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A model of the plasma axial discharge in a Hall thruster, which includes effects of both lossesto dielectric
walls and heat conduction is presented. The interaction of the plasmawith dielectric walls is included thr ough
thr eefrequenciesaccounting for ion recombination, enemy lossesand near-wall-conductivity. Thesefrequencies
dependon the secondaryemissionof the dielectric walls and the dynamics of the radial plasma flow. Energy
lossesconcentratedin the accelerationregion, reduceplasmatemperatures,near-wall conductivity is marginal,
andion recombinationis high in the diffusion region. The main effectsof heatconductionarethe smoothingon the
temperature profile around the ionization region,and a strong restriction to the parametric range where efficient

stationary solutionsare found.

1 Intr oduction

In arecentpaperwe presente@ 1-D macroscopienodel
of the stationarystructureof the plasmaflow in a SPF
type Hall thruster[1]. It includesthe plasmaresponse
both insidethe thrusterchannelandin the nearplume.
Theplasman theplumeis modeledasa1-D jet of diver
gentareaandincludesavirtual-cathodesurfaceto inject
electronsandneutralizethe ion beam. The matchingof
theplasméflowsin channebndplumeyieldsacomplete
pictureof theplasmadischagein aHall thrusterandal-
lows usto studythe influenceof designparametersn
thrusterperformances.

The mainflaw of the publishedmodelwasthe high
temperaturesound aroundthe ionization layer Heat
conductionand lossesto lateral dielectric walls, ne-
glectedin themodel,areexpectedo bethemechanisms
limiting the peaksof temperature.

The inclusion of a heatconductionlaw in the ax-
ial model of the plasmadischage, modifiesthe singu-
lar points of the mathematicaimodel, and the integra-
tion procedure. Preliminary resultswere presentedn
Ref.[2].

The interactionwith lateralwalls leadsto lossesin
plasmacurrent,azimuthalmomentumand internal en-

ergy, which canbeincludedin a1D axialmodelthrough
threesourceterms. To estimatethesetermsrequiresto
know the plasmaresponsén eachradial cross-section.
Fife, Martinez-fanchezandSzabd3], useda modelof
thespace-chayesheathwhich accountedor secondary-
emission,to determinethe dependencef theseterms
on the plasmatemperatureandthe wall material. Then,
JolivetandRousse[4] pointedoutthatsecondargmis-
sion could leadto chage saturationof the sheath.Re-
cently, we presenteda revised versionof the model of
Fife et al., including a chage-saturategheathregime
and’frictional’ effectsontheradialion dynamicg5].

This paperpresentsan axial modelwhich includes
both heatconductionandinteractionwith lateralwalls,
with wall-sourcetermstaken from Ref. [5]. However,
resultspresentechereare only for two partial models,
eachonetakinginto accountonly oneof theabore phe-
nomena.Resultsincluding both effects simultaneously
arestill underresearch.

In Sec.2 we presenthecompleteequationsandcon-
ditionsof the new axial model.In Sec.3 we discusghe
effects of the plasmainteractionwith lateralwalls. In
Sec.4 we presenthe solutionwith heatconduction.In
Sec.5 we summarizeesultsandconclusions.
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Figure 1.- Sketchesof (a) the Hall thruster and (b)
theaxialmodel.T, = Angvzq, @ = i,e,... areaxial
flows of particlesof the differentspecies.The anodeis
A andsurfaceP is thevirtual cathode.
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Figure 2.- Sketchof theradialmodel.

2 Model formulation

Geometricabketcheof thethrusterandtheaxialandra-
dial modelsaredravn in Figs. 1(a)-1(b)andFig. 2. The
main hypothese®f the axial modelwere discussedn
detailin Refs.[1] and[5]. In the1D axialmodel,plasma
variablesrepresentveragevalueson eachcross-section
anddependnly ontheaxialvariablez. Theaxialprofile
of theradialmagnetidield is assumegbiece-wiseGaus-
sian, B,,, beingits maximumvalue. The channelis of
length L andradialareaA.. Electronsareinjectedinto
theplumeataneutralizatiorsurface(point P) placedata
distanceL gp from the channekxit (point E). Thevolt-
agedifferencebetweenanode(point A) andpoint P is
thedischagevoltage,V,, andtheelectroncurrentdeliv-
eredattheneutralizatiorsurfaceis thedischagecurrent,
I;. Onepartof this currentdiffusesinwardsacrosshe
magneticfield lines and ionizesthe massflow of neu-
trals,m, injectedat theanode.The otherpartflows out-
wardsandneutralizeghe ion current;subscriptoo will
referto downstreamconditionsfar away from the cath-
ode.

In the axial model the plasma is considered
guasineutraleverywhere except in a thin electron-
repellingsheatrattachedo theanode(region AB in Fig.
1(b),with zp ~ 4 = 0 in thequasineutrascale).The
potentialjump in the sheath,pap = ¢ — ¢4 > 0O,
adjuststhe small diffusive electronflow in the channel
with the thermalflow collectedat the anode. Sinceall
ionsarecreateddy ionizationwithin thethrusterplasma
guasineutralitymplies the back-flov of ionsin therear
partof thechannel.

The stationary macroscopic equations for the
guasineutraplasmabetweernthe entranceto the anode
sheath(point B) andthe externalneutralizationsurface
(pointP)are

1
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dT,  2mecvqg
dr ~ 5n.T. Qae;

(6)

For a completelisting of symbolsand definitionssee
Ref.[1] and[5]. Theionizationfrequeng follows

v; = nnRi(Te);

the axial diffusion frequeng for the magnetizedelec-
tronssatisfies

Vg= ———, (7)
with
Ve = Ven + Vei + QBWe

the electroncollision frequeng, groupingcontributions
from e — n ande — i collisions,and Bohm anomalous
diffusion; v,,, Vuwm andv,,. arefrequenciesiccounting
for particle losses,nearwall conductvity, and enegy
lossesatthelateralwalls, to bedefinedbelow; v, is the
axial velocity of ions after wall recombinatiorand ac-
commodationTheareaA(z) andthicknessi(z) of the
plasmajet cylindrical cross-sectionareconstantwithin
thechannelndsatisfy

d d 2
%lnA_%lnd—atan(S, z>1L (8)
in the plume,with § thelocal meanangleof divergence
of eachboundaryto bedefinedbelow.

The azimuthalcomponentf the electronvelocity
andthe heatflux follow

Vge ~ Goe ~ _& (9)

UZG qze Ve

with w, /ve > 1.

2.1 Frequenciedor lateral wall effects

They aredeterminedrom theradialmodeldiscussedn
Ref.[5]. Theparticlelossfrequeny satisfies

Vi = Vol (20)
where
Te 7
vo = % (11)

is thereferencdrequeng for the radial motion,and,,
is a dimensionles$actor, which dependn the charac-
teristicsof the radial motion. In this paperwe will just
take thesimplestcase

U, = cOnst

Futurework will have to take into accountheinfluence
of the radial dynamicsof ions and secondaryelectrons
ON .

[In Ref.[5] we shavedthat,for thecaseof totaltrap-
ping of secondarglectronsy,, dependsnfrictional ef-
fectsontheion radialmotion,which shapeheprofile of
the radial presheath.This friction definesa frequeng
which canbeapproximatedy

Vzi a\/jTe

Up ~ Vi + —F—

VT, 9z’
anda dimensionlessrequeny parametet’, = v, /vp.
Thefunction,,(,) is givenby

U.(a) = 2(% arctan/a — 1),

(12)

(13)

wherea is an intermediateparameteusedfor corve-
nience.

The frequenciesfor nearwall diffusion and heat
lossesare

Vwm = ,Bmea /Bm((sw) = 1 iwdwa
(14)
Ve = Bty BlBu) ~ 562+ o0

with 8, andp. enhancemenrfunctions,which depend
on the effective secondaryemissionyield §,,(T.). As-
sumingthatthe secondargmissioryield for animping-
ing monoenegetic electronbeamof enegy E, follows

thelaw
0w (E) ~+/E/E,,

the effective yield for the quasi-Maxwellianpopulation
of primaryelectronssatisfies

. e | Te
8(T.) ~ min {5w, E_w} (15)
with 5
E, ~ -E,
3

the temperatureleading hypotheticallyto 100% sec-
ondaryemission5] and

5% ~0.983

the upperbound value of §,, correspondingto the
chage-saturatedegime for the lateral sheaths.There-
fore, the maximumvaluesof theenhancemerftinctions
are

B, ~ 60, B2 ~ 105,

and the chage-saturatiorregime correspondso 7, >
0.967E,,.



3 Solution with wall losses

Herewe take ¢.. = 0 in Eq. (5) andwe avoid Eq. (6).
SolvingEgs.(1)-(5) for the spatialderivativeswe obtain
amatrix relationof theform
dY

1-M>))—— =F(Y 1

( ) (Y), (16)
whereY = (T, e, Nn, Vai, Uze, Vn, @) groupsthe 7
plasmavariables F' is aregularfunctionand

M=__2% (17)

\/ 5T6/3m,~

is the Machnumberfor theion axial flow. For instance,
theequationfor v,; canbewrittenas

%—V,—Vw—vm(ﬁ‘f‘zd_) (18)
with
P=T,(1- M? (19)
and
2 3
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dTTeVUye 5 1YziYTe d.Z'
2
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Sonicpointsandboundaryconditionsarediscussed
in Ref.[1]. Thesevenboundaryconditionsneedechere
are:

i)-if) Theinjectedflow of neutralsat the anode,m,
andtheir velocity, v,,p = v,.4, areknown.

iii) The electrontemperatureat the neutralization
surface,T.p, is known.

iv) The potentialdrop betweemointsA andPis the
dischagevoltage,pa — ¢p = V3.

V) Thepresheath/sheatransitionatpointB requires
Mg = -1, which is the Bohm sonic conditionon the
ion back-flaw.

vi) Thepotentialjump attheanodesheattsatisfies

€pAB CeB
= >0, 21
TeB 4|UzeB | ( )

with ¢, = /8T, /mm,.
vii) Thereis aregularsonicpointinsidethe channel
(point S), which, accordingto Eq.(18),is characterized

by

Gs=0atMs=1 (22)

In addition,we mustdefineanexpressiorfor thean-
gle of divergence). Following Ref.[1] we take

tan 5 = V2 TeB/3m: (23)

Vi

Noticethatdischagecurrent,/,, positionof forward
sonicpoint, z s, anddivergenceangleatthe channekxit,
dg, arepartof thesolution.

3.1 Axial plasmastructure

Figure 3 shows the first completeresultswe have ob-
tainedwith the precedingmodel of radial losses. Pro-
files of mostplasmavariablesare shavn for a SPF100
type of thruster The solutionshavn herepresentsnod-
eratewall losses. However, the valuesselectedfor the
parametershatdetermineradiallosses:?,, ~ 0.17 and
E,, = 100eV, wereaimedmainly to testthe possibil-
ity of obtainingvalid solutions.Our procedureo obtain
thesesolutionsis to carry out a parametriccontinuation
from the solution without wall lossesv,, = 0. Actual

valuesof E,, for BN-basedmaterialsarein the range
E, ~ 2E,/3 ~ 15-40eV. From Eq.(13)#, ~ 0.17

corresponds$o 7, ~ 50, andv, ~ 107Hz, which, from

thedefinitionof Eq.(12),seemgoo large; however, par

tial trapping,notinvestigatedyet, couldreducer,,. At-

temptsto increase’,, andreducekE,,, beyondthe case
of Fig. 3, have encounteredifferentcorvergencediffi-

culties. Oneof themis the appearancef comple val-

uesfor the plasmaderivativesat point S preventingthe
launchof theintegration.

The solution of Fig. 3 shaws that enegy lossesat
lateral walls smooththe temperatureprofile, the maxi-
mumtemperaturelecreasingrom about90 eV with no
wall lossesto about68 eV now, which correspondso
amaximumsecondaryield of §,, ~ 0.82, far (in terms
of losses)from the chage-saturatiorvaluedy,. Enegy
lossestake placein the acceleratiorregion, where T,
is high. On the contrary lossesin plasmacurrentare
concentratedn the rearpart of the channel. The (rela-
tive) ion back-flov at the innerboundaryof the ioniza-
tionlayerisn;p ~ —0.37, whereasttheanodeijt isjust
17;8 ~ —0.05, which meansa currentlossin the diffu-
sionregion of 1.2 A. Thetotal plasmacurrentdeposited
atlateralwalls, [ Sy,dz, with

Sw = eNelVyAc

plottedin Fig. 3,is 2.0 A, abouta 38% of thedischage
current,I; = 5.21 A, anda 34% of the total ion pro-

duction (about5.8 A); Bisha& andKim [6] estimated
relative currentlossesof similar magnitudein their ex-

periments.
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The electronenegy depositedby conductionat lat-
eralwalls, [ Q..dz, with

Qw = TenveeAc

plottedin Fig. 3, is 144 W, which represent9% of the
electricpower, 1;V; ~ 1.56 kW; Ref. [6] estimateghis
enepgy lossaround20%.

The structureof the plasmadischagein Fig. 3 is
similar to the one discussedn Ref. [1] and sketched
in Fig. 1(b). It consistsof anode sheath (AB),
anodepresheath(BC)diffusion region(CD), ionization
layer(DH), accelerationregion(HE) and nearplume
(EP). Delimiting pointsinsidethe channelarez4 = 0,
zo ~ 0.5mm,zp ~ 11.5 mm,zg ~ 14 mm. Thereg-
ular sonicpointis downstreanof theionizationlayer, at
zgs ~ 18.2 mm. Noticein Eq.(20)for G thatthe pres-
enceof two termsfor laterallossesgives moreflexibil-
ity tothebalancenecessarfor asmoothsonictransition
(i.e. Gs = 0). Thedrift of point S away from theion-
izationlayer, whenlaterallossesareincluded,indicates
thatelectrondiffusion(i.e. Jouleheating)andlateralen-
ergy lossesdominatethe balanceat the sonictransition,
thatis we have
ngeTe ~ Vdmevge
5
atpoint S. In theacceleratiorregion, volumeionization
and ion recombinationat lateral walls are rather low,
keepingtheionizationfraction;(z) almostconstant.

Potentialdropsin the different plasmaregions are
¢AB ~ 1.2 V, ¢CD ~ 0.02 V, (ﬁps ~ —61.9 V,
bsgp ~ —137.6 V, pgp ~ —101.5V, ¢ppo ~ 10 V.
Notice that the potentialdrop in the ionization layer is
moderateandfollowsthelaw [1] ¢pg ~ 3T.x.

Thethrust,definedas

F = (mlnﬂ),z +pe)EACJ

is F = 90.6 mN and the thrust efficiengy (using the
definition of Ref. [1]) is n ~ 0.50, which comesfrom
the productof utilization efficiency n, ~ 0.90, (elec-
tric) currentefficieny n. ~ 0.73, enepgy efficiengy
ne ~ 0.97, andplumeefficiency 7, ~ 0.86.

4 Solution with heatconduction

Here we include Eq.(6) for ¢,., but we omit lossesto

lateral walls (i.e. we take ,, = 0). Heatconduc-
tion is not just anothereffect included into the zero-
conductionmodel. It leadsto a differentmathematical
model,with an extra differentialequationand different
singularpoints. This new modelcannotbe solved from

parametriccontinuationon the zero-conductiormodel

andrequiresa specificintegrationprocedure.

Solving Egs. (1)-(6) for the spatialderivativeswe
obtainagainarelationof theform (16), but now

Y = (qzeaTeaneannavthzeaUn7¢)

groups8 plasmavariables,

Vgi

M= 22 (24)

vV Te/mi

is theisothermaMachnumberandfunction F' is differ-
entfrom theno-conductiormodel.For instancetheion
velocity follows Eq.(18)but now thefunctionG is

2Mmeqze
G=- [ eVUze — ]
Vg |MeU 57’LeTe

dln A
= Vim; (205 — v, iz'—l-
vim;(2v Un) + mivs;

Theeightboundaryconditionsfor this modelarethe
savenonesof the no-conductiormodelplusa condition
for the heatflow depositedoy the electrondnto the an-
odesheath(at point B). From the analysisof the anode
sheathwefind [2]

(25)

QueB = nevzeTe(ln ﬁ — %) ‘B. (26)
Details aboutthe way to integrate the differential
equationsare given in Ref. [2]. One new feature of
the conductionmodel is the restriction of the relative
ion back-flov, n;p, to a narrov range. The matching
of the quasineutrakolution with the anodesheathre-
quires(i) the anodesheathto be ion-attractingand (ii)
the ion back-flav to acceleratéowardsthe anode. The
first conditionmeansp g > 0. FromEg.(18),the sec-
ond conditionimpliesthat Gg > 0, or, using Eq.(25)
with v; ~0,

2qze

—_— 1. 27
5NeTeVze | B < 27)

Usingnow Egs. (21) and(26), thetwo conditionsyield
thedoublerestriction

0<In-—S8 <3 (28)
4|UzeB|

or, in termsof theion backcurrent,
5-1073 < |Lip|/Is < 0.114, (29)

with I; = en;v,; A.. However, difficultiesfoundin the
numerical corvergencearound point B nearthe limit
¢ap = 0, have forced us to exchangethat limit for
the closeone, ¢, = 0, whereegpap/Tep = 0.5.
This movesthe lower boundof the ion back-currento
|IiB|/Id ~8-1073,
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Figure 4.- Model with heatconduction(andno wall
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4.1 Axial plasmastructure

Figure 4 shaws the axial profiles of main plasmavari-
ablesfor anSPTF100typeof thruster Designandcontrol
parameteraresimilarto the caseof Fig. 3. Theplasma
structurepresentsimilartrendsto theno-conductiorso-
lution of Ref.[1] (with no laterallosses).Heatconduc-
tion smootheghetemperaturgrofile in two ways:first,
the peaktemperaturés reducedrom about90 eV to 65
eV secondthereis a smoothertransition betweenthe
diffusionandionizationregions,leadingto a shorterdif-
fusionregion,andalargerionizationlayer

Plasmaequationsand boundaryconditionsseemto
forceanalmostmonotonicprofile of ¢, betweerB and
S.As aconsequence,.s cannotbecloseto zero,mov-
ing the point of maximumtemperaturdi.e., g,. = 0)
away from point S and closerto the channelexit. Ac-
tually we could not find good solutionswith the point
of maximumtemperaturevell insidethe channel.From
Eq.(25),aregularsonictransition,in the presenmodel,
implies balancingJoule heating,conductie heatflow,
andionizationlosses. The large value of ¢,.s implies
that this balancetakes place mainly betweenheatcon-
ductionandJouleheating,

Qze ~ EneTeUzey

placingpoint S outsidetheionizationlayer.

For the caseof Fig. 4, Fig. 5(a)-(c)measurdiffer-
entphenomendn the electrondynamics.This is aimed
at evaluatingthe validity of the hypothesesupporting
our model. Figure 5(a) shavs the different contribu-
tionsto thetotal collisionfrequeng of electronsEq.(2).
Bohmdiffusionprovidesthe maincontributionfrom the
ionizationlayer towardsthe exit, wherease-i collisions
(insteadof the e-ncollisions)dominatein the diffusion
region. This lastfeatureis justified by the high plasma
densityandlow temperaturg¢here,andneed<urtherin-
vestigation. Figure 5(b) shavs the axial profiles of the
ionizationfrequeng, with its peakmarkingthe ioniza-
tion region,andtheeffective axialfrequeng for electron
diffusion, Eq.(134); the dominanceof Bohm diffusion
makesv, « B(z), approximatelyin mostof the chan-
nel. Figure5(c) showvs thatthe electronmeanazimuthal
enegy (main contribution to the electronmeankinetic
enegy) is totally negligible comparedo thethermalen-
ergy, exceptperhapswithin a smallregion nearthe an-
ode.

4.2 Thruster performance

Performanceparametergor the caseplottedin Fig. 4
are: FF ~ 90.6mN, I ~ 4.51A (ig = 1.17), and
n ~ 57.5%.



The influenceof the plasmadischage V; andthe
magneticfield B,,, on thrusterperformancehave been
computedfrom parametriccontinuationof the solution
of Fig. 4. The consequencef the narrown interval for
n;8 N EQ.(29),is a narrav rangetoo for the control
parametersvhereour modelyields stationarysolutions

Vei

VBohm

(Hz)

(Hz)

)
20 25

2
MeVy,

0 5 10 15 20 25

z (mm)

Figure 5.- Model with heatconduction(andno wall
losses)Samecaseof Fig. 5. (a) Contrikutionsof differ-
entprocesse$o the electroncollision frequeng v,. (b)
Axial diffusionfrequeny (74 = v4y/m./m;) andion-
ization frequeny alongthe channel. (c) Ratio of elec-
tron meanazimuthalkinetic enegy to electrontempera-
ture.

(with largeionization). As anexample,Fig. 6(a) shovs

the narrov bandfor the pair of parametergVy, B,,.),

only a variation of about10% is acceptable. Figures
6(b)-6(d) plot the correspondingbandsfor thrust, dis-

chage current,and efficiengy; for F, the bandreduces
practicallyto a line. Theseplotsshav thatlargerthrust
andefficiency areobtainedwith largerV; and B,,, .
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Figure 6.- Model with heatconduction(andno walll
losses). (a) Band of input parametergVy, B,,) where
stationarysolutionshave beenfound; restof parameters
asin Fig. 4. Line 'a’ correspondso Gg = 0, andline
'’ to pap = 0. Bandsfor (b) thrust,(c) dischage cur-
rent, and (d) efficiengy, correspondindo the (Vy, B,,.)
band.



5 Conclusions

We have presentech completemacroscopianodel for
the plasmaaxial dischage, with inclusion of termsfor
heat conductionand interactionwith dielectric walls.
Then,we have studiedthesetwo effectsseparately

Solutionswith lateral losses(and no heatconduc-
tion) have beenfoundfor 7, well belov one,whichim-
plies a stronginhibition of the plasmaradial flow, nec-
essaryto have moderatewall losses. Our recentradial
model (with total trappingof secondaryelectrons)pro-
posedaxial transportor collisionsaspossibleinhibition
mechanismgyut thesetwo phenomenaeeninsufficient
to reduce,, enoughjpartialtrappingis the mainmech-
anismremainingto beinvestigated Enegy lossesgcon-
centratedn theacceleratiomegion, smooththe temper
atureprofile. Particle lossesto lateralwalls in the dif-
fusionregion, imply a largerion productionin theion-
ization layer and eventually a larger dischage current,
thusdecreasinghethrustefficiengy. Attemptsto obtain
solutionswith largerlaterallosseshave foundnumerical
difficultieswhich needto beinterpreted.

Solutionswith heatconduction(andno wall effects)
keepthemaintrendsof thebasicnon-conductiomodel,
but the temperatureprofile is smoothed. In particu-
lar, heatconductionreduceshe maximumtemperature
by one third, following now a law Te mae ~ 3 Va,
roughly. This reductionof the maximumtemperature
is not enoughto agreewith experimentalvalues(which
are T, oz ~ 20 — 30eV for V4 = 300 V), imply-
ing that wall lossesare still needed. Heat conduction
spreadghe ionizationregion, reduceshe diffusion re-
gion, andplacesthe sonicpoint downstreantheioniza-
tion layer, and the maximumtemperaturecloseto the
channelexit. A very significantfeatureof the conduc-
tion modelis therestrictionof theion backcurrentnear
the anodeto a narrav range,belowv 15%, roughly, of
themassflow. Althoughthesevaluesagreewith experi-
mentalevidenceregardingtherangefor efficientthruster
operation,the model shawvs a drasticreductionof the
parametricrangewherestationarysolutionswith high-
ionizationefficiency arefound.
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