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Control of the electric-field profile in the Hall thruster
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Control of the electric-field profile in the Hall thruster through the positioning of an additional
electrode along the channel is shown theoretically to enhance the efficiency. The reduction of the
potential drop near the anode by use of the additional electrode increases the plasma density there,
through the increase of the electron and ion transit times, causing the ionization in the vicinity of the
anode to increase. The resulting separation of the ionization and acceleration regions increases the
propellant and energy utilizations. An abrupt sonic transition is forced to occur at the axial location
of the additional electrode, accompanied by the generation of a large~theoretically infinite! electric
field. This ability to generate a large electric field at a specific location along the channel, in addition
to the ability to specify the electric potential there, allows us further control of the electric-field
profile in the thruster. In particular, when the electron temperature is high, a large abrupt voltage
drop is induced at the vicinity of the additional electrode, a voltage drop that can comprise a
significant part of the applied voltage. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1343508#
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I. INTRODUCTION

Electric propulsion for space vehicles utilizes elect
and magnetic fields to accelerate a propellant to a m
higher velocity than chemical propulsion does, and, as a
sult, the required propellant mass is reduced. Among elec
propulsion devices Hall thrusters offer much higher thr
density than conventional ion thrusters. The Hall thruster
celerates a quasineutral plasma, and therefore is not su
to a space-charge limit on the current. An applied rad
magnetic field~see Fig. 1! impedes the axial electron motio
towards the anode. The impeded electrons can then m
effectively ionize the propellant atoms and support a sign
cant axial electric field with equipotentials along th
magnetic-field lines. The axial electric field accelerates
ions from the anode towards the channel exhaust, in a di
tion that is opposite to the axial direction of the electrons

Since the original ideas were introduced,1–5 Hall thrust-
ers have enjoyed both experimental and theoret
progress.1–27 Hall thrusters now perform with efficiencies o
more than 50% in the important range of specific impulses
1500–2500 s. Despite this progress, there is a substa
interest in further improving the thruster performance. T
performance is strongly affected by the electric-field dis
bution in the thruster. In a simple Hall thruster, the electr
field axial profile is strongly coupled to the magnetic-fie
configuration. Decoupling these profiles might, in fact, p
mit improvements in both the thruster efficiency and t
plume divergence. In the present paper, we demons
theoretically means for separately controlling the elect
field profile. This control would be gained by the addition
an absorbing electrode between the cathode and the a
and the generation of an abrupt sonic transition inside
channel. We show theoretically how the control of t
1041070-664X/2001/8(3)/1048/9/$18.00
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electric-field distribution enables us to increase the thru
efficiency. The effect on the plume divergence will be exa
ined in the future.

Segmented side electrodes in Hall thrusters have b
shown experimentally capable of either supplying or abso
ing neutralizing electrons.26 An additional emitting electrode
in the acceleration zone can enhance the current utilizat
and thus the total efficiency, but the efficiency enhancem
is shown theoretically to be very limited.27 Positioning an
additional absorbing electrode in the ionization region, ho
ever, can have a greater effect.19 Here, we show that the
increase in the efficiency in this case can be substantial.

We will show that the use of an electrode in the ioniz
tion region operates roughly as follows: The reduction of
potential drop near the anode by use of the additional e
trode there increases the plasma density there, through
increase of the electron and ion transit times, causing
ionization in the vicinity of the anode to increase. The resu
ing separation of the ionization and acceleration regions
creases the propellant and energy utilizations.

An abrupt sonic transition is forced to occur at the ax
location of the additional electrode, accompanied by the g
eration of a large~theoretically infinite! electric field. This
ability to generate a large electric field at a specific locat
along the channel, in addition to the ability to specify t
electric potential there, allows us further control of th
electric-field profile in the thruster. When the electron te
perature is high, an abrupt voltage drop is induced at
vicinity of the additional electrode, large enough to compr
a significant part of the applied voltage.

The idea of deliberately generating an abrupt sonic tr
sition at a specified location along the channel has rece
been developed theoretically.12,14,18,19As in other physical
8 © 2001 American Institute of Physics
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systems,28–34 conditions exist in the Hall thruster that gua
antee smooth flow through the sonic transition. However
the sonic transition occurs at the location of an abrupt cha
of one of the channel features, such as at the boundar
different wall materials with different secondary electr
emission coefficients,18 then the sonic transition itself i
abrupt. Alternatively, an absorbing electrode can be loca
at the sonic transition,19 an approach that we pursue furth
here.

In Sec. II we present the model. In Sec. III we discuss
more detail the nature of the sonic transition in the H
thruster and the conditions for the formation of an abr
sonic transition. In Sec. IV we demonstrate through sev
examples the increase in efficiency that results from the
dition of an absorbing electrode. We also discuss in Sec
the reasons for this efficiency enhancement. We conclud
Sec. V.

II. THE MODEL

Hall thrusters are typically coaxial~see Fig. 1!, and their
configuration is approximately azimuthally symmetric. B
cause of the low collisionality of the electrons, the magne
field lines are assumed equipotential. The applied magn
field is mostly radial, and therefore, planes perpendicula
the axial direction are equipotential. The potential inside
channel at such a plane that intersects an electrode is
electrode potential. We analyze the Hall thruster by an
proximate one-dimensional~1D! model, in which all quanti-
ties vary along the axial direction only, which we denote
thex direction. A schematic description of this approximat
1D configuration is shown in Fig. 2. The electric field poin
in the x direction, perpendicular to both the direction of th
magnetic field and to the direction of the electron drift. Al
shown in Fig. 2 is the additional electrode that we propos
position along the channel.

The thrust, the specific impulse, and the efficiency
the main performance parameters of the thruster. The th
is defined as

T[
I i~x5L !

e
miv i~x5L !, ~1!

FIG. 1. Schematic drawing of the Hall thruster.
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wheree, mi , v i , and I i are the ion charge, mass, velocit
and current. Here,x50 at the anode and the length of th
channel isL. For the calculation of the thrust the values
the ion velocity and current are taken at the thruster exit. T
specific impulse is

I sp[
T

ṁg
, ~2!

whereṁ is the mass flow rate andg is the free-fall accelera-
tion. The thruster efficiency is usually characterized se
rately by the propellant utilization,

hm[
I i~x5L !mi

eṁ
, ~3!

the current utilization,

hC[
I i~x5L !fA

P
, ~4!

and the energy utilization,

hE[Fv i~x5L !

v0
G2

. ~5!

The total efficiency is the product of these three efficienc

hT[hmhChE5
T2

2ṁP
. ~6!

Here, the total dissipated power isP52*0
LdxIDdf/dx,

whereI D is the discharge current,f is the electric potential,
fA is the voltage applied between the cathode and the an
andv0[(2efA /mi)

1/2. In the case thatI D is constant along
the channelhC is reduced toI i(x5L)/I D .

We employ a simple set of fluid equations for the d
scription of the flow. The ion flow is described by the co
tinuity equation

d j i
dx

1 j i

d ln A

dx
5eS S2

Wd

A D , ~7!

and by the momentum equation

miv i

dv i

dx
1

miSv i

ni
52e

df

dx
. ~8!

FIG. 2. Schematic drawing of the approximated 1D configuration of
Hall thruster analyzed here. An additional electrode is positioned along
channel.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1050 Phys. Plasmas, Vol. 8, No. 3, March 2001 Fruchtman, Fisch, and Raitses
Here, ni and j i ([I i /A) are the ion density and curren
density,A andd are the cross section of the thruster chan
and the wall area per unit channel length,S is the source
function due to ionization, andW is the rate of losses due t
recombination at the walls. The ionization acts as a d
force in the momentum equation. We assume though
ions are lost to the walls at a rate that is independent of t
x velocity, so that there is no drag due to recombination.

The ion dynamics is governed by the ion momentu
equation, where the ions are assumed collisionless and
magnetized. Since ions are born through ionization along
thruster, the ion pressure is not negligible, but, since the i
are almost collisionless, there is no simple equation of s
that relates their pressure to the lower moments. As in
previous papers,12,18we make the simplifying approximatio
of neglecting the ion pressure. However, although we tr
the ions as a cold fluid, we do retain the ion production te
through ionization, which, as stated above, appears a
effective drag term.

The electron dynamics is governed by the electron m
mentum equation

052
~ j T2 j i !ev i

j im
2e

df

dx
1TeS 1

j i

d j i
dx

2
1

v i

dv i

dx D . ~9a!

Here,

m[
en

mvc
2

~9b!

is the mobility of the electrons across the magnetic fie
where m, vc, and n are the electron mass, cyclotron fr
quency, and collision frequency. In writing Eq.~9b! we used
the assumption thatn!vc . Also, j T([I d /A) is the total
current density~so that the electron current density isj e

5 j T2 j i), andTe is the electron temperature. For the ele
trons, we have included previously an energy equation in
model and showed how one can impose a large tempera
gradient along the thruster.14 For simplicity, we will not ad-
dress the~admittedly important! evolution of the electron
temperature here, and we assume thatTe is constant along
the thruster.

In Eq. ~9a! the electron densityne is assumed to be equa
to the ion density due to~the assumed! quasineutrality.
Therefore,

ne5ni5
j i

ev i
. ~10!

We now combine Eqs.~7!–~9! to derive an equation forv i :

~v i
22cs

2!
dv i

dx
5

ev i
2

mim
S j T2 j i

j i
D2

eSv i
3

j i
2

ev ics
2

j i
S S2

Wd

A D
1cs

2v i

d ln A

dx
. ~11!

This form of the equation exhibits the singularity at the so
transition plane. The last term on the right-hand side~RHS!
of the equation expresses the effect of a varying cross
tion, the effect that enables a smooth sonic transition at
neck of aLaval nozzle.28
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The boundary conditions are zero ion velocity and c
rent at the anode and a specified voltage between the a
and the cathode. These are

j i~x50!50, v i~x50!50, f~x50!2f~x5L!5fA . ~12!

These boundary conditions for the ion current and velocity
the anode mean that a monotonically decreasing pote
from the anode towards the cathode is assumed and the
sibility of a backwards ion flow towards the anode is e
cluded. An analysis of the Hall thruster with such a bac
wards ion flow has been done recently.15 When an electrode
is added, as is shown in Fig. 2, an additional boundary c
dition is the voltage between the additional electrode a
either the cathode or the anode.

Let us assume that the source function due to ioniza
is

S5bnena , ~13!

and that the rate of losses due to recombination at the w
per unit area is

W5 f necs . ~14!

Here,b[^sv&, s being the ionization cross section andv
the electron velocity,na is the density of the neutral atoms
andcs is the ion acoustic velocity. In the isothermal case
assume here the ion acoustic velocity iscs5A(Te /mi) .
Also, f is a number of order unity that depends on the she
structure near the wall.11 The sign^& denotes averaging ove
the electron distribution function.

We express the neutral density as

na5
ṁ

miAva
2

j i

eva
. ~15!

Here,ṁ is the mass flow rate. In writing Eq.~15! we used
the fact that the sum of the ion flux and the neutral flux
constant along the thruster. We also assumed that the
trals move ballistically with a velocityva while their density
varies along the channel due to ionization and due to va
tions in the cross section along the channel.

Equations~7!, ~8!, and~11! are the governing equations
We use them and Eqs.~13!–~15! and write the equations in
dimensionless form. The governing equations for the non
mensional ion currentJ[ j imiA/eṁ, ion velocityV[v i /v0,
and electric potentialc[f/fA , as functions of the axia
normalized locationj[x/L along the thruster channel, ar
the ion continuity equation

dJ

dj
5p

J

V
~12J2q!2J

d ln A

dj
, ~16!

the ion momentum equation

~V22Cs
2!

dV

dj
5

V2

2mN
S JT2J

J D2pV2~12J!

2pCs
2~12J2q!1Cs

2V
d ln A

dj
, ~17!

and the equation for the electric potential
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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1051Phys. Plasmas, Vol. 8, No. 3, March 2001 Control of the electric-field profile in the Hall thruster
dc

dj
522V

dV

dj
22pV~12J!. ~18!

Also, the dimensionless plasma density isN[J/V. The di-
mensionless parameters that appear in the equations ar

p[
Lbṁ

vav0miA
, ~19!

which measures the strength of the ionization,

mN[
mfA

Lv0
, ~20!

the dimensionless electron mobility,

q[
f csd

bnaA
, ~21!

the dimensionless loss term, and

Cs
2[

Te

2efA
5

cs
2

v0
2

, ~22!

the square of the dimensionless ion acoustic velocity.
Eqs. ~16!–~18! for J, V, andc we add the boundary cond
tions: J(0)50, V(0)50, andc(0)2c(1)51.

The performance parameters are now expressed with
help of the dimensionless variables. We write the thrust

T5J~j51!V~j51!ṁv0 , ~23!

and the specific impulse is given by Eq.~2!. We also write
the efficiencies with the dimensionless variables. They a

hm5J~j51!,

hC52
J~j51!

*0
1djJTdc/dj

, ~24!

hE5V2~j51!.

In the next section we discuss acceleration to supers
velocities with an abrupt sonic transition and compare it
the acceleration with a regular smooth transition.

III. THE SONIC TRANSITION

The sonic transition in the Hall thruster has similariti
to the sonic transition in other flows. The singularity th
appears at the sonic transition in the fluid equations that
scribe such flows, reflects the difference in the nature
acceleration between the subsonic and the supersonic
gimes. In the subsonic regime the effect of the pressure is
large, and it is the presence of adrag force that is essentia
for a steady acceleration to occur. In the supersonic reg
on the other hand, the effect of the pressure is not la
enough, and an additionalacceleratingforce is necessary. A
the sonic transition the drag force and the accelerating fo
should balance. Therefore, the RHS of the momentum eq
tion @as in Eqs.~11! and ~17!# should be negative at th
subsonic regime, positive at the supersonic regime, and
at the sonic transition. These relations among the vari
forces always exist in the smooth acceleration to supers
velocities. In theLaval nozzle the varying cross section o
Downloaded 22 May 2003 to 198.35.6.23. Redistribution subject to AIP
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the channel acts as a force, a drag force when the cha
converges in the subsonic regime, and an accelerating f
when the channel diverges in the supersonic regime.
sonic transition occurs at the neck of the nozzle, where
cross section of the channel is at its minimum.28 The role of
a converging geometry in the subsonic regime could
played by other drag terms, such are the ablative and
dissipative terms in ablative discharge capillaries,34 and the
sun gravitation in the solar wind.31 In all these cases the flow
through the sonic transition is smooth.

The role of the sonic transition in the Hall thruster
only recently being explored.12,14,15,18–21We have discussed
in some detail the above physics issues related to the s
transition,19 while we analyzed the sonic transition in th
Hall thruster configuration. In the Hall thruster a varyin
cross section is not essential for the acceleration. It is
force due to the magnetic-field pressure@expressed as the
first term on the RHS of Eqs.~9!, ~12!, and~18!# that accel-
erates the plasma. However, in the Hall thruster as well i
the presence of a drag force~due to ionization! that is essen-
tial for the occurrence of a steady acceleration in the s
sonic regime. At the sonic transition the force due to t
magnetic-field pressure and the drag due to ionization
ance.

As in other flows, the acceleration to supersonic velo
ties in the Hall thruster is usually smooth. The singularity
the fluid equations does not result in the Hall thruster in
abrupt change in the flow, as it does not in other flows. It h
been pointed out, probably without noticing the relation
the sonic transition, that in the anode layer~a variation on the
Hall thruster in which the electron temperature is relative
high!, the fluid equations are singular, and it was sugges
that the singularity induces a strong electric field that is
calized in a very narrow region.3,6,24,25We, however, do not
expect a strong electric field to arise spontaneously at
sonic transition plane inside the channel due to the singu
ity in the equations. As was described above, despite
singularity, we expect the flow that is accelerated to sup
sonic velocities usually to be smooth.12,14,18,19,21

There are cases in which a sonic transition is follow
by a large electric field. Such an abrupt sonic transition
induced by abrupt changes at the channel features. For
ample, such a well known acceleration exists at a plasm
surface boundary, where a sheath is formed at such a bo
ary if the Bohm criterion~that the ion flow into the sheath i
supersonic! is met.32,35 The acceleration in the superson
regime in this case occurs in a non-neutral plasma. T
quasineutral equations yield an infinite electric field, and
singularity is resolved by resorting to Poisson’s equation
analyzing the non-neutral plasma. Also, when parameters
adjusted it is possible that the sonic transition occurs at
channel exit. The flow is then subsonic inside the chan
and supersonic outside the channel, with an abrupt chang
the exit.15,19 Being interested in generating an abrupt so
transition at a specified locationinside the channel, we sug
gest that this can be done by imposing an abrupt chang
the thruster parameters at the sonic transition planealong the
channel. We have first demonstrated that such an ab
change could be a change of the secondary emission co
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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cient of the thruster walls,18 and later we showed that it coul
be the presence of an additional absorbing electrode.19 We
note that non-neutral regions in which the electric field
large, called double layers, are also known to be formed
plasma far from its boundary in space and laborat
plasmas.36 These double layers are not necessarily relate
the sonic transition, however, and, if electrostatic, do
exert a net momentum change onto the plasma. In ma
tized plasmas, such as in the Hall thruster, the large ele
field generated at the sonic transition plane in the way
propose, is followed by a large magnetic-field pressure, a
therefore, exerts a large net force on the plasma.

In the next section we show through numerical examp
how the addition of an electrode along the thruster may
hance the thruster efficiency. An abrupt sonic transition
curs at the axial location of the additional electrode.

IV. NUMERICAL EXAMPLES

In this section, we compare the performance of a H
thruster in which an abrupt sonic transition occurs at an
ditional electrode with the performance of a regular H
thruster in which the sonic transition is smooth. For bo
types of Hall thruster we specify the magnetic-field profi
the mass flow rate, and the voltage applied between the c
ode and the anode. In the Hall thruster with the additio
electrode we also specify the position and the electric po
tial at the additional electrode. We solve for the profil
along the channel of the flow variables~the ion and electron
currents and the ion velocity! and of the electric potential
and for the total current along the channel~or, equivalently,
for the electron current emitted from the cathode!. In the Hall
thruster with the additional electrode we solve for the to
currents in the two regions, between the anode and the a
tional electrode and between the additional electrode and
cathode~or, equivalently, for both electron current that
emitted from the cathode and electron current that is
sorbed at the additional electrode!. Once the flow variables
are calculated, the efficiencies are also determined.

In the Hall thruster with the additional electrode th
sonic transition can occur either in the region between
anode and the additional electrode or in the region betw
the additional electrode and the cathode. Once the flow
rameters and the applied voltage are specified, the locatio
the sonic transition is determined by specifying the poten
at the additional electrode. In all the examples presented
we choose the case that the sonic transition occurs at
additional electrode, so that the flow is subsonic in one
gion and supersonic in the other region. The total curre
are generally different, the current closer to the cathode
ing larger, thus the additional electrode is absorbing.

The numerical procedure for finding steady flows
somewhat different for the two types of Hall thruster. For t
regular Hall thruster we find solutions that are smooth
requiring that the RHS of Eq.~17! be zero at the sonic plane
Note that by looking for smooth solutions and by requiri
that the RHS of Eq.~17! vanish at the sonic plane, we e
sentially specify the value of the total current~or, equiva-
lently, of the electron current emitted from the cathode!. We
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calculate the finite derivative of the flow velocity thereb
employing L’Hôpital rule and calculating the ratio of th
derivatives of the RHS and of the coefficient in front of th
derivative on the left-hand side~LHS! of the equation. Then
by expressing the derivative ofJ by Eq. ~16!, we find an
algebraic second-order equation for the derivative of the fl
velocity at the sonic plane. With this expression, we also fi
the finite value of the derivative of the electric potential
the sonic transition plane. The location of the transition pla
is found by a shooting method, which assures also that
boundary conditions are satisfied. We integrate the equat
from the sonic plane in both directions, towards the catho
and towards the anode. We adjust the location of the so
transition plane and the values of the ion current and velo
there until the solution satisfies the boundary conditions
the anode and at the cathode.

Employing this procedure, we have performed a para
eter study of the regular Hall thruster~with a smooth sonic
transition!.12,21 As may be expected, the higher isp, the
higher is the propellant utilization~and to a certain extent th
higher is also the energy utilization!. The current utilization
is increased primarily by the reduction of the electron mob
ity mN along the thruster. The total efficiency generally i
creases with the increase ofp and the decrease ofmN .
Steady solutions though exist only above a certain minim
value of mN , which is different for different values ofp.
These theoretical findings12,21 coincide with experimenta
findings that there are regimes of operation in which the fl
seems to be steady, while in other regimes the flow is
steady but rather oscillatory and even unstable.

For the Hall thruster with an additional electrode at
specified location along the channel, we employ the follo
ing numerical procedure. For specified magnetic-field p
file, mass flow rate, and applied voltage between the an
and the cathode, we vary the potential at the additional e
trode until the sonic transition occurs there. In fact, we p
form the equivalent procedure of varying the total current
the region between the anode and the additional electr
until the sonic transition occurs at the additional electro
the potential at the additional electrode being specified w
the total current is specified. Now that the flow in the su
sonic regime is obtained we turn to the second region,
tween the additional electrode and the cathode. Taking
boundary conditions the values of the ion current and the
velocity at the additional electrode and the specified-by-n
voltage between the additional electrode and the cathode
solve for the distribution of the flow variables and of th
electric potential and also for the value of the total curren
the second region.

The RHS of Eq.~17! is negative in the region near th
anode and positive in the region near the cathode. It does
vanish at the sonic transition but its value changes abru
from negative to positive due to the abrupt change in
total current that is induced by the absorption of part of
current by the additional electrode. Because the RHS of
~17! does not vanish at the sonic transition plane, the elec
field and the acceleration are very large~theoretically infi-
nite! there.
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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In all three examples given here the electron mobility
of the form

1

mN
5

1

m0
j. ~25!

Such a mobility corresponds to the usual magnetic-field p
file in which the intensity increases from the anode towa
the cathode. We can write the normalized mobility as

1

m0
51.763109

B2v0

nfA
, ~26!

where

v051.383104S fA

AN
D 1/2m

s
. ~27!

In Eqs.~26! and ~27!, B, the maximal intensity of the mag
netic field, is in tesla,v0 is in meters per second,fA is in
volts, n is in inverse seconds, andAN is the atomic mass
number. For example, when the applied voltage is 300 V,
gas is xenon, the maximal magnetic-field intensity is 300
and n is 5.83106 s21, v0 and 1/m0 turn out to be 2.1
3104 m/s and 19. This value of the collision frequency
about seven times larger than the collision frequency
pected from binary collisions37 for a plasma of a density
1012 cm23 and a temperature of 15 eV, but about 35 tim
smaller than the effective collisionality due to near-wall r
sistivity for a distance of 1 cm between the walls.7

Let us now estimate the values ofp and q for typical
parameters of the Hall thruster. For xenon, a typical value
b is 331028 cm3 s21. We consider a coaxial thruster i
which the inner and outer radii arer i5 2.3 cm andr o53.4
cm and the length isL52 cm. The 1D approximation seem
reasonable in this case, and it is more so for other H
thrusters which are usually somewhat longer~about 3 cm!.
The cross section in our case isA520 cm2. If the gas mass
flow rate and velocity areṁ52.2 mg/s andva5100 m/s, the
parameterp turns out to be 1.42. For a neutral density of
31013 cm23 and a sonic velocity of 3.343105 cm/s~corre-
sponding to 15 eV electron temperature! and takingd/A
52/(r o2r i) to be 1.8 cm21, we findq to equal 0.94f .

In the figures we compare the profiles of the ion, ele
tron, and total currents, the ion velocity, the plasma dens
and the electric potential in the regular Hall thruster to tho
profiles in a Hall thruster with an additional electrode. Thr
cases are shown, in all of them the addition of the electr
increases the efficiency.

The reasons for the increase in efficiency are the follo
ing. One cause of low efficiency in the Hall thruster, e
pressed as a low propellant utilization, is that the elect
density is too low~due to a too short electron transit time! to
enable a full ionization of the propellant. Also, the extens
of the acceleration zone into the ionization zone, when
curring in the Hall thruster, results in an inefficiency, e
pressed as a low-energy utilization, since some ions do
acquire the energy that corresponds to the full voltage d
With an appropriate biasing, the additional electrode redu
the potential drop near the anode and results in a localiza
of the main voltage drop closer to the exit. The resulti
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increase of the electron and ion transit times in the vicinity
the anode increases the plasma density near the anode.
result of the higher density, the ionization is increased in
vicinity of the anode. The localization of the main voltag
drop closer to the exit is, therefore, used to advantage
increase the plasma density near the anode and to sep
the ionization and acceleration regions, thus enhancing b
the propellant and energy utilizations. A decrease in the c
rent utilization often follows the addition of an absorbin
electrode, since a larger electron current flows in the reg
nearer to the cathode, where the potential drop is lar
However, the increase in the propellant and energy utili
tions, due to the decrease of the potential drop in the ion
tion region, is often dominant.

Let us examine the three examples. Figure 3 presen
case in which the efficiency is high, because of the h
values of p(51.42) and 1/m0(519) and the lack of wall
losses (q50). The electron temperature isTe /efA50.05.
The additional electrode is located atj50.3. It is seen that,
as suggested above, the positioning of an electrode wi
potential only slightly lower than the anode potential mak
the ion and electron velocities small in this region. As
result, the plasma density for given ion and electron fluxe
higher~as seen in the density profiles! and the rate of ioniza-
tion is higher. This is expressed both in the higher plas
density, especially in the anode neighborhood, and in
ionization taking place nearer to the anode. The effect of
improved ionization on the propellant utilization is not ve
dramatic in this case, since the propellant utilization is ve
high anyway; it is increased fromhm50.929 tohm50.996.
The energy utilization, however, is increased significan
from hE50.771 to hE50.979. The current utilization de
creases due to the electrode addition fromhC50.927 tohC

50.867. However, the substantial increase in the energy
lization, due to the decrease of the potential drop in the i
ization region, is dominant. As a result, the total efficiency
enhanced fromhT50.664 tohT50.845.

A substantial increase in the efficiency is also shown
Fig. 4, for a case of low efficiency. Here, the paramet
p(50.75) and 1/m0(53) are smaller than in the case show
in Fig. 3, but the wall losses are zero (q50) and the tem-
perature isTe /efA50.05 as well. Again, the addition of th
electrode~here, atj50.4) reduces the current utilization an
increases the propellant and the energy utilizations. The
rent utilization decreases fromhC50.521 to hC50.482.
However, here the enhancement of the propellant utilizat
is substantial, since in the regular Hall thruster the propell
utilization is low, hm50.707. The decrease in the potent
drop near the anode due to the addition of the electrode
creases about four times the electron density, as is see
Fig. 4. The ionization near the anode increases, and,
result, the propellant utilization increases significantly, fro
hm50.707 tohm50.972, and the energy utilization, from
hE50.763 tohE50.969. The total efficiency increases fro
hT50.281 tohT50.454.

Figure 5 presents a case of a relatively high temperat
The temperature isTe /efA50.5, instead ofTe /efA50.05
in the cases shown in Figs. 3 and 4. In the case in Fig. 5 th
were wall losses, so thatq50.1. In this high-temperature
 license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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FIG. 3. High-efficiency case: p
51.42, 1/m0519, q50, andTe /efA

50.05. Shown are the axial profiles o
the normalized ion current (J), ion ve-
locity (V), plasma density (N), elec-
tric potential (c), electron current
(Je), and total current (JT) along the
channel. The dashed lines correspo
to the regular Hall thruster and the
solid lines to the Hall thruster with the
additional electrode. The additiona
electrode is located atj 50.3.
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case all three efficiencies are increased by the addition o
electrode atj50.8. The propellant utilization is increase
from hm50.433 to hm50.776 and the energy utilizatio
from hE50.471 tohE50.761. The current utilization is als
increased in this case, fromhC50.593 tohC50.648. The
total efficiency is increased fromhT50.124 tohT50.378.
Downloaded 22 May 2003 to 198.35.6.23. Redistribution subject to AIP
he In this case of high temperature, a large abrupt volta
drop is induced by the sonic transition at the vicinity of t
additional electrode, a voltage drop that comprises a sign
cant part of the applied voltage. Nevertheless, the increas
efficiency in this case is mostly a result of the weakening
the electric field in the ionization region, and not of th
-

s

FIG. 4. Low-efficiency case. The pa
rameters are:p50.75, 1/m053, q50,
and Te /efA50.05. The variables are
as in Fig. 3. The additional electrode i
located atj 50.4.
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FIG. 5. High-temperature case. Th
parameters are:p51, 1/m051/3, q
50.1, and Te /efA50.5. The vari-
ables are as in Fig. 3. The additiona
electrode is located atj 50.8.
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abrupt potential drop generated near the additional electr
The use of the abrupt voltage drop, demonstrated here
efficiency enhancement and plume collimation, will be e
amined in the future.

V. CONCLUSIONS

In this paper, we have demonstrated theoretically a c
trol of the electric-field distribution in the Hall thruster th
does not rely on a localization of the magnetic field. T
control of the electric field is achieved by the addition of
absorbing electrode in the ionization region and by gene
ing an abrupt sonic transition. The location of the maxim
potential drop can be controlled by controlling the locati
of the sonic transition. This additional flexibility relieves u
of the necessity of tailoring the magnetic field to control th
drop. However, the magnitude of the localized voltage d
that can indeed be formed is significant only when the e
tron temperature is substantial.

We examined here the consequences of both positio
an absorbing electrode and forcing an abrupt sonic trans
at that electrode. We numerically demonstrated through s
eral examples efficiency enhancement in the Hall thru
through modification of the electric-field profile by the add
tion of the absorbing electrode. The abrupt sonic transit
did not seem crucial to the efficiency enhancement in th
examples. In the future we will continue to further explo
the separate roles of the additional electrode and the ab
sonic transition. We will examine the simpler case of
additional electrode where the sonic transition does not oc
at the vicinity of the additional electrode, and the electrod
located either in the subsonic regime or in the superso
regime. Configurations in which the abrupt sonic transit
Downloaded 22 May 2003 to 198.35.6.23. Redistribution subject to AIP
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itself affects the efficiency will be explored. In subseque
studies we will also examine how each of the means
scribed here, the segmented electrodes and the abrupt
transition, affect the plume collimation. Evidence of that h
been recently seen experimentally.26

Some questions related to the approximations in
model should also be addressed, such as the approxim
of a constant temperature along the channel. Absorption
substantial part of the electron current by the additional e
trode may affect the electron temperature in the ionizat
region near the anode. The 1D model should be modified
address this issue. Other issues that should be addresse
the uniqueness of the steady-state solutions and the effe
the radial variations of the flow.

Although the results presented are not yet compreh
sive, they clearly demonstrate the ability to control t
electric-field profile in the Hall thruster, and a way in whic
this control can be used in certain cases for efficiency
hancement.
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