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On the potential distribution in Hall thrusters
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A model of the plasma flow in a Hall thruster channel is developed that takes into account the
two-dimensional current conservation effect and relies on some experimental input parameters, such
as magnetic field and electron temperature distribution. The model is an attempt to explain the
experimentally found nonuniform potential distribution across the thruster channel. This effect is
explained by the change of the electron mobility across a magnetic field due to the magnetic field
gradient and due to the electron current along the magnetic field driven by the electron temperature
gradient. ©2004 American Institute of Physid®DOI: 10.1063/1.1797555

A Hall thruster is a cross-field device in which ions are tential structure developed in the Hall thruster chariReifs.
accelerated in a quasineutral plasma. Because of this featur®;-8). In other words, the potential distribution deviates from
a Hall thruster offers much higher thrust density than othethe magnetic field profile and the peak of the electric field is
types of ion thrusters. Typically, a strong electric field is shifted downstream of the exit plane.
established in the Hall thruster channel region of large mag-  This structure may result in a significant divergence of
netic fields. This electric field is responsible for ion accelerabeam ions as they are accelerated out of the thruster. It
tion. An electron closed drift or Hall current is the direct should be noted that laser-induced fluorescefidE) data
consequence of passing electron current across a magnesigpport the evidence of the potential nonuniforngfigt”) in
field. Consideration of only the radial component of the mag-the radial directiori. LIF measurements show that the ion
netic field leads to a one-dimensional picture of the plasmaelocity radial profile is consistent with the independently
flow in the Hall thruster channel. According to conventional measured nonuniform potential distribution. While this ab-
wisdom, the electric potential in the Hall thruster channel isnormal potential distribution was found in several quite dif-
governed by the magnetic field distribution in that the equi-ferent Hall thrusters, it can exist only under certain condi-
potential contours tend to line up with the magnetic fieldtions(Refs. 6—8. For instance, changing from high power to
lines. This stems from the fact that the electric field tends tdower power, which results in a uniform electron temperature
be zero along magnetic field lines due to high electron modistribution across the channel widttor placing two seg-
bility in this direction? Indeed, with a correction of a loga- mented electrodes along the channel wall instead of a single
rithmic factor due to the possible density variation along theelectrod8 leads to the disappearance of the potential “jet”
magnetic field, this is the case in most conventional Halland results in a radially uniform potential distributir.
thruster channelgRefs. 2-5. In addition, in virtually all  In this letter we are attempting to explain the observed po-
models, it is assumed that the secondary electrons emittdg@ntial nonuniformity effect by considering the two-
from the channel walls are thermalized with the main elecdimensional(2D) current conservation problem in the Hall
tron population so that the electron temperature is also corfhruster channel.

stant along the magnetic field line. Note that use of this as- L€t us begin with a brief description of the plasma flow
sumption will be avoided here and will be replace bymodel. The plasma flow starts in the near anode region and

measured electron temperature distribution. the lateral boundary of the quasineutral plasma flow region is
However, the nonuniformity of some quantities acrossthe entrance to the sheath at the dielectric wiise Fig.
the dielectric channel may change the above-mentioned bal{&]- The entire quasineutral plasma region is considered as
ance and lead to an electron temperature gradient. For irt Presheath in which boundary conditions for the sheath en-
stance, placing a segmented electrode with low secondafj@nce are developed. Details of the model of the plasma-
electron emission may create an electron temperature gradineath transition region are described elsewhere.this
ent between the dielectric waflsThis electron temperature Model we will assume that the magnetic field has only a
gradient may lead to electron current along the magnetiéadial component as shown in Figal However, the mag-
field and as a result equipotential contours may deviate fronf€tic field strength may vary in the radial direction. A hydro-
the magnetic field line$An electron temperature gradient dynamic model is employed in a 2D domain assuming that
may also be induced by other means such as by nonunifofl® System reaches a steady state. The momentum and mass
mities in the magnetic fielé® It was found in experiments Conservation equations for ions and neutrals under these con-

that under certain operating conditions a distinctive “jet” po-ditions have the following form:
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FIG. 1. Schematics of the thruster, model geoméayand experimental
data on potential distribution in the Hall thruster chaniile);Experimental
data from Ref. 7{(c) experimental data from Ref. 6.

V(nV) =Znn,, (2

V(naVa) == Zinny, ®3)

wherei, a represent ions and neutralsjs the plasma den-
sity, E is the electric fieldZ, is the ionization rate, an¥l is
the velocity.
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constant “thermalized” potential along the magnetic field is
used(Refs. 4—6. In this model, however, we will employ a
more general two-dimensional model for the electron flow
instead of Boltzmann relation along the magnetic field. We
consider that the electron transport across the magnetic field
is due to several collision mechanisiti&., electron—neutral
and electron—wall collisionsas well as anomalou@ohm)
diffusion with a total effective collision frequency afg
(Refs. 4—6. Under the considered conditions, the simplified
Ohm’s law can be written in component form as

_ de 9T _dln n)
—og|l-—+—+T , 4
Jr U( ar ar ° dr @

. o de 0T dlinn
JZ ( _+_e+ )l (5)

=(1+,6'2) 9z 9z ¢ gz

where B=eB/myv,s is the Hall parameteiT, is the electron
temperaturegp is the potential, and-=e’n/myv is the clas-
sical plasma conductivity. In addition, current conservation
implies that

I + 9z #lro 0. (6)

ar dz r

The numerical analysis is similar to that developed
previously?'lOWe use the implicit two-layer method to solve
the system of equatiofl)—(3). These equations are approxi-
mated by a two-layer, six-point scheme. An iterative proce-
dure is employed similarly to Ref. 10. The equation for po-
tential [Eq. (6)] is solved numerically by iteration using the
successive overrelaxation procedure. In order to obtain a so-
lution of the system of equation&)—6) the boundary con-
ditions must be specified. The discharge voltégetential
drop along the channgls set to be 250 V. Along the lateral
channel walls it is assumed thatp/or=0. More details
about the boundary conditions can be found elsewhere.

Similar to Ref. 11, instead of employing additional as-
sumptions for the calculation of the electron temperature
distribution, we will use an experimentally measured
electron temperature distribution. The electron temperature
and magnetic field radial distributions are taken from the
same experimeﬂtfg In order to simplify the calculations we
will approximate the magnetic field and the measured elec-
tron temperature distributions by the following analytical
expressions:

To=Te exp(— %) )
1
= Ol+yr' (8)

whereh is the channel widthg, v are numerical coefficients
obtained by fitting to experimental datd, is the maximum
electron temperature, arg}, is the maximum magnetic field
strength measured in Ref. 7.

The experimental data for two different thrusters are
shown in Figs. b) and Xc). These data were obtained using

Since only the radial magnetic field component is con-a similar technique, namely a high-speed probe that induced
sidered in the model, the electron transport is much greater imery small plasma perturbation®efs. 6—8. One can see

the azimuthal directioE X B drift) than in the axial direc-

that in each case, the potential distribution in the channel

tion. Usually in Hall thruster models, an assuml[))tion of aexhibits a ver%/ similar shape having a peak of the potential
j t’ i
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20 where the magnetic field is high. This is a very much ex-
o \ pected result that reflects the fact that the crossed field elec-
tron mobility is higher across the magnetic field in the region
with a low magnetic field. On the other hand, the presence of
B the electron temperature gradient leads to additional nonuni-
formity due to the electron current along the magnetic field.
Suppose the electron temperature is higher near the outer
. ' . wall [see Fig. 2a)]. In this case the current conservation
00 o0z 04 06 08 10 requirement leads to current density increase in the middle of
the channel, since high magnetic field near the inner wall
prevents significant current density raise in that region. In
this case the higher current density in the middle of the chan-
nel will lead to the higher electric field. Therefore the equi-
potential contours create a structure with a potential maxi-
mum along the middle of the channel as shown in F{g).2

1t can be seen that the model generally predicts the potential
structure similar to the one observed experimentally. In ad-
dition, similar to the experiment this potential structure can
30 25 20 15 10 05 00 be obtained only under certain conditions. These conditions
Axial distance (cm) require gradient in both magnetic field and electron tempera-
ture gradients.

In conclusion, this letter presents a model of the plasma
flow in the Hall thruster channel. The model predicts the
nonuniform potential distribution across the thruster channel
that has been seen in experiments. This effect is explained by
the change of the electron mobility across the magnetic field
200 los due to a magnetic field gradient and due to the electron cur-

: rent along the magnetic field driven by an electron tempera-
/ ture gradient. This potential structure “jet” in which the peak
30 25 20 15 10 05 00 of the electric field is shifted downstream along the channel
Axial distance (cm) centerline can be found under certain conditions, namely in
the presence of magnetic field and electron temperature gra-
%ients in the radial direction.
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FIG. 2. (a) Electron temperature and magnetic field radial profiles accordin
to experimentRef. 7). (b) Potential distribution in the case without electron

temperature gradiernte=0). (c) Potential distribution in the case of both . . .
electron temperature and magnetic field gradiéats7,y=0.9). The authors thank James Haas, Tim Smith, and David

Staack for very fruitful discussion. This work was partially

along the channel centerline. The most interesting feature SUPPOrted by PPPL University Research Support Program.
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