HTML AESTRACT * LINKEES

PHYSICS OF PLASMAS VOLUME 11, NUMBER 4 APRIL 2004

Modeling of a high-power thruster with anode layer

Michael Keidar® and lain D. Boyd
Department of Aerospace Engineering, University of Michigan, Ann Arbor, Michigan 48109

Isak I. Beilis
Electrical Discharge and Plasma Laboratory, Fleischaman Faculty of Engineering,
Interdisciplinary Department, Tel Aviv University, PO Box 39040, Tel Aviv 69978, Israel

(Received 29 October 2003; accepted 15 January 2004; published online 5 Aprnil 2004

Among Hall thruster technologies, the thruster with anode I&yai.) has much wider technical
capabilities, especially in the high-power regime of operation. In this paper, various aspects of the
plasma flow in a high-power thruster with anode layer are studied. Based on a 2D hydrodynamic
model, the formation of a space-charge sheath near the acceleration channel wall and the sheath
expansion in the acceleration channel are calculated. It is found that the high-voltage sheath near the
channel wall expands significantly and the quasineutral plasma region is confined in the middle of
the channel. For instance, in the ca$a 8 kV discharge voltage, the sheath thickness is about 1 cm,
which is a significant portion of the channel widfWwhich is typically a few cm In addition, a
simplified quasi-1D model is developed to study the anode acceleration layer, which is confined by
channel walls. It is found that near-wall sheath expansion leads to an increase in current density
along the channel, and this in turn causes decrease of the acceleration region length. This is an
important finding as it has implications for high-power TAL behavior, in which contact of the
plasma with acceleration channel walls can be limited. 2@D4 American Institute of Physics.
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I. INTRODUCTION has a substantial effect on the discharge characteristics as
well as on thruster performance. Therefore, it is natural that

Hall thrusters are among the most advanced and efficient _ . : .
. : . aving acceleration channel walls made from conductive ma-
types of electrostatic propulsion devices. The Hall thruster

; o . . .~terial would significantly affect Hall thruster operation. In
configuration is beneficial because the particle acceleratio . ; .
takes place in a quasineutral plasma and thus is not IimiteEaCt’ in a TAL, the ion acceleration takes place.over avery
by space-charge effects. The electrical discharge in the Hafino't Ieng_th_ of about the e“Iectron LarrTlor rad|u§ near the
thruster occurs across the external magnetic field, which hen0d€: This is why the term “anode layer” was attributed to
a predominantly radial component, and ions are accelerateti€ Hall thruster with metal walls. Similarly, in magnetically
along the axial electric field. Passing the electron currenfnSulated ion diodes, ion acceleration occurs in a thin layer
across a magnetic field leads to an electron closed drift di@ving thickness of about the electron Larmor radiuBe-
Hall drift, that provides the necessary gas ionization. TheSPite many theoretical efforts, the complicated physical pro-
original idea of ion acceleration in the quasineutral plasm&esses in the Hall thruster channel are far from being com-
was introduced in the mid 196@see Refs. 1-4 and since  Pletely understood. Mainly, the physics of the electron
then numerous experimental and theoretical investigationansport, plasma interaction with the wall, and the transition
have been conducted. The main results of these studies welpgtween the quasineutral plasma and the sheath have not
summarized in recent review$. Generally, two different been investigated in satisfactory detail.
types of Hall thruster were developed: a thruster with closed In the TAL variant, an electric discharge in the crossed
electron drift and extended acceleration zone, or stationargnagnetic and electric fields is created in the gap between
plasma thruste¢SPT), and a thruster with short acceleration magnetic poles where closed electron drift takes place. In
channel or thruster with anode lay@AL).*° In an SPT, the  this gap, the neutral atoms are ionized and accelerated. Some
interaction of the plasma with the dielectric wall plays anfraction of the accelerated ion stream is directed toward the
important role. Due to the collisions of the electrons with thewall that limits the discharge in the radial direction and pro-
wall and secondary electron emission, the electron temperaects the magnetic poles from erosion. This leads to wear of
ture remains relatively low in comparison to the TAL. As a these walls due to ion bombardment and results in a short-
result, the ion acceleration occurs over a more extendedned lifetime of such accelerators.
region?'7 BeSides, experimental observations show that the Recenﬂy, great emphasis was put forward into deve|op_
various dielectric materials affect the discharge behavior innent of high-power Hall thrustet€. Among Hall thruster
the Hall thrustef. In addition, Raitsest al*'°found that use  technologies, the TAL configuration seems to have much
of sectioned metal electrodes inside the Hall thruster channgl;qer technical capabilities and range of paramet®®ince
reduced erosion of various thruster components, such as
dElectronic mail: keidar@engin.umich.edu electrodes, insulators, screens, etc., is critical for the long-
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stage of the TAL. The paper is organized as follows. The

N Cathode plasma—wall transition approach is described in Sec. Il. In
NMagntls FolE /\ Sec. lll a hydrodynamic model of the quasineutral plasma is
-+ — Electrons developed. A specific example of high-power TAL is de-
T amadls ] scribed in Sec. IV. In addition, a simplified quasi-1D model
o — T - of the anode layer that includes plasma—wall transition phe-
Eropelleut Quasi-neutral = 2 nomena is developed in Sec. V.
—é p:sm?.il B B —I_> p
sheat .

II. ON THE PLASMA-WALL TRANSITION

Guard ring

R The plasma—wall transition region in the TAL channel

1 determines the particle and energy fluxes from the plasma to
the wall. Recently, we presented a model of plasma wall
transition in the SPT that accounts for secondary electron

— - — emission'® In order to develop a self-consistent model, the
z boundary parameters at the sheath edga velocity and
FIG. 1. Schematic of the acceleration channel in a TAL. electric field are obtained from a two-dimensional plasma

bulk model. In the considered condition, i.e., ion temperature

much smaller than that of electrons and significant ion accel-
term operation of the thruster, the TAL variant of Hall eration in the axial direction, the presheath scale length be-
thruster technology seems to be beneficial since it has a velgomes comparable to the channel width so that the plasma
small acceleration region and therefore small area with conehannel becomes an effective presheath. It was shown that a
tact of ions with materials where possible erosion occurs. Iplasma—sheath matching approach proposed previously
order to meet high-power requirements, a thruster with anodeould be used’ In this approach, the electric field that de-
layer (TAL) was developed and an experimental model waselops in the presheath can serve as a boundary condition for
presented? TAL using bismuth as a propellant demonstratedthe sheath. At the same time the model predicts that the
specific impulse in the range of 2000—5000 s at power levelgiuasineutrality assumption at the presheath edge is still valid
of 10—34 kW. in typical cases.

The idealized picture of the Hall thruster in which ions It was shown® that the presheath scale length becomes
are accelerated in the channel is not exact and, in reality, inomparable to the channel width under typical conditions of
TALs as well as in some SPTs significant ion acceleratiorthe Hall thruster channel. Thus, the model for the quasineu-
occurs outside of the channel in the fringing magnetic fieldtral plasma region is extended up to the sheath edge in order
This may be considered as one possible mechanism of higio provide the boundary condition at the plasma—sheath in-
plasma beam divergence in Hall thrust&ts. terface.

TALs can operate in both single and two-stage regimes; The densityNg and velocityV, at the presheath—sheath
in the two-stage regime, ionization and acceleration takénterface serve as a boundary condition for the quasineutral
place in two separate discharges, so that at the exit plane pfasma model that is described in the next section.
the first stage the plasma is highly ionized and additional
ionization in the second sta_ge is insignificaht/sually, the _lll. HYDRODYNAMIC MODEL OF THE QUASINEUTRAL
two-stage regime of operation has many advantages, for N5 ASMA ELOW
stance the possibility to achieve much higher specific
impulse® When a two-stage thruster is considered, the most  The model is based on the assumption that the quasineu-
important region in terms of long-time operation is the sec-ral region length(i.e., channel width, see Fig.) 1s much
ond acceleration stage, in which a very large voltage drop itarger than the Debye radius, and therefore we will assume
applied. The second stage channel geometry is shown schitatZ;n,=n.=n, whereZ; is the ion mean charge; is the
matically in Fig. 1. ion density, anadh, is the electron density. For simplicity only

An important aspect of high-power TAL is the sheath singly charged ions are considered in this pagge1). We
formation near the channel wall. Since the channel wallsvill consider the plasma flow in an annular channel as shown
have potential, which is equal to the cathode potential, an Fig. 1. A magnetic field with only a radial component,
significant potential drop can exist between the wall and thd3, =B, is imposed. Cylindrical coordinates will be used with
plasma. As a result, a high-voltage space-charge sheath @ngle#, radiusr, and axial distance from the anodeespec-
formed and the sheath thickness can be comparable to thizely. The plasma presheath—sheath interface is considered
channel width. Therefore, a transition between quasineutrdb be the lateral boundary for the plasma flow region. A
and space-charge regimes can occur in the high-power TAplasma will be considered with “magnetized” electrons and
channel. This transition can have a significant effect on théunmagnetized” ions, i.e.p.<L<p;, wherep, and p; are
TAL operation and is therefore extremely important for prac-the Larmor radii for the electrons and ions, respectively, and
tical applications. In this paper this effect will be consideredL is the channel length. We employ a hydrodynamic model
in detail. assumingi(i) the system reaches a steady state, @ndhe

In this paper we describe plasma flow in the secondelectron component is not inertial, i.e., (W) -V.=0.
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Generally, two regimes are possible in a TAL, the so-j/o<E, cold quasineutral beam approximation If we as-
called vacuum regimén which the electron density is much sume that the electron temperature is constant along each
higher than that of ionsand the quasineutral plasma magnetic field line, we obtain that
regime® Below, we briefly formulate a model for the
guasineutral regime. A hydrodynamic model is employed in
a 2D domain assuming that the system reaches a steady stafée left-hand side of this equation is known as a thermalized
The momentum and mass conservation equations for elepotential® This equation makes it possible to reduce the two-
trons, ions, and neutrals under these conditions have the fotimensional calculation of the electric field to a one-

¢—Telnn=const. (10

lowing form: dimensional problem. According to Eq10), the electric
field in the radial directiork, is determined by the electron
nm(ViV)Vi=neE-VP;—Bnmin,(V;—V,), (1) pressure gradient in this direction. Calculating the potential
distribution along the channel centerline makes it possible to
0=—en(E+VexXB)=VPe—nvemeVe, @ calculate the potential in the entire domain using Ed),
V- (V;n)=gnn,, 3) similar to Ref. 16. For known total discharge current and ion
current fraction one can calculate the electron current frac-
V- (Vyn,)=—Bnn,, (4) tion from the current continuity condition. The equation de-
scribing the electron transport across the magnetic field can
30(jeTe)/92=Q; = Qu— Qion, (5)  be obtained from Eq(2), and reads
wherei, a, e are subscripts for ions, neutral atoms, and elec- e
trons, respectivelys is the ionization ratey; is the effective _ Mves T, dlnn
electron collision frequency/ is the velocity,Q; = jE is the Jez= en—ez( Bot — +Te—, ) (11)
Joule heatE is the axial component of the electric field,is 1+ (V—f)
€

the electron current densitQ,,= v,n(2eT,+eAp,,) repre-
sents the energy plasma losses to the Wallsp,, is the — where ve=ven+ vewt vg IS the effective electron collision
voltage drop across the sheath near the channel wglis  frequency. The different electron collision mechanisms are
the frequency of electron collisions with wallQ,,,  described below.

=en,nU; B represents ionization energy losses, bhds the

ionization potential. To simplify the problem without missing A. Electron collisions

the major physical effects, we consider one-dimensional flow ) .

of the neutrals, i.eV,=V,,. The equations for the heavy For typical conditions of the Hall thruster, the effect of
particles (ions and neutrajsmay be written in component Coulomb collisions appears to be negligibly sﬁﬁaﬂnd will
form in cylindrical coordinates by noting that the ion tem- not be considered here. The total electron collision frequency
perature is much smaller than the electron temperaturﬁonSidered in the present model consists of electron—neutral

(which makes it possible to neglect the ion pressure term iff°!liSions and anomalous collisiori®ohm diffusion. The

the momentum conservation equation :alectron—neutral collision frequency may be estimated as fol-
OWS:
0(3;/2) + ﬁ(f;:/r) + n:/r =pnn,, (6) Ven=NaTcaVin (12)
where n, is the neutral densityg, is the collision cross
v, N, e section dependent on the electron energy, \&jds the elec-
Vig, = Vg T B BV Valna, () tron thermal velocity.
However, only including the classical mechanism of col-
IV, N, e lisions cannot explain the electron transport observed in a
Vzﬁ: _Vr&_r+ HEr ' (8) Hall thruster. This was recognized long ago by many
' authors>® Until now, however, there has been no consensus
a(nyVy) about which of the possible mechanisms of electron transport
—Y%z _  Bnna. (9 is most significant in the Hall thruster. While in the SPT,

electron collisions with the walls may play the major rdie,
In the system of equatior(§)—(9) the subscript for ions was the TAL, which does not have significant secondary electron
omitted, i.e. V=V, . In this model the electron flofEq. (2)] emission, anomalous trans;fdr'may be important. In the
will be considered separately along and across magnetic fielgresent work we will include anomaloBohm) transport.
lines. Due to the configuration of the magnetic fi¢lee., The effective electron collision frequency related to the
only the radial magnetic field component is considered in theasnomalous transpo(tBohm diffusion can be estimated as
mode), the electron transport is greater in the azimuthal di-
rection €xB drift) than in the axial directioridrift diffu- Vg Awe, (13
sion due to collisions According to Eq.(2), the electron wherea~1/16 is the Bohm empirical parameter in the clas-
transport equation along the magnetic field can be written asical formulation. It will be shown below that the exact value
a balance between pressure and electric forces assuming tlzdtthis parameter affects the potential drop across the chan-
the current component in the radial direction is sniaé.,  nel. The best fit with the experimental data of the potential
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drop for a given discharge current correspondsrtel/100 0.100

instead of the classical value1/16. It should be noted that 0.095 _‘% Plasma density
the conclusion derived by different authors was that the best ]
fit with experiment corresponds t@~1/80 to 1/100(Refs. 0.090 +
16, 22, and 28 E 00854
B. Boundary conditions % 0.080 4

In order to obtain a solution of the system of equations é 0075_‘
(6)—(13), the following boundary conditions must be speci- 5 '
fied. At the upstream boundarg£0) we specify the ion T 0.070 1 0.70
density and velocity similarly to Refs. 16 and 24 assuming 00654 0500 BOJ 0.90
sonic ion velocity(determined by electron temperatra = 020/
the entrance =0, see Fig. 1 to the second stage. This 0.080 = T T
upstream condition implies that we are considering only su- 0.000  0.001 0'902_ 0003~ 0.004 0.005
personic plasma flow assuming that the transition from sub-(2) Axial distance (m)
sonic to supersonic flot®?* occurs at the entrance to the
second stage. The atom velocity near the anode is assumed 1
be V,,=2x 10? m/s (Ref. 20. For given atom velocity the 0.1007 g—]
atom density is calculated from the mass flow rate. At the 0.095 - @
downstream boundarfthruster exit planez=L) we specify 1 g |
an electron temperature =10 eV. The plasma density at 0090 —  °
the entrance to the second stage is determined by the ionize £ g5 §
tion rate in the first stage. Since in this model only a second &
stage is considered, we will use the plasma density at the & 0.080 °
starting plane(z=0) as a parameter. It was found that our 2 0.075 &
simulation results agree well with experimédischarge cur- g o T
rent, acceleration efficiengyhen the ratio between plasma = 0.070+ 3
density and neutral density a& 0 is about 0.02. The results 0.065 h§
shown below correspond to this specific value of plasma > ]
density at the starting plane. Boundary conditions for ion 0'068,000 0001 0002 0003 0004  0.005
velocity and density at the walls are determined by consid-(b) Axial distance (m)

ering plasma—sheath transition as described in Sec. Il ana

elsewheré? Here, we just note that a relation between therig, 2. plasma parameter distribution in the acceleration chartagl.
boundary ion velocity and the electric field can be found byplasma density;(b) radial velocity normalized by the Bohm velocity,
considering the plasma—sheath interface. Having electri€Te/m)®

field, the plasma density gradient at the plasma—sheath inter-

face is calculated and is used as a boundary condition for the

density. Finally, the discharge voltage is set, i©(z=0)

=¢a andp(z=L)=0. that boundary conditiongsee aboverely on assumptions

about ionization efficiency in the first stage. In particular,
plasma density is used as a parameter. The simulations cor-

The numerical analysis is similar to that developedrespond to the following case: mass flow rate is 20 mg/s,
previously?® We use the implicit two-layer method to solve magnetic field is uniform and equals 0.2 T. In this case the
the system of equationt)—(9). These equations are ap- calculated discharge current is about 6 A. The particular de-
proximated by a two-layer six-point scheme. The electrorsign is considered that has following geometRs=6 cm,
temperature distribution is calculated by iteration initially as-Rr,=10cm, and.=5 mm. The 2D hydrodynamic model de-
suming a trial temperature distribution that satisfies thescribed in the previous section is used to calculate plasma
boundary conditions. flow in the second-stage channel.

C. Numerical method

IV. HIGH-POWER BISMUTH TAL A. Results

In this section we describe the simulation of a particular_ 1€ computational domain is shown schematically in
TAL design that uses bismuth as the propellant. The bismutfrig: 1. Plasma densitnormalized by plasma density at the
thruster was originally developed in the 1960s in the forme@nodé and radial component of ion velocitpormalized by
USSR*'8 |t was demonstrated that specific impulse in thethe sound speediistributions are shown in Fig. 2 in the case
range of 2000-5000 s at power levels of 10-34 kW can b@f a discharge voltage af,=3 kV. One can see that a sig-
achieved. This thruster has a two-stage configuration in ordgtificant density gradient develops in both the radial and axial
to separate the ion production and acceleration zones. In thifirections due to ion acceleration. The radial velocity to-
paper we will consider only the second stage. This requiresvards the channel walls is about 0.6—-0.8 of the sound speed.
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FIG. 5. lon flux to the wall and plasma potential along the acceleration
channel in a TAL. The acceleration voltage is 3 kV.
It should be noted that the radial velocity as well as boundary

plasma density determine the flux to the wall and therefore

the wall erosion rate. el:)ase consideréd) is applied to a surface immersed in a

The electron temperature distribution along the chann lasma, electrons are repelled from the surface, leading to

It?] sholwntm F'tg' 3in tr:e case oia=3; k\g Otniggn ?/ee thatt sheath formation. Electrons drift away from the surface due
€ electron temperature peaks at abou ev near r{% the presence of the high electric field. In the steady state,
channel ex¢ plane and then decregses towards the gnpde. ions are then accelerated toward the surface by the elec-
order to validate the model, some integral characteristics fic field of the sheath. In the one-dimensional steady-state

the thruster are calculated and compared with expenmen&ase the sheath thickness can be estimated according to the
The steady-state thrust can be calculated at the thruster e)ﬁihild—Langmuir lavee27

plane as foIIows:T=27Tmif§inV§rdr. The calculated

1/2
thrust increases linearly with the currgiidn beam current :(fe) (E
in agreement with experiment, as shown in Fig. 4. It can be 9 m; (eziNSVS)UZ’
seen that the model predicts thrust levels close to those mea-

sured experimentally over the entire range of the beam Cwy_vhltere Vs Is thetrllon ;]/elot;::.ty tﬁt thﬁ S?ﬁ?ﬁh Ifdgd‘ IS :Ee
rent (or equivalently mass flow rate voltage across the sheathjs the shea ickness,is the

permittivity of vacuum,Ng is the plasma density at the
sheath edge, anah; is the ion mass. In a TAL, the channel
wall has a potential equal to the cathode potential, and there-

In the channel of the second stage, the guard ring has thfere the voltage across the shedth,is equal to the plasma
cathode potential as shown schematically in Fig. 1. Whermpotential and varies along the channel. Similarly, the steady-
high voltage across the acceleration channel is consideregtate sheath thickness in a partially magnetized plasma was
one should take into account the importance of the sheatbalculated in a plasma immersion ion implantation system.
development near the screening waltgiard ring of the  One can see that the steady-state sheath thickness is deter-
channel. When a negative voltageathode potential in the mined by the plasma density and ion velocity at the sheath
edge for a given bias voltage.

Based on the 2D hydrodynamic model, the plasma pa-

1/4 U 3/4

(14)

B. Space-charge sheath near the channel wall

1200 ] . rameters at the plasma—sheath interfddge dndV,) as well
1000 - experiment // . as ion flux to the wall is calculated. It should be noted that
the model used for sheath thickness calculation is one-way
800 + coupled, since the 2D plasma flow model does not account
% eoo: 7 simulation for the sheath thickness, while it accounts for the voltage
= | drop in the plasma and the sheath. The ion current density to
2 404 o7 the wall (radial current and potential distribution along the
- ] channel wall are shown in Fig. 5. One can see that the ion
200 current density to the wall has a maximum near the channel
1 exit. The sheath thickness is several cm in typical high-
] T ' : . . . power TAL conditions and occupies a significant portion of

2 4 6 8 10 the channel as shown in Fig. 6. The sheath thickness varies
Beam current (A) significantly along the channel wall due to variation of the

FIG. 4. Comparison of calculated and measured thfesperimental data Potential drop b_etween the plagma a_nd th(—:: wall, which has
are taken from Ref. 13 cathode potential. Note that in typical high-power TAL
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FIG. 6. Sheath thickness as a function of axial position with dischargeFIG'd7_' ?chenlatlc of the rec(tjantguiﬁr iﬂordtmate iysltem. The origin of the
voltage as a parameter. coordinate system corresponds to the thruster exit plane.

ered, the cross-sectional arkéz) of the quasineutral plasma
desigrt® the channel width is about 4 cm. It can be seen thats varied along the channel. We start with the following set of
when the discharge voltage is about 10 kV almost the entir@quations for the quasineutral plasma:
channel becomes non-quasi-neutrégsheath and the dj, dA
quasineutral plasma is confined in the middle of the channel. A——=+j,——=ev;;nA, (15
Therefore, one can conclude that the discharge voltage limits dz dz

the regime of quasineutral acceleration in a TAL with given _ de d(ngTe)
geometry. Considering the interaction of the highly energetic  Jz= &, enea— dz |’ (16)
(due to acceleration in the sheath towards the )wail flux
with wall materials, one can expect significant erosion. ji(2)
Ne=Nj=—————, (17)
[2e(¢a— @)
V. QUASI-1D MODEL OF THE ANODE LAYER © M
It was shown in the previous sections that the effect of e 1
the sheath expansion near the acceleration channel wall is w, = (18

very significant in the case of a high-power TAL. It affects Meve 1+ (welve)®
mainly the cross-sectional area of the quasineutral plasma aghereu, is the classical cross-field mobility,(z) is the ion
shown in Fig. 6. In turn, the change of the cross-sectionaturrent dependent on the cross sectipnjs the electron
area of the quasineutral plasma affects the current density igurrent, v, is the ionization frequencyy, is the electron

the axial direction. It is natural to study this effect using a 1Dcollision frequency, andv, is the electron cyclotron fre-
approach, since the axial current dengig. (11)] is calcu-  quency. The change of the cross-sectional area of the
lated in a 1D manner along the channel centerline. To thiguasineutral plasma due to sheath expansion can be calcu-
end, we developed a simplified quasi-1D model of the dis{ated as follows:

charge in crossed EB fields. The original model of this

discharge was developed by Zarinov and PopRecently, a A(2)=m((Ry=5)°~ (Ri+5)%), (19
modified version of that model that took into accountwhereR; andR, are the inner and outer radii of the channel
plasma—wall interactions by introducing a more detailed(see Figs. 1, i s is the sheath thicknegslependent orx)
electron energy equation was developed by Cholidive  that can be calculated from E@.4). Since the wall has cath-
present here a similar model in which we adopt the formu-ode potentialset to O for simplicity the potential drop be-
lation of Refs. 3 and 7 except that sheath expansion near thween the plasma and the wall is simply equal to the plasma
channel wall in the acceleration region is taken into accounpotential ¢. The channel cross section at the exit plakge

as it occurs in a high-power TAL. In order to compare with = (R5— R3) corresponds to the case of zero sheath thick-
previously published resufté we adopt here a rectangular ness, since the wall potential is equal to the exit plane poten-
coordinate system shown in Fig. 7. Thexis is along the tial and therefore the cathode potential.

channel axis and thg axis is along the thruster radius, i.e., In addition, following Ref. 3, a simplified energy equa-
along the magnetic field. Theaxis corresponds to the azi- tion can be usedT.= B¢. It should be noted that similar
muthal direction in the Hall thruster. In this case, the currentinear behavior of electron temperature with discharge volt-
density in the quasineutral region will vary along the channebge near the channel exit plane was measured very
(z axis). The characteristic time of sheath formation near therecently?® On the other hand, the electron temperature pro-
channel wall is about the plasma frequency, and therefore file in the entire channel is much more complicated and is a
steady-state sheath will be considered. In the case considesult of the balance between electron Joule heating and
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qoollng due to mteractlo.n with the ghannel w.alls'and ioniza- 1.0 W
tion. For example, a typical profile is shown in Fig. 3 of this 1 Lo
paper. Therefore, linear behavior of the electron temperature 0.8+
with plasma potential is generally only valid near the channel

exit. In this particular 1D model we are interested primarily _ 061
in the effect associated with near-wall sheath expansion.g 1

with sheath

Therefore, in order to simplify the problem we will consider ;,E:) 0.4

electron temperature as a parameter, which is constant along

the channel. 0.2 no sheath
Let us normalize the system of Eq44)—(19). In order 1

to compare results with Refs. 3 and 7 we will perform the 0.0

i 7 By _ * A * H — T T T T T
same normalizations:¢p= ¢/ ¢,, g—_z/l , N= ne/n*, | 00 01 02 03 04 05 06 07
=jelj*, 0=T./¢p,. The characteristic quantities can be de- Distance, &
fined as follows:
FIG. 8. Plasma potential profile in the quasineutral region with and without

j ) sheath expansion. Discharge voltage is 10 kV. Origin of the coordinate sys-
|* = ©on*= o . tem (¢=0) is located at the channel exit plane.
Viz 2 2e
— Meweg e — @3 L . . . .
Ve M sity increases. In turn, this leads to a higher axial electric

field and therefore a smaller anode layer thickness.
~a The anode layefacceleration channethickness depen-

Ay dence on the discharge voltage is shown in Fig. 9. One can
see that the anode layer thickness significantly decreases
with the discharge voltage increasing due to the sheath ex-
pansion effect. It is interesting to note that shrinking of the

— A(2)

i* =ev,n*I*; =

The derivative of the channel cross sectidfr) can be cal-
culated as follows:

ds anode layer thickness is important, as it leads to a smaller
1 dA Zd_z area of contact of the plasma with the walls and therefore
Ad,- TRl (200 smaller total erosion of the channel walls.

— 25 It should be noted that the normalized lendth, is pro-
RatRy portional to\/¢,, which leads to a nonmonotonic behavior of
Finally, the following normalized system of equations is ob-the anode layer thickness with the discharge voltage in the
tained: considered range of discharge voltages. This happens as a
_ _ result of the near-wall sheath expansion effect. Without con-
dj — —1 dA sidering the near-wall sheath, the dimensional anode layer
de "aag (2D thickness will monotonically increase with the discharge

o voltage. Near-wall sheath expansion in the thruster channel
— _d¢ dn leads to the current density incredsee aboveand reverses

LT 0d—§, (22 the dependence of the dimensional anode layer thickness on

the discharge voltage. The dimensional anode layer thickness
— 1 will monotonically decrease with the discharge voltage in the
n= K\/m (23 large discharge voltage range 10 kV).

This system of equations is similar to the original formula-
tion of Zharinov and Popov,with the one exception that
change of the cross-sectional area of the quasineutral channe
A(2) is taken into account.

Below, the following particular case of a high-power
TAL is considered: mass flow rate of 10 mg/s, bismuth as the <
propellant, geometry of Ref. 18i.e., Rij=6cm andR, g 0.4 J
=10cm). As was mentioned above, in the calculation pre- £ ] 0,=1kV
sented here we assume a constant electron temperature clos™ i
to the peak electron temperaturé,E 100 eV; see Sec. Il

The effect of the near-wall sheath expansion on the an-
ode layer potential profile is shown in Fig. 8. One can see e — - .
that the sheath expansion strongly affects the potential profile 00 01 02 03 04 05 06
and the anode layer thickness decreases from 0.7 to 0.15 Distance, &
when the sheath expansion effect is taken into account. Thi . L . o

. 9. Plasma potential profile in the quasineutral region with discharge

_happens_ because the quasineutral plasma region is confinggkage as a parameter. Origin of the coordinate sysgn®) is located at
in the middle of the channel and as a result the current derhe channel exit plane.
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