq. 6 which is 
pr 

repeated here 

(B.1 ) 

The elastic mean free path for primary electrons A can be calculated 
e 

from the primary electron energy and Maxwellian electron density using 

Eq. 9. The inelastic mean free path A
In 

is given by the following 

expression 

!:n 
a 

J 

(B.2 ) 

where a j is the collision cross-section for production of excited state 
at! 

P from a target particle of type a having a density n . 
a 

The summation 

In Eq. B.2 IS over all of the possible reactions accounted for In the 

model. The collision cross-sections used in Eq. B.2 are easily 

determined from the tabulated rate factors in the data file of Peters' 

computer program simply by dividing the rate factor for the reaction by 

the velOCity of of the primary electron. The calculation of A 
pr 
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descrIbed here was Incorporated Into Peters' computer program and the 

program was run for a wIde range of input parameters typIcal of hollow 

cathode plasma condItIons. The results of these comput~r calculations 

form the basIs of Eq. 10 presented In Chapter III. 

The eXCIted state denSItIes speCIfIC to the cathode condItIons 

gIven In Table I were also used In the development of the cathode model. 

As discussed In Chapter III, the use of Peters' computer model to 

calculate these denSItIes required an estImate of the prImary electron 

denSl ty n pr 
The prImary electron denslty IS estImated by equatIng the 

production and loss rate of prImaries, assumIng that they are produced 

by acceleratIon of surface emItted electrons through the plasma sheath 

and are lost as soon as they have an energy exchange collIsion. The 

production rate P IS 
pr 

P 
pr 

I 
~ 
eV 

(B.3) 

where I IS the current of surface emitted electrons and V IS the ion 
e 

productIon volume gIven by 

v (B.4) 

Here d IS the insert inner dIameter and L is the elssion length of 
In e 

the lnsert. Assuming that prImarIes are lost only by collISIon (I.e, 

not lost through the orifIce), the loss rate IS the prImary electron 

collISIon frequency \) tImes the density of the prImary electrons n , 
pr pr 

or 
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RUn pr pr pr 

(n v )/A 
pr pr pr (B.S) 

where v 1S the veloc1ty of the primary electrons. The density n can pr pr 

be determ1ned by comb1ning Eqs. B.3, B.4, and n.5 to g1ve 

n pr 

4 I A e pr 

nd2 
e L 1n e 

(n.6) 

Calculat10ns based on Eq. B.6 result 1n typical values of the primary 

density wh1ch are on the order of a few tenths of a percent of the 

Maxwellian electron dens1ty. For example, assum1ng a value of two for 

the rat10 of em1ssion length to mean free path, the pr1mary density for 

the set of typical cathode cond1tions of Table I is 3.4x1011 cm-3 , which 

represents a pr1mary electron fraction of 0.0019. This small primary 

fraction 1S in qualitative agreement with the experimental results. 

Wh1le no clearly 1dentlfiable primary electron population was obtained 

in analyzing the Langmuir probe traces, the probe traces were found to 

be distorted from a Maxwellian d1strlbution at energies near the 

expected pr1mary energy. Such a distortion is consistent with the 

presence of a small population of essentially monoenergetic electrons 

hav1ng energies spread about the primary energy. 



APPENDIX C 

Thermal Power Loss from Emission Surface 

The rate of heat transfer (Qth) away from the emitting portion of 

the Insert due to conduction, convection and radiation IS required for 

the energy balance calculations discussed in Chapter III. An accurate 

value for the power loss Q
th 

for the experimental cathode IS not easily 

determined, although bounds can be placed on its value and a reasonable 

estimate can be made. A maximum value can be determined by assuming 

that end of the quartz inner bushing which holds the insert segment IS 

at the same temperature as the segment (perfect thermal contact). The 

power loss is then calculated based on conduction down the quartz tube 

. f f b· (T ~ 2SoC) • and radiation rom ItS outer sur ace to am lent ~ The quartz 
a 

tube would then be analogous to a cylindrical fin one end of which was 

at the insert temperature. The results of this analysIs are plotted in 

Fig. C.I as a function of Insert temperature and are Indicated by the 

upper curve. The minimum value of A U th 
IS calculated by assuming 

radiation from both outer and inner surfaces of the Insert to surfaces 

at 700
0

C and neglecting all losses due to conduction and convection from 

the insert. o A temperature of 700 C was selected because the adj acent 

surfaces - non-emItting portion of Insert, start-up heater, etc. - were 

at a temperature less than the minimum temperature detectable with the 

optical pyrometer (-7000 C). The minimum value for 0th calculated in 

this way IS plotted as the lower curve In Fig. C.I. Finally, a more 

probable value for IS calculated by assumIng direct 

.j 
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radiation from the insert in addition to some contact between the insert 

and the quartz bushing. The heat transfer between the 1nsert and 

bushing is estimated to be due to a comb1nation of direct contact and 

transfer V1a the interven1ng mercury vapor. The heat transferred to the 

bush1ng 1S then assumed to be conducted down 1tS length and rad1ated 

from its median diameter to surfaces at T ~ 25 0 C. The results of th1s 
a 

analysis are plotted 1n Fig. C.1 as the dashed curve. 

7 



, APPENDIX D 

Determination of the Work Funct10n of an 
Emitt1ng Patch in a Hollow Cathode Insert 

A small patch of tantalum foil 1solated from and adjacent to a 

rolled foil, tantalum insert was connected to a power supply that could 

be used to b1as the test patch (F1g. 10) with respect to the remainder 

of the insert and the orif1ce plate (both at cathode potential). Figure 

D.I shows the characterist1cs of th1S patch for a typical test (#1 of 

Fig. 11) in the form of a plot of electron current to the patch vs. 

patch potential. At potentials above cathode potential, this figure 

shows that the patch behaves as a Langmuir probe operating in the ion 

saturation reg10n of the probe current-voltage characteristic. The 

electron temperature of the plasma adjacent to the patch can be obtained 

1n the normal manner from the exponential rise in collected electron 

current (I ) 1n this reg10n of the probe trace. The ion saturat10n 
ce 

current (Ip(i» and floating potential (Vf ) can then be used to estimate 

the plasma density and plasma potential (See Appendix A). The emission 

portion of the trace (that portion at potentials below cathode 

potent1al) gives the electron emission current (I (e» from the patch as p 

a function of negative patch potential at various patch temperatures. 

The negat1ve portion of the curve 1S obtained by reducing the patch 

voltage, measurlng its temperature and then reducing the voltage again 

and repeat1ng the procedure. Down to potentials of about -15v the curve 

looks relatively smooth. However, at about -20v 
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1rregularities in the curve appear and they become more pronounced as 

one goes to greater negative biases. These irregularlties were 

Introduced because of the procedure used In obtalning the data. This 

procedure Involved slowly reducing the patch potentlal to a given 

voltage and then measur1ng the patch temperature. During the time 

1nterval when th1S temperature measurement was be1ng made the Insert wa~ 

bombarded by ions Wh1Ch probably tended to drive off some of the barium 

on ItS surface. This caused the work function to increase, thereby, 

causlng the em1ssion current (I (e» to decrease and the hump to appear 
p 

on the I-V curve. A further reduct10n In the patch potentlal caused ItS 

temperature to 1ncrease and w1th 1t the assoc1ated electron em1SS1on. 

The cycle was then repeated and at the lower blas values the sizes of 

the humps became progressively larger. If one went back to zero bias 

and repeated the test, the positive b1as portion of the curve was 

unchanged but the negative blas portlon would be shifted upward (lower 

electron emISSIon currents). After several tests a substantial amount 

of the barIum would be driven off and the patch would exhlbit the curve 

labelled "After Test" on Flg. D.1. The dotted "ion saturatlon" 

curve shown in Flg. D.l IS extrapolated from the cathode (zero) 

potent1al reglon of the characteristic. It represents the limiting 

current-voltage characterIstlc curve for the case of zero electron 

emission. It was found that when the patch became depleted of barlum, 

as in the curve labelled "After Test" that It could be reactivated by 

heat1ng the entlre cathode to - 12500C uSlng the external heater. Thls 

reactivatIon was presumably caused by a redlstrlbutlon of barium from 

other normally cooler, surfaces within the cathode. After reactlvation, 

emISSIon from the patch could be re-establlshed, although usually at a 
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somewhat different level. Work functions were obtained from the data by 

using the plasma properties (obtaIned from the positive bias portion of 

the curve) together with the electron emIssion current (I (e». p the 

patch surface temperature. the patch surface area and the patch bIas 

potential in the Schottky Equation for field-enhanced thermionic 

emission. 
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