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In this paper a model of the quasineutral plasma and the transition between the plasma and the
dielectric wall in a Hall thruster channel is developed. The plasma is considered using a
two-dimensional hydrodynamic approximation while the sheath in front of the dielectric surface is
considered to be one dimensional and collisionless. The dielectric wall effect is taken into account
by introducing an effective coefficient of the secondary electron emidS&m), s. In order to
develop a self-consistent model, the boundary parameters at the sheatkicedgelocity and
electric field are obtained from the two-dimensional plasma bulk model. In the considered
condition, i.e., ion temperature much smaller than that of electrons and significant ion acceleration
in the axial direction, the presheath scale length becomes comparable to the channel width so that
the plasma channel becomes an effective presheath. It is found that the radial ion velocity
component at the plasma—sheath interface varies along the thruster channel from abgoU€9.5

is the Bohm velocity near the anode up to the Bohm velocity near the exit plane dependent on the
SEE coefficient. In addition, the secondary electron emission significantly affects the electron
temperature distribution along the channel. For instance in the case=0f95, the electron
temperature peaks at about 16 eV, while in the case=d}.8 it peaks at about 30 eV. The predicted
electron temperature is close to that measured experimentally. The model predictions of the
dependence of the current—voltage characteristic ofEeB discharge on the SEE coefficient

are found to be consistent with experiment. 2001 American Institute of Physics.
[DOI: 10.1063/1.1421370

I. INTRODUCTION consider the first type of thruster, namely SPT, which em-
ploys a dielectric channel that plays an important role in the
A Hall thruster is currently one of the most advanced anddischarge.
efficient types of electrostatic propulsion devices for space-  |n a SPT, the interaction of the plasma with the dielectric
craft. The Hall thruster can offer much higher thrust densitywall plays an important role. Due to the collisions of the
than other types of stationary ion thrusters. This configuraelectrons with the wall and secondary electron emission, the
tion is beneficial because the acceleration takes place in @ectron temperature remains relatively low in comparison to
quasineutral plasma and thus is not limited by space charg@e TAL. As a result, the ion acceleration occurs over a more
effects. State of the art Hall thrusters have an efficiency obxtended regiofi® Despite many theoretical efforts, the
about 50% with specific impulses in the range of 1000-300@omplicated physical processes in the Hall thruster channel
s! The electrical discharge in the Hall thruster hasEn are far from being completely understood as was recognized
xXB Configuration where the external magnetic field is radialin recent reportér_e Ma|n|y the physics of the p|asma inter-
and perpendicular to the axial electric field, which acceleraction with a dielectric wall and the transition between
ates the ions. Passing the electron current across a magneffGasineutral plasma and sheath have not been investigated in
field leads to an electron closed drift or Hall drift. The Ol’igi- detail. However, it was shown experimenta”y that the dielec-
nal idea of ion acceleration in the quasineutral plasma wagic material affects the discharge behavior in the Hall
introduced in mid-1960¢see Refs. 2-5and since then nu-  thryster® Very recently it was found that use of sectioned
merous experimental and theoretical investigations havg|ectrodes inside the Hall thruster channel have a consider-
been conducted. The main results of these studies were suRp|e effect on the discharge characteristics as well as thruster
marized in recent reviews’ Generally two different types of performancé®* These findings suggest that the effect of the
Hall thruster were developed: a thruster with closed electromyasma interaction with a dielectric wall is an important issue
drift and extended acceleration zone, or stationary plasmgy Hal thrusters. The transition plasma—wall region deter-
thruster(SPT), and a thruster with short acceleration channelpines the particle and energy fluxes from the plasma to the
or thruster with anode layefTAL). In this paper we will  \ya|. |t is well known that, in the case when the wall has a
negative potential with respect to the plasma, the stationary
3Electronic mail: keidar@engin.umich.edu electrostatic sheath existence connects to the Bohm
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condition!**®Basically, this condition requires the ion accel- Cathode
eration up to an energy equal to that of the electrons in the \
quasineutral near-sheath region, called the presheath. The

formulation of the presheath problem in a magnetic field was Electrons \
developed by Chodut4 in the collisionless limit and by

Riemann® in the weak collision case. In these models, the sheath Tv gt
Boltzmann distribution(BD) for the electrons was used in I~ — ~— ~— = | C T E T — 2
order to determine the electric field. Generally, the electron quasi-neutral plasma > —
distribution function may be described by a BD when the {ereshesth) B Tore
pressure gradient is equal to the electrical force. This will ~ EiHl— — — — — — =141

occur when the plasma flow is parallel to the magnetic

fie!d.16 For the case of plasma flow across a magneFic field, a Kedle Magnbtic fleta

fluid model was developed both for electrons and iths®

It was shown that generally the electron distribution function R,
deviates from the BD. It was also shown that even when the

plasma density dependence on the potential corresponds tc r

the BD, the presheath thickness deviates from that calculated _ I . N

with a model based on this assumption.
Basically two modeling approaches were undertaken in (a)
the past: particle simulation and hydrodynamic approach.

The variation of the first approach is the hybrid models in 0.050 -’/\\Mo\
which ions and neutrals are treated as particles whereas elec- & ”’—N‘m\
. 0.045 4
trons are treated as a fluit:?? In this approach, however, * 082

.90

very simplified boundary conditions are applied at the walls

0.040 4

without considering the plasma—wall transition. Recently

o]
some attempt to include the near wall plasma effects was = °9354 3,
taken?® In the second approach, the one-dimensidfab) L\ \\%
hydrodynamic description for all species is employ&dt’ O R e
Generally it is assumed that the ion velocity at the quasineu- Axial distance, m
tral plasma edge is equal to the Bohm speed and this deter- (b)
mines the ion losses to the wall. However, due to restrictions
of 1-D analyses, the real boundary condition, e.g., presheath .
structure, where the conditions for the sheath entrance can be . °°%°] — 0.40—]
developed was not considered. Due to specific conditions of , | ——0z20— 4,0 |
the plasma in Hall thrusters, i.e., ion temperature signifi-
cantly smaller than electron temperature and substantial
plasma acceleration in the axial direction, it is not clear how
conditions for the sheath entrance are realized. In the present

Radial distance, m

0.040

Radial distance, m

~—
0.035 -0.20

work we will specifically consider in detail the plasma-— 0030 1220 )
e i 10 80
sheath transition. _ _ 0.000 0005 0010 0015 0020 0025 0030
The present paper is organized as follows. In Sec. Il we Axtal distance, m

will present sheath—presheath interface analyses and the
. ()

model of the sheath under the condition of strong secondary

electron emI.SS|0n' Then. the model of the quasmeutral plasml—alG. 1. (8 Schematic drawing of the acceleration channel of the Hall

(presheathwill be described followed by Sec. Ill, where the ,uster with presheath and sheath regionet to scalg (b) plasma density

most important results are presented. (normalized by the upstream neutral densignd (c) radial velocity com-
ponent distributiongnormalized by the Bohm velocity

Il. PHYSICAL MODEL

It will be shown in the following that the presheath scaIeA' Sheath and sheath—presheath interface

length becomes comparable to the channel width under typi- The smooth transition between sheath and presheath is
cal conditions of the Hall thruster plasma flow. Thus, theconsidered in the present work following the methodology
model for the quasineutral plasma region is extended up tdeveloped previously by Beilis and KeiddrThe necessary

the sheath edge in order to provide the boundary condition atondition for the existence of a continuous solution for the
the plasma—sheath interface as shown in Fig. 1. In the folsheath problem, when the electric field at the sheath edge is
lowing sections, a model of the sheath in front of the dielec-assumed to be equal to zero, is known as the Bohm criterion.
tric wall, a quasineutral plasma presheath model, and condHowever under this assumption, the electric field at the
tions for a smooth transition between these regions are eagiresheath edge approaches infirfdysingular point In such
described. a case, a smooth matching of the presheath and sheath solu-
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at the sheath edge that is equal to the ion dems{9). The

ions are assumed to be cold and have at the presheath—sheath
interface the energy ;= 1/2m;V3, whereV, is the ion ve-

locity at the sheath edgsee Fig. 2 andm; is the ion mass.

lons have free motion in the sheath and their density de-
creases according to

ni=no[1+2e¢/(mV3)]~ 5. 3)

Sheath V=Cs

I A

Presheath Vv,

®
q
°
X
-
)
-/ [P | S

Secondary ol

Yons

The current continuity equation can be written in the form:
Jertli—je2=0, (4)

FIG. 2. Schematic of the plasma—wall transition layer. The boundary wherdVhere jgl is the flux of th? .primary eleCtrO_nS.friom the
the ion velocity is equal to the sound spedd=(C,) corresponds to the plasma(j=nV is the flux definition for all specigsj; is the
solution with infinite electric field at the presheath edge and zero electriggp flux, andj, is the flux of the secondary electrons. From
field at the sheath edge. The boundaryrat0 corresponds to smooth : ; :
transition with monotonic potential behavior across presheath and sheath.thls equation one can obtain that

nezvezz S/( 1 - S) n0V0 y (5)

Potential

Impinging clectron

tions is impossible. However, if the velocity at the sheathWheres is the secondary electron emission coefficient deter-

edge differs slightly from the Bohm velocity, the electric mined ass=jey/je;. We will furthermore assume that the

field becomes a continuous function as shown in Fig. 2. Itelectrons emitted from the surface are monoenergetic and

was shown that a monotonic solution for the sheath promenf]reelyhmovilin the shhea:chilTh_e boundary conditions for the
could be obtained when the ion velocity at the sheath edge i&'¢ath problem are the following:

smaller than the Bohm velocity:?®?°In this case, the elec- ¢(0)=0, de/dr(r'=0)=E,, V=V,. (6)

tric field becomes a continuous function increasing from a . .
small nonzero value at the sheath edge up to a maximum Two parameters are critical for the sheath solution: the

value at the wall as shown schematically in Fig. 2. The SO_electrlc field and the initial ion velocity. From the current

lution criterion in that case is the minimal velocity at the continuity equatiorfEq. (4)] one can calculate the potential

presheath—sheath interface that results in a continuous 80|ﬂ[0p across the sheathp,,, as:

tion for the potential distribution in the shedthThe present Ap,=KTIN((1—8)/[Vo(27mme/KTe) %)), (7
work will take into account a nonzero electric fidlg at the
presheath—sheath interface that, in combination with th

plasma velocity at that interfacé,, will determine the en- velocity at the sheath edge. One can see that the potential

trance conditions for the sheath. -
) . . drop across the sheath decreases with the secondary electron
Under typical steady state conditions, the potential drop P w y

. o qmission(SEE) coefficient. It should be noted that in this
between the plasma and the wall is negative in order to rP¥hodel we have assumed that a monotonic potential distribu-
the excess of thermal electrons. However, when the wall h

. o . n exists. However, when the SEE ffici roach
substantial secondary electron emission, the floating poten-O exists. However, when the SEE coefficiergpproaches

. . . . nity, th lution in form(7) break wn and wheg ex-
tial drop may be different from that in the simple sheath.u b, the sc_)_uto orm(7) b eaxs down and whesie

. . . L : ceeds a critical value, a potential well forms such that a
This effect will be considered in this section.

. fraction of emitted electrons are returned to the wall. This
In the considered range of parametésse the follow-

. . . . ._happens whems is less than 1 and it was obtained that the
ing), the electrostatic sheath can be considered as collisio bp

less and unmagnetized, since the Debye length is much Ie%gtlcal value of the SEE coefficiest’ can be calculated &

than the collision mean free path and the Larmor radius. We s*= 1-8.3(m/m;)°%, (8)

employ a one-dimensional sheath model that is based on ”Erom Eq.(8) it can be estimated that in the case of BNe
assumption that the sheath thickness is much smaller than ﬂ&‘?electric.material usually used in SpThe critical SEE co-
plasma channel width. Secondary electron emission from thgfficient is about 0.9%Ref. 30. In the present work, only the

dielectric W&_l” is taken mto_ account. For S|mpI|C|ty_onIy SN" monotonic potential distribution in the sheath will be consid-
gly charge ions are considered. The electrostatic potenuaéred

distribution in the sheath satisfies the Poisson equation:

This solution is similar to that described first by Hobbs
@nd WessoR? except that theya priori assumed the Bohm

VZp=eleg(Ner— N+ Nep), (1) B. Plasma presheath model

where ¢ is the potentialn,, is the density of plasma elec- The presheath model is based on the assumption that the

trons,ng, is the density of secondary electrons, amds the  quasineutral region lengtfi.e., channel widtirR,—R;, see

ion density. The plasma electrons are assumed to obey tHgg. 1) is much larger than the Debye radius and therefore we

Boltzmann distribution: will assume thatZ;n;=n.,=n, where Z; is the ion mean

charge,n; is the ion density, and, is the electron density.

Ne1= (N0~ Nez(0))eXp( —€¢/KTe), @) For simplicity only single charge ions are considered in this

whereng,(0) is the density of the secondary electrons at thepaper £;=1). We will consider the plasma flow in a cylin-

sheath edge,’ =0 (see Fig. 2 andn, is the electron density drical channel as shown in Fig. 1. A magnetic field with only
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a radial componen®,=B, is imposed. Cylindrical coordi- diffusion due to collisions According to Eq.(12), the elec-
nates will be used, as shown in Fig. 1, with angleadiusr,  tron transport equation along the magnetic field can be writ-
and axial distance from the anodeaespectively. The plasma ten as a balance between pressure and electric forces assum-
flow starts in the near anode region and has lateral boundng that the current component in the radial direction is zero.
aries near the dielectric wall. The plasma presheath—sheathwe assume that the electron temperature is constant along
interface is considered to be the lateral boundary for theeach magnetic field line we obtain that

plasma flow region. A plasma will be considered with “mag- KT

netized” electrons and “unmagnetized” ions, i.e<L o— — ®Inn=const. (18)

<p;, Wherep, andp; are the Larmor radii for the electrons e

and ions, respectively, aridis the channel length. We em- The left-hand side of Eq(18) is known as a thermalized
ploy a hydrodynamic model assumir{@: the system reaches potential! This equation makes it possible to reduce the two-
a steady statdji) electron temperature is consistent al@)g dimensional calculation of the electric field to a one-
and (i) the electron component is not inertial, i.e., dimensional problem. According to E€L8) the electric field
(VeV)-Ve=0. The following system of equations describesin the radial directiorE, [in Eq. (16)] is determined by the

the quasineutral plasma: electron pressure gradient in this direction. Calculating the
nm(V,V)V,=neE—VP,— gnmn,V,, 9) potential distribution along the 'chgnnel centerline rr'lakes. it
possible to calculate the potential in the entire domain using
V-(Vin)=pnn,, (10 Eq. (18) similarly to Refs. 20 and 22. For known total dis-
charge current and ion current fraction one can calculate the
V-(Vana)=—pBnn,, (11 g

electron current fraction from the current continuity condi-
0=—en(E+VXB)—VP,—nv,mVe, (12)  tion. The equation describing the electron transport across
. the magnetic field can be obtained from E#j2) and reads:
Ea(JeTe)/aZ:Qj_QW_ Qion: (13

Me dTe dlnn

wheren is the plasma density3 is the ionization rateQ JemeNT— 2| Bt —+Te——,

S . . ] 1+ (welvy) d Jz
=].E is the Joule heatE is the axial component of the _ _ o
electric field, j, is the electron current densityQ,  Wherev,=wventve,t vg is the effective electron collision
= N2k T+ (1—s)eAe,) represents the wall loss&sp,,  frequency. In the following we will determine different com-
is the frequency of electron collisions with wall€i., ponents of the effective electron collision frequency.
=en,nU; B(T,) represents ionization lossad; is the ion- 1. Electron collisions

ization potentialfor xenon,U;=12.1eV), and (T) is the For typical conditions of the Hall thruster, the effect of
ionization coefficien{we will use the same expression as in Coulomb collisions appears to be negligibly srfiatind will

Ref. 25. The last term in Eq(9) stands for an effective drag not be considered here. The total electron collision frequency
force due to nonelastic collisions similar to that used in Refeonsidered in the present model consists of electron—neutral
31. To simplify the problem without missing the major collisions, electron—wall collisions, and anomalous collisions

physical effects, we consider one-dimensional flow of thegohm diffusion. The electron—neutral collision frequency
neutrals. The equations for the heavy parti¢less and neu-  may be estimated as follows:

trals) may be written in component form in cylindrical coor- .
dinates by taking into account that the ion temperature is  Ven™ Na0eaVin, (20)

much smaller than the electron temperattiteat makes it \wheren, is the neutral densityg,, is the collision cross
possible to neglect the ion pressure term in the momenturgection dependent on the electron enétdyr,,~ (10—40)

(19

conservation equation X 1072°m™2 for xenon, in the considered energy rangand
anVv,) a(nV,) nv, V4, is the electron thermal velocity.
o + or +——=pn;n,, (149 However, only including the classical mechanism of col-

lisions cannot explain the electron transport observed in a

v, , e Hall thruster. This was recognized long ago by many
Vzg=—Vr7+ﬁEz—BVana, (19 authors®72%?L Until now, however, there is no consensus
about which of the possible mechanisms of electron transport

aV, N, e is most significant in the Hall thruster. Some suggest that
VZW - _VFT + m Er, (160 glectron collisions with the walls play the major réievhile
others obtained reasonable solutions including oscillations
d(NgVa) —gnin 17) by assuming only anomalous transprRecent experimen-
9z tar tal data support the idea that the second type of collisions

prevails especially near the magnetic field p&aln the

In this model the electron fl .(12)] will nsid- . . .
this model the electron flof&q. (12)] be consid R)resent work we will account for all these possible colli-

ered separately along and across magnetic field lines. Due

. . L . sions.
th nfiguration of the magnetic fi ., only the radial . -

€ contigul ot the gne _e(de » ony fthe ad The effective electron collision frequency related to the
magnetic field component is considered in the model as

shown in Fig. }, the electron transport is greater in the azi_anomalous transpo(Bohm diffusior) can be estimated as
muthal directionE X B drift) than in the axial directiokdrift Vg= awg, (21
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FIG. 3. The relation between the electric figltbbrmalized byT./Ry) and fxisl distance

the ion velocity(normalized by Bohm velocityat the plasma—sheath inter-

face FIG. 4. The radial component of the plasma velocity at the plasma-sheath

interface(normalized by the Bohm velocityalong centerline with the sec-
ondary electron emission coefficienas a parameter. The negative velocity
corresponds to the inner wall of the channeR,) and the positive ve-
wherea~1/16 is the Bohm empirical parameter in the clas-locity corresponds to the outer wall of the channetR,)

sical formulation. It will be shown in the following that the

exact value of this parameter affects the potential drop across S ) o

the channel. The best fit with the experimental data on th&€mperature distribution is calculated by iteration initially as-
potential drop for a given discharge current corresponds t§UMing @ tl’la|. j[emperature distribution that satisfies the
a~1/44 instead of the classical valuel/16. It should be Poundary conditions.

noted that the same conclusion derived by different authors

was that the best fit with the experiment correspondstd/  !ll. RESULTS

80-1/100(Refs. 25 and 38 _ Computations are performed for the geometry of the
Another possible nonclassical mechanism of the electrorp.10g(which is a stationary plasma thruster with 100 mm

transport across a magnetic field is due to collisions with & ,ter channel wall diametethat has a channel length of 3

dielectric wall, the so-called near wall conductivify’®that ¢ and inner and outer radii are, respectively, 3 and 5 cm

accounts for both elastic and nonelastic electron coIIision§Refs_ 21 and 40 The magnetic field axial profile is similar
with a wall. According to Ref. 36, the frequency of the elec- (g that used in Ref. 21 with a magnetic field maximum of
tron collisions with a wall can be estimated as B=160G near the channel exit plane. All results are pre-
vew=Ve/hexp —Ag,/Te), (22)  sented for the fixed discharge current qf 4.5 A and mass flow
rate of 4 mg/9xenor). The SEE coefficient will be consid-
ered in the range of 0.7-0.95 that corresponds to electron
energy of 15-30 eV in the case of BRef. 41). We have
2. Boundary conditions calculated thrust for these conditions which is on the order of

In order to obtain a solution of the system of equations®® MN that is close to that measured in experinfént. _
(14)—(22) the following boundary conditions must be speci- First we present an analysis of the sheath solution. As

fied. At the upstream boundary+0) we specify the density mentioned previously, a monotonic potential distribution in
and velocity similar to Ref. 37 assuming an ion velodity the sheath may be obtained if the Bohm condition is fulfilled

—2x 10° m/s near the anode that corresponds to an ion tenf%‘t the sheath edge. Howgvgr _if at the same time th_e electric
perature of 3 eV. This upstream condition implies that we ardi€!d at the sheath edge is finitaonzerg, a monotonic so-
considering only supersonic plasma flow assuming that th’é‘t'on can be.obtalned even when the lon velocity at the
transition from subsonic to supersonic fdwoccurs in the shea.th edge is smaller than t.hat determined by thg B_ohm
anode vicinity. The atom velocity near the anode is assume‘dond't'on; The cal.culated relation betweep the elecl:trlc.fleld
to be Vo,=2x 10? m/s (Ref. 20. The atom density at the and the ion velocity at the sheath edge is shown in Fig. 3.
anode plane depends upon the mass flow rate that will var{"€ can see that the electric field decreases from the char-

from 2 to 5 mg/s. At the downstream boundatiyruster exit ~ 2cteristic value off¢/Ry (R is the Debye lengthdown to
plane, z=L) we specify an electron temperature ®f  Z&° when the velocity approaches the Bohm velocity. In the

—10eV (Ref. 21 that is close to that measured in present work, the ion velocity in the quasineutral plasma
experiment® presheath up to the presheath edge is calculated from Eqgs.

(14) to (16). This solution therefore establishes the electric
field at the sheath—presheath interface.
The plasma density and radial velocity distribution is
The numerical analysis is similar to that developedshown in Fig. 1b). One can see that the peak density that
previously*® We use the implicit two-layer method to solve corresponds to the ionization zone is somewhere in the
the system of equationd4)—(19). These equations are ap- middle of the channel. The radial velocity component distri-
proximated by a two-layer six-point scheme. The electrorbution[see Fig. ic)] shows that the region where the plasma

whereh=R,—R; is the channel width.

3. Numerical method
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FIG. 7. Axial ion velocity distribution(centerling along the channel with
FIG. 5. Plasma density distribution along the thruster chafowiterling the secondary electron emission coefficieas a parametdnormalized by
with the secondary electron emission coefficisrs a parametginormal- the upstream ion velocity
ized by the upstream neutral dengity

electron temperature is high near the channel exit plane that
develops conditions for the entrance to the sheath is close ®hances ionization leading to a higher plasma density. As a
the lateral walls of the channel. lons are accelerated in theesult of enhanced ionization, the neutral density is smaller
direction normal to the wall, which is also the direction of in the case of smaller SEE as shown in Fig. 6.
the magnetic field lines. This is not a surprising result as the Axial ion velocity distribution along the channel is
radial electric field is parallel to the magnetic field lines ac-shown in Fig. 7. It can be seen that the velocity profile is
cording to Eq.(18). It may be seen also that further down- only slightly affected by the SEE. The exit velocity is higher
stream the velocity increases at the plagpr@sheathedge. in the case of larges because in that case the discharge
This effect is shown in more detail in Fig. 4 where the ve-Voltage(that accelerates iopss higher as will be shown in
locity at the plasma edge is displayed as a function of axiathe following.
position. It can be seen that the boundary velocity increases Axial distribution of the electron temperature is shown
with axial distance from about 0CZ up to C,. The bound- in Fig. 8 with SEE coefficiens as a parameter. One can see
ary velocity depends also on the secondary electron emissidhat the electron temperature peaks at axial distances of
coefficient. Generally speaking, smaller SEE coefficientabout 0.7-0.8 L. The peak electron temperature increases
leads to higher velocity as shown in Fig. 4. with coefficients and varies from 15 up to 30 eV when

The plasma density distribution along the channel cendecreases from 0.95 down to 0.8. In the first half of the

terline is shown in Fig. 5. Initially the plasma density in- channel, the electron temperature is approximately constant
creases due to ionization and the region where the plasmnd does not depend snit should be noted that the electron
density has a maximum corresponds to the ionization zondemperature predicted by the model is in the range that was
As result of significant acceleration in the axial direction, themeasured in experiment&?344
plasma density decreases downstream of the ionization zone The current—voltage characteristic of the discharge is
as shown in Fig. 5. One can see that near the channel exdhown in Fig. 9 where SEE coefficiesis used as a param-
plane, the plasma density is higher in the case of the smalléter. It can be seen that the discharge voltage is smaller in the
SEE. It will be shown in the following that in this case the case of the low emissive material for the fixed discharge

current. The current—voltage characteristic predicted by the
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FIG. 6. Neutral density distribution along the channel with the secondary

electron emission coefficielstas a parametdinormalized by the upstream FIG. 8. Electron temperature distribution along the channel with the sec-
neutral density ondary electron emission coefficientis a parameter.
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required. It should be noted that an electric field of the order
of Te/Ry was also measured recerftfyln this paper we
show that only a combination of the electric field and the
velocity at the sheath edgéwvith relation between them
shown in Fig. 3 can provide smooth plasma-sheath transi-
tion along the entire thruster channel. Under the considered
conditions, ion acceleration toward the wall varies along the
axial distance therefore changing the ion velocity at the
sheath edge. In the limiting case, when ions accelerate up to
the Bohm speednear the Hall thruster channel exit plane
T r —— T — the electric field required for the stable solution goes to zero
% N = e e (similar to the traditional two scale problem analysas

Discharge current, A . .

shown in Fig. 3.

FIG. 9. Current—voltage characteristic of the discharge in dEos8 field. It was found that the SEE affects the current—voltage
Effect of the secondary electron emission coefficient. characteristic of th& X B discharge realized in Hall thrust-
ers. It was shown that the discharge voltage is smaller in the

350
300
250

200

Discharge voltage, V

150

=

100

cold secondary electrons are entering the discharge. As a
result, the ionization is enhanced and electron density in-
creases as shown in Fig. 5. Therefore, both ion and electron
Sirrent density increase that eventually leads to total current
increase.

characteristics of two wall materiaJmamely BN and glass
ceramics (GC)] were measured experimentally and com-
pared. It is expected that the glass ceramics generally has
smaller SEEnote that no data for GC are available, however
data on glasses and quartz can be f&tind

V. CONCLUSIONS
IV. DISCUSSION

. . ) The dielectric wall affects the plasma flow inside the
This paper presents a traditional two-scale analysis of )| thryster channel through the effective coefficient of the
the plasma-wall interface problem. The approach underse.,nqary electron emissidSBEB, s. It was found that in
taken IS however _dn‘ferent from the usual presheath fO”T'“’the considered condition, the presheath scale length becomes
lation since equations for the presheath are formulated in @omparable to the channel width so that the plasma channel
two-dimensional manner. Therefore, there are no reStriC_tionBecomes an effective presheath. The radial ion velocity com-
on the presheath mechanisfgeometric, magnetic, colli- ponent at the plasma-sheath interface varies along the

siong ,thag?’ usually . exist in the . one-dimensional thruster channel from about @5 (C is the Bohm velocity
formulation:” In fact an important conclusion that comes out near the anode up to the Bohm velocity near the exit plane
from the modﬁl is Lhar: the presheath has a tWﬁ'd'm?Ts'P”"i‘Jepending on the SEE coefficient. It was obtained that the
nature _evehn thoug t”e main dependerr:ce Iln the aI\X|a diréGecondary electron emission significantly affects the electron
tion is in the near wall region. Due to the plasma losses 0eheratyre distribution along the channel. For instance, in
the wall, the radial density gradient is increased. This den3|t¥he case 06=0.95, the electron temperature peaked at about
gradient leads to ion acceleration in the radial direction thaf g o\/ \while in 'the’ case a§=0.8 it peaked at about 30 eV.
|shthehm3|n mecrr]\anlim th"’r‘]t provides the conditions at theq hregicted electron temperature is close to that measured
sheath edgépresheath mechanism experimentally. The model predictions on the dependence of

' Usually a wo scale analysis impli.es that the.electricthe current—voltage characteristic of the< B discharge on
field at the sheath edge equals zero while the velocity equah‘;]e SEE coefficient were found to be consistent with experi-
the Bohm velocity. However, in the specific configuration Ofment

the Hall thruster, there may not be a mechanism for ion ac-

celeration up to the Bohm speeo_l. For insta_nce, in the ConSiq&CKNOWLEDGMENTS

ered conditions, due to the radial expansion and nonelastic

collisions, the ion velocity at the quasineutral plasma edge M.K. and 1.D.B. gratefully acknowledge financial sup-
varies from 0.5 to 1 of the Bohm velocity. This means that aport by the TRW Foundation.

monotonic solution for the sheath problem is possible when

another additional conditioribesides the velocity at the
sheath edgemust be formulated. This additional condition
was considered previously by several authors. Betlial %
and Godyak and Stenbéfgproposed the idea of a nonzero
electric field of the order off /Ry at the sheath entrance.
The results obtained by Beilis and Keilfain a magnetic
field suggest also that, generally, for the smooth presheath
sheath transition, a nonzero electric field at the sheath edge
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