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Anode sheath in Hall thrusters
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A set of hydrodynamic equations is used to describe quasineutral plasma in ionization and
acceleration regions of a Hall thruster. The electron distribution function and Poisson equation are
invoked for description of a near-anode region. Numerical solutions suggest that steady-state
operation of a Hall thruster can be achieved at different anode sheath regimes. It is shown that the
anode sheath depends on the thruster operating conditions, namely the discharge voltage and the
mass flow rate. ©2003 American Institute of Physic§DOI: 10.1063/1.1615307

The Hall thruster(HT) is an electric propulsion device, and at a certain voltag&/;(0)=0. The decrease of a back
in which axial electric and radial magnetic fields are appliedion flow in the anode region of a HT was also discussed by
in the coaxial channdlFig. 1(a)]. The radial magnetic field Keidar et al? In this letter, we present a nonquasineutral
impedes electron motion toward the anode. This providesnodel, which describes the near-anode region in Hall thrust-
sufficient electron density for effective ionization and allowsers, and show how an anode sheath and a back ion flow vary
the presence of a significant electric field in quasineutralyith the discharge voltage.
plasma. The heavier ions, which are not affected by the mag- we use input parameters typical for the state of the art
netic field, are accelerated electrostatically toward the exit tqpkilowat HT with 9 cm outer channel wall diamefedis-
produce thrust. _ charge voltageVy=150-300V, propellantxenon mass

Various numerical models were proposed to describgioy ratern=1.7—3.0 mg/s, and radial magnetic field profile,
phys!cal processes in the HT® In one—dmenspnaﬂlD)_ or B,(2), shown in Fig. 1b). The channel widthH;, is 1.8
quasi-1D (considering wall lossgsmodeling with & given o since the experimentally measured electron temperature
temperature profile, one solves two ordinary differentialis gimost constant near the anode and the maximum tempera-
equations for plasma density(z), and ion flux, Ji(z) e is of order of 20 e¥,similar to Ref. 5, we assume the
=n(z)V,(z), of the form:

dJ,/dz=F(J;,n,ly),

ANODE- CATHODE-
dn/dz=G(J; ,n,| d)/(l—Vf/Vﬁ), 1) gas distributor neutralizer
whereF andG are nonlinear functions/; andV, are the ion /
flow and ion acoustic velocities, respectively, and parameter Plasma jet
I 4 is the discharge current. A second-order system with one \
parameter requires three boundary conditi®&s), or other E

constraints, whereas only the discharge voltagg, is an
experimentally given one. In dealing with these types of
equations, Fruchtmaet al2 proposed that requiring the so- (@)
lution to be regular at the sonic transition poi{= Vs, can

be used as one of the constraints. The other was given by

g - 20 4 B — Experimental |

assuming zero ion flow at the anodes 0. Rather than em- L 155
ploying V;(0)=0, Ahedoet al* employedV;(0)=—V,, as- o

. ; 154 B - Analytical fit 2
suming the presence of the anode sheath and a back ion flow 3 g0 ©
at the anode. This BC gives a physically valid solution over ¢ %
a wide range of discharge voltages. However, it was shown %10 T L 60 'g
in Ref. 5 that for discharge voltages greater than a certain & 3
value this BC becomes inappropriate and another, “no g' 51 L 30 5
sheath” type BC must be employedy(0)= —V ya, Where = <
V. is the electron axial velocity and,,,, is determined only 0 Y “ T r — 0
by the electron distribution functiofEDF) at the anode. So- 0 1 2 3 4 5
lutions obtained with this BC showed that an increase of a Distance from the anode, cm
discharge voltage leads to the decrease of a back ion flow, (b)

FIG. 1. (a) A schematic picture of a HTb) Radial magnetic fieldB) and

¥Electronic mail: dorf@princeton.edu electron temperaturel() profiles.
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given electron temperature profilE,(z), shown in Fig. 1b). represents mass conservation. Hekg=m/(M;A.,) is the
We also assume that plasma is quasineutral in a region withropellant flux, wheré\, is the channel cross section

a strong magnetic fieldz>z,, wherez is axial coordinate
with z=0 at the anode, and that in the near-anode region,
z<zq, electrons can move freely toward the anode. For nuis the phenomenological electron momentum equation, in
merical simulations, we usezy=0.8cm, at which which u, is the absolute value of the electron axial mobility
pee(Z0)/2o~ 10, wherepg, is the electron gyroradius. This in a radial magnetic field. We assume a modified Bohm dif-
provides that electron trajectories are almost not affected bfusion with u.= «/[16B,(z)], wherea=(1/8—1/6) is a fit-

a magnetic field forz<z,. The physical processes far  ting parameter®

>7, can be expressed mathematically as follows:

—enug 'Ve=eEnt+(nTe)’, (5)

_nVe+Ji:Jd, (6)
I/ =(oV)nan—0.5MTe/M;X2H, (2} represents charge conservation. Heles | 4/(eAy), where

- : - ; ; - is electron charge.

is the ion continuity equation. Here, the prime sign denote€ 'S € .

the derivative with respect tgp M; is the ion massTJ, is the As was mentloqed above,_ systé®-(6) can be red_uced
electron temperature, any, is the neutral density. The first to system(1), for Wh'ch.a solution can be constructed if three
term in EqQ.(2) represents ionization and the second repreparameters are specmc_ad At no’.\./‘o’ and\/_eo. It can be
sents wall losses averaged over a channel width. Wall Iosses‘@own tha_t for each pair of vglocmes, there is only one valye
are considered zero outside the channel. The ionization c§' o: Wh'Ch. a!l\(;vxl_sva §°T'““3” o pe (/egularda\B the sonic
efficient,(oV)(T¢), and the factor 0.55 are explained in Ref. transition point:V;=Vs.” To determineVio and Vep, we

5 need to consider the near-anode regiof:z3<z,. We again
' use Egs(2)—(4) with n—n, in ionization terms anah— n;
(J;Vi) ' =eEnM;—0.5MT./M; X 2H ;X V; in wall losses terms to describe the ion dynamics. However,

unlike Refs. 3—-5, we determine the electric field by using
Poisson’s equation:

is the ion momentum equation. Herg,is the axial projec- d?p/dZ?=4me(n,—n;), (7)
tion of the electric field. The first term on the right-hand side ) )

of Eq. (3) is the ion acceleration in the electric field. The "ather than Egs(5) and (6). In Eq. (), ¢ is the electric
second and the third terms originate from ion losses to th&0tential andne; are the electron and ion densities, respec-
wall with the ion flow velocity,V;, and their birth with the ~UVely. In order to find the electron density, we solve 1D

+ <UV> NaNXVyo, ©)

neutral flow velocity\V, , respectively’ Vlasqu k_lnetlc equatlc_)n for electrpn velocity dlstr|bl_Jt|on
function with the following assumptionga) EDF (z=0) is
NVao+Jdi=JIm, (4)  half-Maxwellian with To=T.(zp), i.e., there is no electron
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FIG. 2. The numerically obtained electric potenti&@pP), ion velocity (V;), ion Mach numbetM), plasma densityN), electron density), and ion density

(N;) profiles form=1.7 mg/s and two discharge voltag&s;=226 V andV,=273.6 V. The bottom charts are focused on the near-anode region.
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flux out of the anode(b) the symmetric part of EDFz  increase of a mass flow rate. lonization becomes more effec-
>0) is Maxwellian with Te=T,, (c) B,(z)=0, and(d) tive at larger mass flow rates, while the discharge current in
ne(zg) =nNg. As can be seen from Fig(ld), the radial mag- HTs is limited by a magnetic field profile, which results in
netic field is indeed negligible an@,=constant forz<z,. the described behavior of the anode sheath.

Integration of the EDF over all velocities gives: The steady-state quasi-1D model of a HT presented in

_ this work showed that at certain operating conditions, for
Ne=NoVeo/ V2To/ mMe X eXp(e(¢ = @a)/To) example, large discharge voltages, thruster operation does

X (1+erf(Ve(o—¢4)/To)), (8)  hotrequire the presence of a negative anode sheath. Similar
to glow discharge’ it may be expected that the further
exple(@a— @o)/ To)/ (1+erf(Ve(po— ¢a)/To)) increase oV, may lead to the presence of a positive anode
:VeO/Mv ) sheath. The above results were obtained for the thruster

model with a given temperature profile. If the electron tem-
where ¢,= ¢(0) is the anode potential, angh= ¢(z;) can  perature and, therefore, the electron thermal velocity, near
be chosen arbitrarily. the anode increase with the discharge voltage, one can expect

If Vip andV¢, are specified, we can solve Eqd®)—(6)  that larger discharge voltages may still require the presence
for z>z, to find n;(zg) =ng and ¢’ (zy), and then solve Egs. of a negative anode sheath.
(2—(4) and (7)—(9) for z<z,. We constructed numerical
solutions for several discharge voltages and found ttiat:
for each value oV, there is only one value o¥,, that
results ing(z) = ¢, atz=0, (2) for each value oV, there
is only one value ofVy that results ine.,0d6= ©cathode
= Vd .
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