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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 (Hrgeretically 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. @001 American Institute of Physics.
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I. INTRODUCTION electric-field distribution enables us to increase the thruster
efficiency. The effect on the plume divergence will be exam-
Electric propulsion for space vehicles utilizes electricineqd in the future.
and magnetic fields to accelerate a propellant to a much  gegmented side electrodes in Hall thrusters have been
higher velocity than chemical propulsion does, and, as a regpq\yn experimentally capable of either supplying or absorb-
sult, the required propellant mass is reduced. Among electn[.‘hg neutralizing electron® An additional emitting electrode

propulsion devices Hall thrusters offer much higher thruStin the acceleration zone can enhance the current utilization,

density than conventional ion thrusters. The Hall thruster aC3d thus the total efficiency, but the efficiency enhancement

celerates a quasmeu_tra_tl plasma, and therefore IS not Supjellgtshown theoretically to be very limit€d.Positioning an
to a space-charge limit on the current. An applied radia

o . . : . “additional absorbing electrode in the ionization region, how-
magnetic fieldsee Fig. 1impedes the axial electron motion
. ever, can have a greater efféttHere, we show that the
towards the anode. The impeded electrons can then more . = L )
Increase in the efficiency in this case can be substantial.

effectively ionize the propellant atoms and support a signifi- ) : o

cant axial electric field with equipotentials along the . Wwe _W'" showtthat thehlljse O]f ‘in eIF_‘IC_IELOde ljn tf;_e IOanZtﬁ-

magnetic-field lines. The axial electric field accelerates thd'o" region operates roughly as foflows. 'he reguction of the

ions from the anode towards the channel exhaust, in a dire(P—Otem'al drop near the anode by use of the additional elec-
trode there increases the plasma density there, through the

tion that is opposite to the axial direction of the electrons. | ’ - )
Since the original ideas were introduced,Hall thrust- increase of the electron and ion transit times, causing the

ers have enjoyed both experimental and theoretica?P”ization iq the vicinity of thg anode to increas_e. The.resullt—
progres$27 Hall thrusters now perform with efficiencies of INg Separation of the ionization and a_u_:cel_eratlon regions in-
more than 50% in the important range of specific impulses oféases the propellant and energy utilizations.

1500-2500 s. Despite this progress, there is a substantial An abrupt sonic transition is forced to occur at the axial
interest in further improving the thruster performance. Thislocation of the additional electrode, accompanied by the gen-
performance is strongly affected by the electric-field distri-eration of a large(theoretically infinite electric field. This
bution in the thruster. In a simple Hall thruster, the electric-ability to generate a large electric field at a specific location
field axial profile is strongly coupled to the magnetic-field along the channel, in addition to the ability to specify the
configuration. Decoupling these profiles might, in fact, per-electric potential there, allows us further control of the
mit improvements in both the thruster efficiency and theelectric-field profile in the thruster. When the electron tem-
plume divergence. In the present paper, we demonstraggerature is high, an abrupt voltage drop is induced at the
theoretically means for separately controlling the electric-vicinity of the additional electrode, large enough to comprise
field profile. This control would be gained by the addition of a significant part of the applied voltage.

an absorbing electrode between the cathode and the anode The idea of deliberately generating an abrupt sonic tran-
and the generation of an abrupt sonic transition inside thsition at a specified location along the channel has recently
channel. We show theoretically how the control of thebeen developed theoreticaliy?*'81°As in other physical
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FIG. 2. Schematic drawing of the approximated 1D configuration of the
Hall thruster analyzed here. An additional electrode is positioned along the
Anode/gas distributor Insulator Channel channel.

FIG. 1. Schematic drawing of the Hall thruster.

wheree, m;, v;, andl; are the ion charge, mass, velocity,
system&8-34 conditions exist in the Hall thruster that guar- @nd current. Herex=0 at the anode and the length of the
antee smooth flow through the sonic transition. However, ithannel isL. For the calculation of the thrust the values of
the sonic transition occurs at the location of an abrupt changt€ ion velocity and current are taken at the thruster exit. The
of one of the channel features, such as at the boundary Pecific impulse is

different wall materials with different secondary electron T

emission coefficient® then the sonic transition itself is lgp=~—, (2)
abrupt. Alternatively, an absorbing electrode can be located mg

at the sonic transitiof® an approach that we pursue further

wherem is the mass flow rate arglis the free-fall accelera-

her?' sec. Il h del. In Sec. i i _tion. The thruster efficiency is usually characterized sepa-
n Sec. Il we present the model. In Sec. Il we discuss mrately by the propellant utilization,

more detail the nature of the sonic transition in the Hall
thruster and the conditions for the formation of an abrupt li(x=L)m

sonic transition. In Sec. IV we demonstrate through several ~ 7m= em | ©)
examples the increase in efficiency that results from the ad-
dition of an absorbing electrode. We also discuss in Sec. I\the current utilization,
the reasons for this efficiency enhancement. We conclude in L (x=L
_i(x=L)pa
Sec. V. Ne= 5 : (4)
Il. THE MODEL and the energy utilization,
— 2
Hall thrusters are typically coaxiésee Fig. 1, and their — vi(x= L)} (5)
configuration is approximately azimuthally symmetric. Be- E Vo '

cause of the low collisionality of the electrons, the magnetic-rq totq) efficiency is the product of these three efficiencies
field lines are assumed equipotential. The applied magnetic

field is mostly radial, and therefore, planes perpendicular to T?

the axial direction are equipotential. The potential inside the 77~ ’7m’7077E:2r-nP- ©)
channel at such a plane that intersects an electrode is the

electrode potential. We analyze the Hall thruster by an apHere, the total dissipated power B=— [dxIpde/dx,
proximate one-dimension&lD) model, in which all quanti- Wherel, is the discharge currend is the electric potential,
ties vary along the axial direction only, which we denote as¢a is the voltage applied between the cathode and the anode,
thex direction. A schematic description of this approximatedandvo=(2e$/m;)*2 In the case thalt, is constant along
1D configuration is shown in Fig. 2. The electric field points the channebc is reduced td;(x=L)/lp.

in the x direction, perpendicular to both the direction of the ~ We employ a simple set of fluid equations for the de-
magnetic field and to the direction of the electron drift. Alsoscription of the flow. The ion flow is described by the con-
shown in Fig. 2 is the additional electrode that we propose tdinuity equation

position along the channel. dj, dinA wd
The thrust, the specific impulse, and the efficiency are &+jiwze( ] !
the main performance parameters of the thruster. The thrust
is defined as and by the momentum equation
_li(X:L) dl)i miSl)i d¢
T=Tmivi(X—L), (1) mivia%- n, —_ER. (8)
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Here,n; and j; (=I;/A) are the ion density and current The boundary conditions are zero ion velocity and cur-
density,A andd are the cross section of the thruster channekent at the anode and a specified voltage between the anode
and the wall area per unit channel lenggjs the source and the cathode. These are
function due to ionization, an/ is the rate of losses due to .
recombination at the walls. The ionization acts as a draéi(xzo)zo' vi(x=0)=0, $x=0)—¢(x=L)=¢a. (12
force in the momentum equation. We assume though thathese boundary conditions for the ion current and velocity at
ions are lost to the walls at a rate that is independent of tneiﬂhe anode mean that a monotonica”y decreasing potentia|
x velocity, so that there is no drag due to recombination.  from the anode towards the cathode is assumed and the pos-

The ion dynamics is governed by the ion momentumsibility of a backwards ion flow towards the anode is ex-
equation, where the ions are assumed collisionless and Ugtuded. An analysis of the Hall thruster with such a back-
magnetiZEd. Since ions are born through ionization along thﬁ/ards ion flow has been done receﬁﬁy[vhen an electrode
thruster, the ion pressure is not negligible, but, since the iong added, as is shown in Fig. 2, an additional boundary con-
are almost collisionless, there is no simple equation of statgition is the voltage between the additional electrode and
that relates their pressure to the lower moments. As in OUgjther the cathode or the anode.
previous paper;*®we make the simplifying approximation Let us assume that the source function due to ionization
of neglecting the ion pressure. However, although we tregjg
the ions as a cold fluid, we do retain the ion production term
through ionization, which, as stated above, appears as an S=B8NeNa, (13
effective drag term.

The electron dynamics is governed by the electron mo
mentum equation

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

oo liriden_ 06 (38 L) o, Y nes o
- jip dx ®lj;dx v, dx/ Here, B=(ov), o being the ionization cross section and
the electron velocityn, is the density of the neutral atoms,
Here, andcg is the ion acoustic velocity. In the isothermal case we
ey assume here the ion acoustic velocity dg=/(T</m;).
M= > (9b) Also, f is a number of order unity that depends on the sheath
Mo structure near the watf The sign() denotes averaging over
is the mobility of the electrons across the magnetic fieldthe electron distribution function.
wherem, o, and v are the electron mass, cyclotron fre- ~ We express the neutral density as
guency, and collision frequency. In writing E@b) we used : .
the assumption that<w.. Also, jt(=I14/A) is the total n,= m _J_i' (15)
current density(so that the electron current density jis MiAv,  €v,

=ir—li), andTe is the electron temperature. For the elec- |, .« 1o yhe mass flow rate. In writing Eq15) we used
trons, we have included prewously an energy equation in OUhe f«’;lCt that the sum of the ion flux and the neutral flux is
g:g?jiiningosnhgomidtgivgtgg Eocrasr}r:;ﬁ;f; 3?&% ;%ngfatug:%nstant along the thruster. We also assumed that the neu-
dress the(admittedly importarit evolution of the electron trals move ballistically with a velocity , while their density

temperature here, and we assume fRais constant along varies along the channel due to ionization and due to varia-
the thruster tions in the cross section along the channel.

In Eq. (93 the electron density, is assumed to be equal Equations(7), (8), and(11) are the governing equations.

) i . . We use them and Eq$13)—(15) and write the equations in
to the ion density due tdthe assumed quasineutrality. dimensionless form. The governing equations for the nondi-

Therefore, .
. mensional ion curreni= j;m;A/em, ion velocityV=uv; /v,
N :n:J_i (10) and electric potentialy= ¢/ ¢,, as functions of the axial
¢ ey normalized locationé=x/L along the thruster channel, are

We now combine Eqg7)—(9) to derive an equation far; : the ion continuity equation

_ dJ J dinA
w22t vl (JT‘Ji)_eS’is_e”icﬁ . W_d) qe-PylIm a3 =ge, (16
o dx mipl Ji Ji A
o dInA w the ion momentum equation
CsVi : dv. V2 (3=
o (V-Chgz=5—|"5 )—pv2<1—a>

This form of the equation exhibits the singularity at the sonic £ MN
transition plane. The last term on the right-hand sigelS X , dinA
of the equation expresses the effect of a varying cross sec- - pCS(l—J—q)+CSVd—§, (17
tion, the effect that enables a smooth sonic transition at the
neck of aLaval nozzle® and the equation for the electric potential
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dy dv the channel acts as a force, a drag force when the channel

e —2Vd—§—2pV(1—J)- (18)  converges in the subsonic regime, and an accelerating force

when the channel diverges in the supersonic regime. The

Also, the dimensionless plasma densityNs=J/V. The di-  sonjc transition occurs at the neck of the nozzle, where the
mensionless parameters that appear in the equations are cross section of the channel is at its miniméfhihe role of

a converging geometry in the subsonic regime could be

pEL’B—m, (19 played by other drag terms, such are the ablative and the
ValoMiA dissipative terms in ablative discharge capillafféand the
which measures the strength of the ionization, sun gravitation in the solar winth.In all these cases the flow
through the sonic transition is smooth.
MNE'“_Q"A, (20) The role of the sonic transition in the Hall thruster is
Lvo only recently being exploretf:'*1*18-2)e have discussed
the dimensionless electron mobi”ty’ in some detail the above phySiCS issues related to the sonic
foud transition!® while we analyzed the sonic transition in the
S

q , (21) Hall thruster configuration. In the Hall thruster a varying
BnA cross section is not essential for the acceleration. It is the
force due to the magnetic-field pressuexpressed as the
first term on the RHS of Eq49), (12), and(18)] that accel-
., Te c erates the plasma. However, in the Hall thruster as well it is
Cs= 2edn = b2’ 22 the presence of a drag for¢gue to ionizatiopthat is essen-
tial for the occurrence of a steady acceleration in the sub-
the square of the dimensionless ion acoustic velocity. T&onic regime. At the sonic transition the force due to the
Egs.(16)—(18) for J, V, and ¢ we add the boundary condi- magnetic-field pressure and the drag due to ionization bal-
tions: J(0)=0, V(0)=0, andy(0)— ¢(1)=1. ance.
The performance parameters are now expressed with the  As in other flows, the acceleration to supersonic veloci-
help of the dimensionless variables. We write the thrust asties in the Hall thruster is usually smooth. The singularity in
: the fluid equations does not result in the Hall thruster in an
T=J(g=1V(e=1)mu,, 23 abrupt change in the flow, as it does not in other flows. It has
and the specific impulse is given by E@). We also write  been pointed out, probably without noticing the relation to
the efficiencies with the dimensionless variables. They are the sonic transition, that in the anode lay@wvariation on the
Hall thruster in which the electron temperature is relatively

the dimensionless loss term, and

n N

onN

Tm=J(6=1), high), the fluid equations are singular, and it was suggested
J(é€=1) that the singularity induces a strong electric field that is lo-
7T T T1deddyide’ (24 calized in a very narrow regiot®2*%We, however, do not
expect a strong electric field to arise spontaneously at the
ne=V2(£é=1). sonic transition plane inside the channel due to the singular-

In the next section we discuss acceleration to supersoni'&,y n lthe equations. Ash Wﬁs deﬁcrlped ablove, ((jjesplte this
velocities with an abrupt sonic transition and compare it to> 9" arity, we expect the flow t mﬁﬁgﬁgzﬁme to super-

the acceleration with a regular smooth transition. sonic velocities usually to be smooth o
There are cases in which a sonic transition is followed

by a large electric field. Such an abrupt sonic transition is
induced by abrupt changes at the channel features. For ex-
The sonic transition in the Hall thruster has similaritiesample, such a well known acceleration exists at a plasma—
to the sonic transition in other flows. The singularity thatsurface boundary, where a sheath is formed at such a bound-
appears at the sonic transition in the fluid equations that deary if the Bohm criterior(that the ion flow into the sheath is
scribe such flows, reflects the difference in the nature ofupersonitis met®?® The acceleration in the supersonic
acceleration between the subsonic and the supersonic reegime in this case occurs in a non-neutral plasma. The
gimes. In the subsonic regime the effect of the pressure is toquasineutral equations yield an infinite electric field, and the
large, and it is the presence ofdaag force that is essential singularity is resolved by resorting to Poisson’s equation for
for a steady acceleration to occur. In the supersonic regime@nalyzing the non-neutral plasma. Also, when parameters are
on the other hand, the effect of the pressure is not largadjusted it is possible that the sonic transition occurs at the
enough, and an additionatceleratingforce is necessary. At channel exit. The flow is then subsonic inside the channel
the sonic transition the drag force and the accelerating forcand supersonic outside the channel, with an abrupt change at
should balance. Therefore, the RHS of the momentum equahe exit!®>!° Being interested in generating an abrupt sonic
tion [as in Egs.(11) and (17)] should be negative at the transition at a specified locatidnsidethe channel, we sug-
subsonic regime, positive at the supersonic regime, and zegest that this can be done by imposing an abrupt change in
at the sonic transition. These relations among the variouthe thruster parameters at the sonic transition péoegthe
forces always exist in the smooth acceleration to supersonichannel. We have first demonstrated that such an abrupt
velocities. In theLaval nozzle the varying cross section of change could be a change of the secondary emission coeffi-

Ill. THE SONIC TRANSITION
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cient of the thruster wall¥ and later we showed that it could calculate the finite derivative of the flow velocity thereby
be the presence of an additional absorbing electtdde  employing L’'Hapital rule and calculating the ratio of the
note that non-neutral regions in which the electric field isderivatives of the RHS and of the coefficient in front of the
large, called double layers, are also known to be formed in @erivative on the left-hand sid&HS) of the equation. Then,
plasma far from its boundary in space and laboratoryby expressing the derivative df by Eqg. (16), we find an
plasmas’® These double layers are not necessarily related taigebraic second-order equation for the derivative of the flow
the sonic transition, however, and, if electrostatic, do no¥elocity at the sonic plane. With this expression, we also find
exert a net momentum change onto the plasma. In magnenhe finite value of the derivative of the electric potential at
tized plasmas, such as in the Hall thruster, the large electrighe sonic transition plane. The location of the transition plane
field generated at the sonic transition plane in the way wes found by a shooting method, which assures also that the
propose, is followed by a large magnetic-field pressure, andyoundary conditions are satisfied. We integrate the equations
therefore, exerts a large net force on the plasma. from the sonic plane in both directions, towards the cathode
In the next section we show through numerical examplegng towards the anode. We adjust the location of the sonic

how the addition of an electrode along the thruster may enggnsition plane and the values of the ion current and velocity
hance the thruster efficiency. An abrupt sonic transition 0Cthere yntil the solution satisfies the boundary conditions at
curs at the axial location of the additional electrode. the anode and at the cathode

Employing this procedure, we have performed a param-
IV. NUMERICAL EXAMPLES eter study of the regular Hall thrustérith a smooth sonic
_ , transition.’>?! As may be expected, the higher ji5 the
In this section, we compare the performance of a Hall,jgner is the propellant utilizatiofand to a certain extent the
thruster in which an abrupt sonic transition occurs at an adI;ligher is also the energy utilizatipriThe current utilization

ditional Qlectrqde with th(_a perfor_njanc_e of a regular Ha"is increased primarily by the reduction of the electron mobil-
thruster in which the sonic transition is smooth. For both,

i e St along the thruster. The total efficiency generally in-
types of Hall thruster we specify the magnetic-field proﬁle,I Y BN g . iciency 9 i

the mass flow rate, and the voltage applied between the Catcreases with the increase pfand the decrease gy .
’ . . teady solutions though exist only above a certain minimal
ode and the anode. In the Hall thruster with the additional y 9 y

. . . value of uy, which is different for different values gp.
electrode we also specify the position and the electric pOtenT'hese thegretical findind&2! coincide with experimental

tial at the additional electrode. We solve for the profiles,. . : L .
. . findings that there are regimes of operation in which the flow
along the channel of the flow variablé&ke ion and electron 2 ) .
. . . seems to be steady, while in other regimes the flow is not
currents and the ion velocityand of the electric potential, .
steady but rather oscillatory and even unstable.

and for the total current along the changel, equivalently, : o
for the electron current emitted from the cathpde the Hall F.]?r (;hle H? I thrlusterthwnhhan a?dmonal ellecirhod(;: ﬁ ta
thruster with the additional electrode we solve for the totaSPEC!€d location aiong the channel, we empioy the Toflow-

currents in the two regions, between the anode and the ad 19 numerical procedure. For specified magnetic-field pro-

tional electrode and between the additional electrode and t éle’ mass flow rate, and applied voI.tage betweeq _the anode
cathode(or, equivalently, for both electron current that is and the cathode, we vary the potential at the additional elec-

emitted from the cathode and electron current that is abtfode until the sonic transition occurs there. In fact, we per-
sorbed at the additional electrod®©nce the flow variables oM the equivalent procedure of varying the total current in
are calculated. the efficiencies are also determined. the region between the anode and the additional electrode

In the Hall thruster with the additional electrode the Until the sonic transition occurs at the additional electrode;
sonic transition can occur either in the region between thdhe potential at the additional electrode being specified when
anode and the additional electrode or in the region betweeff€ total current is specified. Now that the flow in the sub-
the additional electrode and the cathode. Once the flow pa3©nic regime is obtained we turn to the second region, be-
rameters and the applied voltage are specified, the location é¥€en the additional electrode and the cathode. Taking as
the sonic transition is determined by specifying the potentiaPoundary conditions the values of the ion current and the ion
at the additional electrode. In all the examples presented heiéelocity at the additional electrode and the specified-by-now
we choose the case that the sonic transition occurs at théltage between the additional electrode and the cathode, we
additional electrode, so that the flow is subsonic in one resolve for the distribution of the flow variables and of the
gion and supersonic in the other region. The total currentélectric potential and also for the value of the total current in
are generally different, the current closer to the cathode be&he second region.
ing larger, thus the additional electrode is absorbing. The RHS of Eq(17) is negative in the region near the

The numerical procedure for finding steady flows isanode and positive in the region near the cathode. It does not
somewhat different for the two types of Hall thruster. For thevanish at the sonic transition but its value changes abruptly
regular Hall thruster we find solutions that are smooth byfrom negative to positive due to the abrupt change in the
requiring that the RHS of Eq17) be zero at the sonic plane. total current that is induced by the absorption of part of the
Note that by looking for smooth solutions and by requiring current by the additional electrode. Because the RHS of Eq.
that the RHS of Eq(17) vanish at the sonic plane, we es- (17) does not vanish at the sonic transition plane, the electric
sentially specify the value of the total currefar, equiva- field and the acceleration are very lar@fheoretically infi-
lently, of the electron current emitted from the cathod&e  nite) there.
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In all three examples given here the electron mobility isincrease of the electron and ion transit times in the vicinity of
of the form the anode increases the plasma density near the anode. As a
result of the higher density, the ionization is increased in the
1 1 o o .
=" ¢ (25)  Vvicinity of the anode. The localization of the main voltage
MN Mo drop closer to the exit is, therefore, used to advantage to

Such a mobility corresponds to the usual magnetic-field prolncrease the plasma density near the anode and to separate
file in which the intensity increases from the anode towarddhe ionization and acceleration regions, thus enhancing both

the cathode. We can write the normalized mobility as the propellant and energy utilizations. A decrease in the cur-
5 rent utilization often follows the addition of an absorbing

i: 1. 76x 1093 Vo 26) electrode, since a larger electron current flows in the region

Ko vop' nearer to the cathode, where the potential drop is larger.
where However, the increase in the propellan_t and energy l_,ltili_za-
tions, due to the decrease of the potential drop in the ioniza-

da| Y2m tion region, is often dominant.

vo=1.38% 104(A_N> 5 (27) Let us examine the three examples. Figure 3 presents a

case in which the efficiency is high, because of the high
In Egs.(26) and (27), B, the maximal intensity of the mag- values ofp(=1.42) and 14y(=19) and the lack of wall
netic field, is in teslap, is in meters per secondj, is in  |osses =0). The electron temperature %./e¢,=0.05.
volts, v is in inverse seconds, andly is the atomic mass The additional electrode is located &t 0.3. It is seen that,
number. For example, when the applied voltage is 300 V, thes suggested above, the positioning of an electrode with a
gas is xenon, the maximal magnetic-field intensity is 300 Gpotential only slightly lower than the anode potential makes
and v is 5.8<10° s™*, vy and 1f turn out to be 2.1 the ion and electron velocities small in this region. As a
X 10* m/s and 19. This value of the collision frequency is result, the plasma density for given ion and electron fluxes is
about seven times larger than the collision frequency exhigher(as seen in the density profileand the rate of ioniza-
pected from binary collisiod$ for a plasma of a density tion is higher. This is expressed both in the higher plasma
10> cm™3 and a temperature of 15 eV, but about 35 timesdensity, especially in the anode neighborhood, and in the
smaller than the effective collisionality due to near-wall re-jonization taking place nearer to the anode. The effect of the
sistivity for a distance of 1 cm between the wélls. improved ionization on the propellant utilization is not very

Let us now estimate the values pfand g for typical  dramatic in this case, since the propellant utilization is very
parameters of the Hall thruster. For xenon, a typical value ohigh anyway; it is increased from,,,=0.929 to,,=0.996.

B is 3x107% cm’s™t. We consider a coaxial thruster in The energy utilization, however, is increased significantly,
which the inner and outer radii arg= 2.3 cm andr,=3.4  from 2g=0.771 to 7=0.979. The current utilization de-
cm and the length i =2 c¢cm. The 1D approximation seems creases due to the electrode addition frgg=0.927 to7c
reasonable in this case, and it is more so for other Hall-0.867. However, the substantial increase in the energy uti-
thrusters which are usually somewhat long@bout 3 cn).  Jization, due to the decrease of the potential drop in the ion-
The cross section in our caseAs=20 cnf. If the gas mass ization region, is dominant. As a result, the total efficiency is
flow rate and velocity aren=2.2 mg/s and =100 m/s, the enhanced fromy;=0.664 ton;=0.845.

parametemp turns out to be 1.42. For a neutral density of 5 A substantial increase in the efficiency is also shown in
x 10" cm 3 and a sonic velocity of 3.3410° cm/s(corre-  Fig. 4, for a case of low efficiency. Here, the parameters
sponding to 15 eV electron temperatu@nd takingd/A  p(=0.75) and 14y(=3) are smaller than in the case shown
=2/(r,—r;) to be 1.8 cm?!, we findq to equal 0.94. in Fig. 3, but the wall losses are zerg£0) and the tem-

In the figures we compare the profiles of the ion, elecperature isT./e¢,=0.05 as well. Again, the addition of the
tron, and total currents, the ion velocity, the plasma densityelectrode(here, att=0.4) reduces the current utilization and
and the electric potential in the regular Hall thruster to thosencreases the propellant and the energy utilizations. The cur-
profiles in a Hall thruster with an additional electrode. Threerent utilization decreases fromyc=0.521 to 7»c=0.482.
cases are shown, in all of them the addition of the electrodélowever, here the enhancement of the propellant utilization
increases the efficiency. is substantial, since in the regular Hall thruster the propellant

The reasons for the increase in efficiency are the follow-utilization is low, 7,,=0.707. The decrease in the potential
ing. One cause of low efficiency in the Hall thruster, ex-drop near the anode due to the addition of the electrode in-
pressed as a low propellant utilization, is that the electrorcreases about four times the electron density, as is seen in
density is too low(due to a too short electron transit tijrte Fig. 4. The ionization near the anode increases, and, as a
enable a full ionization of the propellant. Also, the extensionresult, the propellant utilization increases significantly, from
of the acceleration zone into the ionization zone, when oc#,,=0.707 to »,,=0.972, and the energy utilization, from
curring in the Hall thruster, results in an inefficiency, ex- ng=0.763 tonz=0.969. The total efficiency increases from
pressed as a low-energy utilization, since some ions do nof=0.281 ton;=0.454.
acquire the energy that corresponds to the full voltage drop. Figure 5 presents a case of a relatively high temperature.
With an appropriate biasing, the additional electrode reducehe temperature i§./ep,=0.5, instead ofT,/e¢p,=0.05
the potential drop near the anode and results in a localizatioim the cases shown in Figs. 3 and 4. In the case in Fig. 5 there
of the main voltage drop closer to the exit. The resultingwere wall losses, so thaj=0.1. In this high-temperature
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g 13 FIG. 3. High-efficiency case:p
15 1 = =1.42, 1uu=19,q=0, andT./ed,
T~ N =0.05. Shown are the axial profiles of
RN the normalized ion currentlf, ion ve-
505 RS N ] locity (V), plasma densityN), elec-
. S tric potential (), electron current
S (Je), and total currentJ;) along the
~ channel. The dashed lines correspond
0 . > to the regular Hall thruster and the
0 0.2 0.4 0.6 0.8 1 solid lines to the Hall thruster with the
13 additional electrode. The additional
1.3 electrode is located at =0.3.
ﬁI— AF

0.9
0

case all three efficiencies are increased by the addition of the In this case of high temperature, a large abrupt voltage
electrode até=0.8. The propellant utilization is increased drop is induced by the sonic transition at the vicinity of the
from 7,=0.433 to »,,=0.776 and the energy utilization additional electrode, a voltage drop that comprises a signifi-
from »z=0.471 tone=0.761. The current utilization is also cant part of the applied voltage. Nevertheless, the increase in
increased in this case, from:=0.593 to -=0.648. The efficiency in this case is mostly a result of the weakening of
total efficiency is increased from+=0.124 ton;=0.378. the electric field in the ionization region, and not of the

=05 > 05 P

0.8 1 0

FIG. 4. Low-efficiency case. The pa-

=05 rameters arep=0.75, 14o=3, q=0,
and T./e¢$,=0.05. The variables are
as in Fig. 3. The additional electrode is
0 located até =0.4.
0
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1 1
=05 _ > 0.5 -
— - - -7 P -~ =
0= 0
0 0.2 0.4 0.6 0.8 1 0
3
3 1
2 FIG. 5. High-temperature case. The
z >0.5 parameters arep=1, 1juy=1/3, q

=0.1, and T./e¢,=0.5. The vari-
ables are as in Fig. 3. The additional
electrode is located &t =0.8.

abrupt potential drop generated near the additional electrodéself affects the efficiency will be explored. In subsequent
The use of the abrupt voltage drop, demonstrated here, fatudies we will also examine how each of the means de-
efficiency enhancement and plume collimation, will be ex-scribed here, the segmented electrodes and the abrupt sonic

amined in the future. transition, affect the plume collimation. Evidence of that has
been recently seen experimentaiy.
V. CONCLUSIONS Some questions related to the approximations in the

. _ model should also be addressed, such as the approximation

In this paper, we have demonstrated theoretically a conof a constant temperature along the channel. Absorption of a
trol of the electric-field distribution in the Hall thruster that substantial part of the electron current by the additional elec-
does not rely on a localization of the magnetic field. Thetrode may affect the electron temperature in the ionization
control of the electric field is achieved by the addition of anregion near the anode. The 1D model should be modified to
absorbing electrode in the ionization region and by generataddress this issue. Other issues that should be addressed are
ing an abrupt sonic transition. The location of the maximalthe uniqueness of the steady-state solutions and the effect of
potential drop can be controlled by controlling the locationthe radial variations of the flow.
of the sonic transition. This additional erX|b|I|ty relieves us A|th0ugh the results presented are not yet Comprehen_
of the necessity of tailoring the magnetic field to control thissjve, they clearly demonstrate the ability to control the
drop. However, the magnitude of the localized voltage dropelectric-field profile in the Hall thruster, and a way in which

that can indeed be formed is significant only when the electhis control can be used in certain cases for efficiency en-
tron temperature is substantial. hancement.

We examined here the consequences of both positioning
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at that electrode. We numerically demonstrated through sev-

eral examples efficiency enhancement in the Hall thruster ~ This research has been partially supported by the United
through modification of the electric-field profile by the addi- States Air Force Office of Scientific Research Contract No.
tion of the absorbing electrode. The abrupt sonic transitiodSSA 97-0019 and by Grant No. 9800145 from the United
did not seem crucial to the efficiency enhancement in thesStates—Israel Bi-National Science FoundatiBSF), Jerusa-
examples. In the future we will continue to further explore lem, Israel.

the separate roles of the additional electrode and the abrupt

sonic transition. We will examine the simpler case of an 'p. M. Morozov,Physics and Problems of Controlled Fusi#SSR Acad-
additional electrode where the sonic transition does not occug;mg fgt:gﬁ]nctﬁh'\gﬁzc&wb 1932;%'?%% Zggizﬂnl?)ﬁs(ifgéa

at the VICI.mty OT the addltlonal. eleCtr.Ode’ an_d the electrode I_S3A: V.. Zharino?/ and Yu. S P.opov, Sc,)v. F¥h)./s. Téch. F;h.32$.208(196'0.
located either in the subsonic regime or in the sUpersoniGr . jahnPhysics of Electric PropulsioiMcGraw-Hill, New York,
regime. Configurations in which the abrupt sonic transition 1969, Chap. 8.

Downloaded 14 Nov 2003 to 132.77.4.43. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



1056 Phys. Plasmas, Vol. 8, No. 3, March 2001

SA. 1. Morozov, Yu. V. Esipchuk, G. N. Tilinin, A. V. Trofinov, Yu. A.
Sharov, and G. Ya. Shahepkin, Sov. Phys. Tech. PLs38 (1972.
5H. R. Kaufman, AIAA J.23, 78 (1985.

Fruchtman, Fisch, and Raitses

%A, Fruchtman and N. J. Fisch, AIAA Paper No. 99-213%th Joint Pro-

pulsion ConferenceLos Angeles, CA(American Institute of Aeronautics
and Astronautics, Washington, DC, 1999

A. 1. Bugrova, A. I. Morozov, and V. K. Kharchevnikov, Sov. J. Plasma 2°K. Makowski, Z. Peradzynski, N. Gascon, and M. Dudeck, AIAA Paper

Phys.16, 849 (1990.
8E. Y. Choueiri, AIAA Paper No. 94-3013R0th Joint Propulsion Confer-

ence Indianapolis, IN(American Institute of Aeronautics and Astronau-

tics, Washington, DC, 1994

No. 99-2295, 35th Joint Propulsion ConferenceLos Angeles, CA
(American Institute of Aeronautics and Astronautics, Washington, DC,
1999.

2LA. Cohen-Zur, A. Fruchtman, and J. Ashkenazy, IEPC Paper No. 99-108,

%Y. Raitses, J. Ashkenazy, and M. Guelman, AIAA Paper No. 96-3193, 26th International Electric Propulsion Conferendéitakyushu, Japatla-

32nd Joint Propulsion Conferenceake Buena Vista, Fl(American In-
stitute of Aeronautics and Astronautics, Washington, DC, 1996

1OM. Hirakawa and Y. Arakawa, AIAA Paper No. 96-31982nd Joint
Propulsion ConferengeLake Buena Vista, FL(American Institute of
Aeronautics and Astronautics, Washington, DC, 1996

pan Society of Aeronautical and Space Sciences, 71999

22/, Yu. Fedotov, A. A. Ivanov, G. Guerrini, A. N. Vesselovzorov, and M.

Bacal, Phys. Plasmas 4360(1999.
M. Keidar and I. D. Boyd, J. Appl. Phy86, 4786(1999.
24y, V. Zhurin, H. R. Kaufman, and R. S. Robinson, Plasma Sources Sci.

113, M. Fife, M. Martinez-Sanchez, and J. Szabo, AIAA Paper No. 97-3052, Technol.8, R1(1999.

33rd Joint Propulsion ConferenceSeattle, WA (American Institute of
Aeronautics and Astronautics, Washington, DC, 1997

25E. Y. Choueiri, Bull. Am. Phys. So&4, 61 (1999.
2y, Raitses, L. A. Dorf, A. A. Litvak, and N. J. Fisch, J. Appl. Phg@8,

127, Fruchtman, N. J. Fisch, J. Ashkenazy, and Y. Raitses, IEPC Paper No. 1263(2000.

97-022, 25th International Electric Propulsion Conferenc€leveland,
OH (Electric Rocket Propulsion Society, Cleveland, OH, 1997

13). Ashkenazy, Y. Raitses, and G. Appelbaum, Phys. Plasin&955
(1998.

A, Fruchtman and N. J. Fisch, AIAA Paper No. 98-35@@th Joint Pro-
pulsion ConferenceCleveland, OH(American Institute of Aeronautics
and Astronautics, Washington, DC, 1998

15, Ahedo and M. Martinez-Sanchez, AIAA Paper No. 98-8788h Joint
Propulsion ConferenceCleveland, OH(American Institute of Aeronau-
tics and Astronautics, Washington, DC, 1998

8. B. King and A. D. Gallimore, Phys. Plasm&s2936(1999.

"W, A. Hargus and M. A. Cappelli, AIAA Paper No. 98-33384th Joint
Propulsion ConferenceCleveland, OH(American Institute of Aeronau-
tics and Astronautics, Washington, DC, 1998

2TA. Fruchtman and N. J. Fisch, Phys. Plasr8a86 (2001).

28K, OswatitschGas DynamicgAcademic, New York, 1956 Chap. 2.

2E. L. Resler, Jr., and W. R. Sears, J. Aeronaut. 3@i.235(1958.

30Ch. Wieckert, Phys. Fluid80, 1810(1987).

31E. N. Parker,Interplanetary Dynamical Processe#nterscience, New
York, 1963.

32K.-U. Riemann, J. Phys. D: Appl. Phy24, 493(1991); Phys. Fluids B3,
3331(199)).

33M. Martinez-Sanchez, J. Propul. Pow&r56 (1991).

34), Ashkenazy, Phys. Lett. 228 369(1997.

35D, Bohm, in The Characteristics of Electrical Discharges in Magnetic
Fields edited by A. Guthry and R. K. WakerlingicGraw-Hill, New
York, 1949, Chap. 3.

36N. Hershkowitz, Space Sci. Re#1, 351 (1985.

183, Ashkenazy, A. Fruchtman, Y. Raitses, and N. J. Fisch, Plasma Phyg’S. I. Braginskii, Reviews of Plasma Physi¢€onsultants Bureau, New

Controlled Fusio1, A357 (1999.

York, 1965, Vol. 1, p. 205.

Downloaded 14 Nov 2003 to 132.77.4.43. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



