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lon current extracted from an ion sour@en thrustey can be increased above the Child—Langmuir

limit if the ion space charge is neutralized. Similarly, the limiting kinetic energy density of the
plasma flow in a Hall thruster might be exceeded if additional mechanisms of space-charge
neutralization are introduced. Space-charge neutralization with high-mass negative ions or
negatively charged dust particles seems, in principle, promising for the development of a high
current or high energy density source of positive light ions. Several space-charge neutralization
schemes that employ heavy negatively charged particles are considered. It is shown that the
proposed neutralization schemes can lead, at best, only to a moderate but nonetheless possibly
important increase of the ion current in the ion thruster and the thrust density in the Hall thruster. ©
2005 American Institute of PhysidDOI: 10.1063/1.1897715

I. INTRODUCTION the highest possible current density of light ions. It seems
. . . promising to use high-mass negative ions or negatively

The maximum current density of an ion beam that can bergeq dust particles for the space-charge neutralization of

extracted from a plasma source with a conventional extraGha ion beam. Suppose that we bleed into the ion thruster at

tion system is limited l?y the beam space (':har'ge. This fact iﬁwe cathode end high-mass negative ions, such that their

W.e” knpwn as the Child—Langmuir labwhich in the one- mass exceeds the mager charggof the positive ions. The

dimensional case reads advantage of high-mass negative ions is that they neutralize
J2usr2 the space charge in the thruster, but, by virtue of moving
(1) slowly, they do not extract much power. If negative ions of
massM_ were more massive than the positive ions by a

Here,d is the distance between the extracting gridss the ~ factor R=M_/M;, and if the space charge were completely
applied voltageq and M, are the ion charge and mass, re- neutralized by the negative ions, then the rate of momentum
spectively. As was first pointed out by Langmuir in 1929, input into the two species would be the same, but the rate of
the extracted current can be raised above the natural(fnit energy input into the negative ions would be down by a
if the positive ion space charge is neutralized by negativelyfactor of R¥2in order that both the space charge be neutral-
charged particles. In the past, several experiments demoized and the momentum be balanced. Thus, for negligible
strated successful space-charge neutralized ion beam extrggwer, one achieves space-charge neutralization. If one finds
tion. Partial neutralization of the ion space charge wasa way to perfectly neutralize the space charge, the current
achieved by supplying electrons from an external sourcedensity of positive ions can be significantly increased, and, in
such as filament cathodejual plasmatroﬁ,or ferroelectric  principle, possibly without limit.
electron guﬁ’.SimiIar techniques are routinely used for beam  An apparatus in which heavy ions come out at one end,
charge compensation in numerous technical fitlBer ex- and light ions come out at the other end, with momentum
ample, in ion thrusters for spacecraft propulsidhe ejected balanced, is not a thruster, but it could be a light ion injector
ion beams are charge and current neutralized with electronsf very high current density and very high energy density. In
supplied by hollow plasma cathodes. We note, however, thgtrinciple, such an injector, with heavy negative ions injected
the beam extraction stage of an ion thruster is not neutralat the cathode, could beat the space-charge limit for non-
ized, and, therefore, the beam current is space-charge linmeutral flow. However, a much more stable device is likely to
ited. ensue from leaking the negative ions into a Hall thruSter
Positive ion space charge can be neutralized also b¥he advantage of the Hall thruster is that the electrons can
negative ions. Such neutralization naturally occurs, for exboth smooth out space-charge differences between the two
ample, in negative ion sources with surface converdiim,  ion species as well as charge or maintain the charge on the
the negative ion rich plasma used in plasma processing fdiigh-mass negative ions, which could be dust particles that
notch-free etchiné(.) In the present paper, we investigate theare susceptible to charging by electron impact.
feasibility of a source of positive light ions with space- In a Hall thruster, the ions flow from a neutral plasma
charge neutralization by heavy negatively charged particlesacross which there is an axial potential drop. The electrons
Suppose that what is wanted is an iplasma injector of  neutralize the positive space charge, so that the ion flow is
not space-charge limited. The electrons, however, do not
dElectronic mail: asmirnov@pppl.gov flow easily in the axial direction, since the radial magnetic
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field of the Hall thrustefHT) inhibits axial electron motion. P= U J
The electrons instead, to the extent that they do not suffer -
collisions, execute azimuthal motion. Under such conditions,

the achievable ion flow kinetic energy density is limited by -
the peak magnetic field energy density?

|
o

2
MiJiVie = — 2, (2

B
o —)
Here,V;; is the final ion velocity and,,,, is the maximum Jl
magnetic field strength. By providing additional means for

neutralizing the positive ion space charge, the ion curdent 0 ZU d

can be increased and kinetic energy density ligBjitmight,

in principle, be exceeded. It is worth mentioning here thatFIG. 1. Schematic of an ion thrustéon diodg with negative ion injection
negative ion injection can naturally occur under typical con-from an intermediate electrode.

ditions of laboratory HT experiments. For instance, the ap-
pearance of a nonconductive coafihgn the HT channel
walls was proposed to be due to the backstreaming of the
negative ions born upon the ion bombardment of the vacuum

Anode

Cathodse

v

5 dzgo qJ-
vessel wallg! —¥__ 477( ot —
The goal of the present study is to investigate, both ana- dz (29/M)™ U - ¢(2)]
lytically and numerically, several schemes of space-charge QL )
. . . . . . . - , 3
neutralization with heavy negative ions and dust in the ion (2QIM) " o(2) ]2 3)

and Hall thrusters. Specifically, we first consider the ion

thruster(ion diode with negative ion injection from the cath-

ode, from the anode, and from an intermediate location bewhereJ; andJ_ are the positive and negative ion flux densi-
tween the electrodes. Then, we analyze the possibility ofies, which are assumed to be constaptand Q are the
space-charge compensation with dust particles in the ioROsitive and negative ion charges, respectively. Throughout
thruster. Finally, we consider negative ion injection at thethis paper, quantity=NV will be called the “ion current” for
cathode end in the Hall thruster. We show that although th&revity. For further analysis, it is convenient to introduce
ion current density can, in principle, be increased withoutdimensionless variables=z/d, ¢=¢/U, [i=3/J", j-
limit by neutralizing the positive space charge, the straight=J-/J". Here,J** andJS" are the Child—Langmuir currents
forward neutralization schemes proposed here either lead to@ the positive and negative ions, respectividge Eq (1)].
moderate increase of the current density or appear to be imdtegrating Eq(3) once, we obtain

practical.

1/dp\> 8 ——  ~
E( dx) =giN1-d+jNg)+C, (4)
Il. NEGATIVE ION INJECTION IN THE ION THRUSTER

In this section we, following and extending the work of WhereC is a constant of integration. Wh¢n=0, Eq.(4) can
Langmuir? consider an ion thrustéion diode with negative ~ be integrated analytically. The maximum ion currdnf,ax
ion injection. Throughout this paper, we use terms sionthat can be drawn from the anode is limited by the space-
thruster” and “ion diode” as synonyms, keeping in mind thecharge saturation, i.ed¢/dx(0)=0. Using this boundary
fact that the total thrust produced by the ion thruster withcondition together with¢(0)=1, ¢(1)=0, we obtain the
negative ion injection can be, in fact, very smake the Child—Langmuir law(1) and find the potential distribution
introduction. The schematic one-dimensionfdD) model of
the ion thruster is shown in Fig. 1. We first analyze negative beL(X) =1 —x73 (5)
ion injection from the cathode and from an arbitrary location ct '
between the electrodes. In the latter case, one may imagine To illustrate how the ion curreny o can be increased,
that there is an auxiliary intermediate electrode that emitsve consider Eq.(4) when small negative ion currerjt
negative ions in the zdirection. We assume that both posi- =dj-(8j-<1) is injected from the cathode. The contribution
tive and negative ions are emitted with zero initial velocity. of the negative ions in the right-hand side of Hg) is

treated as a perturbation. We seek a solution in the form

A. Negative ion injection from the cathode d(X) = e (X) + 4(X),  |P(X)]| < e (X), ji=1+dj;.

In the presence of the negative ion current injected from
the cathode, Poisson’s equation in the one-dimensional cadéhe boundary conditions fog(x) are ¢(0)=y(1)=0. The
reads maximum ion current is achieved when the electric field at
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the anode vanishes, therefod/dx(0)=0 as well. Solving equivalent to two ion diodes connected in sefiasriode,

Eq. (4) to first order indj_, one finds with the left diode being space-charge compensated. We con-
oM sider solutions without reflections, i.e., only monotonic dis-
J :JiCL+ 83, 83,=3k\|~———¥8J_, tributions of the electric potential. We assume also that we
qM; have an infinite supply of positive and negative ions. In order

N to find the increase in the positive ion current due to space-
k=1 _f (1-5%)Y2ds~ 0.126 6) charge neutralization, the set of E8) is supplemented with
0 S the boundary conditions:

x1/3 = = =
lr/l(X) — 2(5\]_/J(_:L)Xl/3<X1/3— f (1 _S4)1/2ds_ KX) . d)(o) 1, ¢(1) 0, ¢(X0) ¢Oy
0

(7) ¢'(0)=¢'(%=-0)=0, [l =[¢'],=0.
Thus, due to the presence of the negative ions, the space- . . . )
charge saturation of the ion current occurs at the valug of >°Ving Eq.(8) with these boundary conditions, we find that
larger than that determined by the Child—Langmuir law. Forthe amount of positive ion current that can be passed through
heavy negative ions the facté®M_/qM,)*2 can be large the diode depends on the location of the negative ion injec-
therefore, as follows from Eq), it is possible to get a tON Xo,
significant increase iid; while supplying a moderate nega-

tive ion current. For example, foQ=q=1 and M_/M; o4 B b
=100, 83,/ 8)_~3.8. Ji = KIxgy®, y_\/1+U—¢d (9)

Now let us consider the situation when there is an infi-

nite supply of negative ions at the cathode. Quite obvioustWherey is related tox, through X61=1+(2+Y) /(y— /K,

the maximum current of the negative ions that can be iny 9k ~1.865. Maximizingj; with respect tok, we find that
jected in the diode is limited itself by the uncompensated

negative space charge in the immediate vicinity of the cath-
ode. Thus, the maximum positive ion current is obtained
when the diode is space-charge saturated at both ends. Solv- ) o o
ing Eq. (4) in this case, one finds tht=j_=K, whereK 1S achleéved v_vhen the_ negative ions are |njected2@_t
~1.8652 Thus, with an unlimited supply of negative ions at z0.44d._ The increase in the ion current above the Child—
the cathode, the positive ion current approaches the Iimitin%‘_a”@”m"r value is due partly to the space-charge compensa-
value that is~1.865 times larger than the Child—Langmuir 0N, and partly to the fact that the effective lengths of the
current(1) without space-charge neutralization. The negativéWe diodes connected in series are smaller tan

ion current is(qM;/QM_)"/2 times the positive ion current, Now, in view of result(10), the following scheme of
both currents being limited by space charge. It is worth notSPace-charge neutralization may, in principle, seem promis-
ing here that if electrons were used for neutralization of thdNd- SUppose we inject negative ions with a certain velocity
positive ion space charge, their required current would bélistributionf(V) from the anode, together with the positive
much larger than that of the ions. The ultimate reason of thé®nS. The negative ions will undergo deceleration in the ap-
fact that the ion current is increased by factor of about 2 onhpPlied electric field, thus providing space-charge neutraliza-
is that it is impossible to match everywhere the density disHion- A group of negative ions with initial velocity in the

tributions of the two beams counterpropagating in a diode. interval (V-,V'+6V) will neutralize the positive ion space
charge best of all near the reflection pomtdetermined by

M_V2/2=Q[U-¢(z")]. By choosing the appropriate shape
B. Negative ion injection from an intermediate of f(V) it might seem possible then to perfectly neutralize the
electrode positive ion space-charge. We consider the feasibility of this
If the negative ions are injected at some intermediatdeutralization scheme next.
locationx, between the anode and cathadee Fig. 1, the
electric potential spatial distribution is determined from the

Ji max= 4.5 (10

following two equations: C. Negative ion injection from the anode
E(Cﬁ,)z — §(j,\;1 —b+] \/qs “ ) +C, ifO=x=x Suppose we found shap€V) that provides the complete
2 9™ - 0 ! o space-charge neutralization in the ion diode. The entire popu-

(8a) lation of the negative ions consists, as shown in Fig. 2, of
reflected particles that cannot overcome the potential barrier
1 8 —— and escaping patrticles that reach the cathode. It is clear that
5(¢’)2: §ii\*“1 —p+Cy if xpsx<1. (8b)  regardless of the details of the distribution, its characteristic
width has to be on the order ¢QU/M_)¥2. If the positive
Here, ¢ is a yet unknown value of the potential at the loca-ion density near the anode Mo, then, by quasineutrality
tion of the negative ion injection. Physically, this situation is assumption
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FIG. 2. Approximate shape of the distribution of the negative ions injected
from the anode. FIG. 3. Scheme of space-charge neutralization with the dust particles and
electron beam.

aNi qd I1l. SPACE-CHARGE NEUTRALIZATION WITH DUST
INIPR: L GO - By PARTICLES
Q  QVggM;

The positive ion space charge in the ion thruster can be
where g;y is the initial energy of the positive ions at the neutralized by high-mass dust grains that are charged nega-
anode,ejp<qU. The negative ion current that has to be in-tively either by contact chargiﬁ@ or, in the presence of a

jected is approximately equal to plasma or an external electron beam, by electron imfact.
The dust can be introduced into the thruster from a side with

gNo, /QU a certain axial distribution of dust density, so that the ion
J~ F Y M (12) beam moving through the cloud of dust is neutralized at each

axial location. The typical charge-to-mass ratios of dust par-

Note thatJ_ is much larger than the current of escaping ions ficles are so small that for the purposes of our analysis it is
because the reflected negative ions, even though they retufg@sonable to assume the dust grains to be stationary.

back to the anode, have to be generated in the negative ion A dust particle immersed into a plasma collects electrons
source. Since the ion source that generates negative iog&d ions. Since electrons are more mobile than ions, a dust
must itself operate below the Child—Langmuir limit, we im- Particle in a plasma acquires a negative charge and a nega-

pose the constraint tive flpating potential with respect to.theT unp.erturbed sur-
rounding plasma. The floating potential is adjusted so that
J2us32 the particle collects no net current at steady state. Dust par-

(12)  ticles of micron and submicron size in a laboratory plasma
can carry negative charge of%e3-1Fe.’’ It seems that such

particles, if introduced to the near-anode region of the ion
diode, could neutralize the positive space charge very effec-
tively. Therefore, it is natural to explore the space-charge

9md?VQM_’

where U_ and d_ are the parameters of the negative ion
source extraction system. From E¢El) and(12) we derive

that neutralization scheme shown in Fig. 3.
[ We consider the electron and ion beams propagating in
J< L—_ | Eio the opposite directions through a cloud of dust suspended in
9md*VQM_ V qu the diode. One may think of the interelectrode region shown

in Fig. 3 as of the acceleration region in the ion thruster. In
Thus, for the proposed scheme of space-charge neutralizatiehis case, the active discharge region where ionization takes
to be useful, the right-hand side of the last inequality shouldhlace is located to the left from the anode in Fig. 3. We
be significantly larger thad“". We therefore obtain the con- assume that there is no neutral gas in the acceleration region
dition and that the ions can be only in charge state +1. Negatively
charged dust particles together with free electrons neutralize
the positive ion space charge, thus potentially increasing the
maximum allowed ion current above the Child—Langmuir
limit. On the other hand, dust grains also collect and scatter
As we see, the considered scheme of space-charge neutrans, thereby decreasing the ion current. To determine the net
ization is likely to be impractical because it requires theeffect, we proceed with the detailed analysis of dust charging
negative ion source to be operated in the Child—Langmuiand space-charge neutralization.
limit with a very high extraction voltage. The same kind of Let us assume that the dust particles are spherical and
limitation would arise if, instead of the negative ions, dustmade of electrically conducting material. In the presence of
particles charged negatively by surface chartfingere coin-  ion and electron flows, the sheath around a dust particle may
jected together with the positive ions. be deformed and nonsymmetric. This effect, which is rather

d_\*3/ qu\ 13
Uu.>Uul— — whereqU/gjo> 1.
d €io
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difficult to take into account since it requires a specific treat-J,(z)/J(2) <1 and Vpz)=1 everywhere, except for the
ment of Poisson-Vlasov system, will be neglected in thenear-anode region wheké,(z) abruptly goes to zero.
following. We assume the sheath around a dust grain to be Now let us consider the Coulomb interaction between
symmetric and characterized by an appropriate shielding pahe charged dust grains and particles of the beams. In the
rametemp. To determine the dust grain floating potential, we quasineutral plasma, the Coulomb cross section can be writ-
use orbital motion limitedOML) approximatione°which,  ten ag’

basically, postulates that for every charged particle energy
there exists an impact parameter that makes the charged par-
ticle hit the dust grain with a grazing incidence. In these
conditions, from the angular momentum and energy conser-
vation it can be easily found that the collection cross sectionwhere
of a dust particle with radiua is*®°

A2 + b2
D—W/Z)' (16)

— 2
Tcou= 215, ln( b2 + b2
2

V. 1/2 Z 2
b=al1-T¢) =T
ei o . Vd - -
O-CEJH —qa‘llt— y (13)
Eeii . . .
_ I _ . _ o These formulas are not quite applicable in the case of two
where Vq is the dust particle potentiak, is the incident  counterpropagating beams, because it is not clear how, in
electron(ion) energy, and the uppgiower) sign corresponds  fact, the dust grain shielding occu¢see the comment on

to electrongions). To find Vg, we equate the electron and ion shjelding abovk In our numerical simulations, for the sake

fluxes to the dust grain: of simplicity, we treat the Coulomb cross sections as given
eV, eV, quantities and assume thag,,= ao.o Where coefficientr
N V)| 1-— ) =ma®NVe 1+— |, V4<O0. is the same for both ions and electrons. Nonetheless, it is
&j €e

instructive to compare the cross section given by @)
Defining dimensionless dust potentidh.=€[V,|/ e, we ob-  With oco1=mb? to determine what mechanism—either ion

tain slow down due to the Coulomb collisions or the ion absorp-
tion by the dust particles—Ileads to a stronger decrease of the
J Jise) limiting ion current.
=\1-— +— . . : . , o
Vod2) (1 Je> / <1 JeEi (149 We are mostly interested in seeing what kind of ion in-

_ teraction with the dust grains dominates near the anode.
Here,J; e &¢; Vary alongz. Both J;, Jo>0 (J is the electron g Eq.(16) we obtain for largeVy; that
current in the z direction. The steady state negative charge

of a dust grain is proportional /g, <0'C0u|>i Vo In(l +< 2\p >2>

-~ (17)
Zd = Cd|Vd|/e,

Teoll aVp;

where Cy is the dust particle capacitance, which in generalNow, Vp; = Je/Ji~ (M;/mg)!/% ranges from 42.7 for hydrogen

depends on the distribution of the shielding charge arouné® about 487 for xenon. Equatioid7) was obtained in the

the grain. For simplicity, we exploit the approximati@  @PProximationa<A\p, which is reasonable for micron-size

=a, which is valid fora<\p."’ dust particles. Indeed, far,~ 1 keV (electrons near the an-
Analyzing Eq.(14), we note several important limiting 0d8 and Ne<10"cm™, \p=25um. Therefore, fora

cases. First, near the anode, wheres0, the dust particle ~1 #M (ocou/ ocon)'=1 even for xenon ions.

charge goes to zero: For electronsVp(2) =1, except near the anode, where
Vpe(2) decreases to zero. We find accordingly that
Z4= M —~ %(J_e _ 1) o« g — 0. (15) (O-Coullo-CO”):NV%e/(l_VD(-‘) >1 when Vpe~1, and
e ge \ J; (ocoul Teon)®<1 WhenVp(2) — 0.

Propagation of the electron and ion beams through the

Indeed, if a dust grain in the immediate vicinity of the anode|oud of dust can be described by the following 1D model:
had a substantial negative charge, it would be able to collect

a huge amount of ions since the ions with evanescent energy  dJ; i

would all fall in the potential well at the dust particle. An- dz =~ 0caiNaNi Vi, (189

other way to think about this is as follows. We obtain from

Eq. (14) that Vp=€|Vy|/&;=J./J;—1 near the anode. For a 4

diode that i:_s space-charge saturated at both thg anode and the 9% _ 0 NgNeV, (18b)

cathode, this means thép; =~ J./J;> 1. Thus, the ion collec- d

tion cross sectionr.,, =~ ma’Je/J;> ma?, and dust particles

collect ions from the ion beam very effectively. Thus, the d [ MV? A
—L +ep| = - oouMiVANg, (180

2

space-charge neutralization by dust particles is likely to be dz
ineffective near the anode, which is exactly the place where
the charge non-neutrality limits the ion current. )
It is interesting to note also that for the diode which i d [ mV
is interesting to n s r i which is ( € _ep) = - 0%, mVANg, (184)

space-charge saturated at both the anode and the cathode dz\ 2
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dZQD ( J o Je aNd|Vd| ) 30
—— =—4mel & -2 - : 18
de VI Ve e ( e 25 (a)
2.0
(J.-J
| d|: gegi(Je— Jy) . (18f) %
e(JeSi + ‘]ige) 3 151
. . £
Collection cross sectionsf,, are given by Eq(16). ag,, 310
=ao,, Where parametes was set, quite arbitrarily, to be E
equal to 2. The objective of the performed numerical simu- ol
lations was to illustrate the ineffectiveness of the proposed - , , , :
scheme for space-charge neutralization. The conclusions that 0.0 02 04 06 08 10
we make are quite insensitive to the value of parameter x=z/d
To find the maximum electron and ion currents that can 16
be passed through the dust cloud, we solve Ef3.numeri- sl ()
cally with the boundary conditions: o‘a
¢0=U, ¢d)=0, ¢'(0)=¢'(d)=0, o7V,
,g 06| &
Sosl 5
£i(0) = 54(d) =0. (19 ™ -
The set of Eq(18), when written in the dimensionless form, z 03}
has one free parameter, nameNp=ma’dNy which is the 02y
dimensionless density of the dust cloud. The results of nu- o '//
merical simulation are shown in Fig. 4 fbi,=0.1. In Fig. 4, e oz o8 wE 08 o
Je andJ; are normalized byt and J°, respectivelyg, Vq x=z/d

are normalized by the applied voltage the electron and ion
energiese, and g; are normalized byJ/e, and the charge
densitiesp,, pi, pq are normalized byJ/d?.

As can be seen from Fig. 4, even a small amount of dust
introduced in the dioddpy< pe,p; everywherg attenuates
the ion beam significantly due to absorption of ions on the
dust particles. The electron beam attenuation is much
weaker, and, in fact, cannot be resolved in Fi@)dbecause
05 (1-€|Vy/ee) =0 for x=0.1, as follows from Fig. &b).
The ion current that reaches the cathadjez=d) ~1.141°",
is smaller than the current in the “no dust” casg,
~1.865)°". With increasing dust cloud densityp, J;(z=0)
grows, whileJ;(z=d) decreases. The dust cloud appears to be
a poor space-charge neutralizer and a good ion beam attenu-
ator, thus making the proposed scheme of space-charge netie. 4. Normalized axial distributions dg) the electron and ion current
tralization ineffective. densities, the plasma potential, and the electric figldthe electron and ion

One potentially important effect that was left outside of energi‘es and the dust particle potentia);the electron, ion, and dust charge
the scope of the present study is secondary electron emissigﬁns't'es'

from the dust grains. Accelerated electrons can cause second-

ary electron emissioSEE) from the dust particles in the

near-anode region of the diode. Note that for most materialg; NEGATIVE ION INJECTION IN THE HALL

the SEE yield is larger than one when the incident electromrHRUSTER

energy is larger than a few hundred electronvai@ne ex-

clusion is, for example, graphite, for which the SEE yield In a Hall thruster the positive ion space charge is com-
starts to decrease at the energy of primary electrons aboptetely neutralized by magnetized electrons, which are
300 eV and is equal te-0.7 at 1 keV?Y) If the accelerating locked in the azimuthak X B drift. Since no space-charge
voltage is large enough, the dust grains in the near-anodénitation of the ion current occurs, HTs operate at much
region are likely to be charged positively due to Sk higher thrust densities than ion thrusters. However, the maxi-
This interesting situation requires a thorough analysis, whichmum thrust densityion flow kinetic energy densijyattain-

can be a subject of a separate paper. However, positiveble in an HT is limited by the energy density of the applied
charging of dust grains near the anode is likely to strengthemagnetic field:>* Let us investigate whether the additional
the conclusion of this section about the ineffectiveness of thepace-charge neutralization with negative ions can help to
proposed scheme of space-charge neutralization. exceed the HT thrust density lim{®). In our analysis we

Norm. units

x=2/d
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A BZ_BZ
21(R) MJVi = M_JV_ + -1
8

(25

E IB Note that when there are no negative ions &iek By, Eq.
(25) reduces to Eq(2). Thus, the kinetic energy density of
2 the positive ion beam does increase when negative ions are
) /Vm bled at the cathode end. However, the increase is additive
with B2/8x term. The physical meaning of this fact is the
following. In the present model, the magnetic field variation
y (©) in the thruster is due entirely to the azimuthal Hall electron
current:

FIG. 5. The coordinate system for a Hall thruster in the slab geometry.

4me [0
BO—Bl:% 3,dx. (26)

X1

generalize the derivation performed originally by Zharinovtherefore, the magnetic pressure term in the right-hand side
and Popov n 1967 . . . of Eq. (25) is, basically, the Lorentz force proportional to the

We consider HT in the slab geomeiffyig. 5, assuming  mean magnetic fieldB,+By)/2 and the Hall electron cur-
thata/dy=al 3z=0, 9/ x# 0, wherex is the axial coordinate. - rent_|if the injected negative ion current is small so that the
The applied magnetic and electric fields aB=2zoB(X),  positive space charge is neutralized mainly by the magne-
E=-xqd¢/dx. We assume the ions to be unmagnetized angi eq electrons, then the negative ions contribution in the
the electrons to be strongly magnetizeder>1, whereris  ight-hand side of Eq(25) is also small. In the opposite
the characteristic electron collision time am is the elec- jimiting case, when the positive space charge is neutralized
tron gyrofrequency. Under such conditions the electron fluidyjmarily by the negative ions, the amount of electrons in the
momentum equation simplifies to discharge is small and the Hall current vanishes, thus making

the magnetic field term in Ed25) negligible. In this case,
ende - 0P, BY 20 9 425 neglig
dx dx C Mi‘]ivif = M_J_V_f, (27)

whereN, andp, are the electron density and pressure and thavhich is the dimensional form of the resitj_ obtained in
azimuthal electron curredy, from the Maxwell equations, is Sec. Il A for the ion thruster. To the extent that there are no
magnetized electrons to neutralize the space charge, the Hall
- _c dB (21) thruster and the ion thruster are essentially equivalent. There-
Y 4medx’ fore, the value of the ion current in this case Js
~1.865)°", which is much less than what would be obtained
in the Hall thruster without the negative ions.
dv, de Thus, we conclude that the negative ion injection in a
IV'iViNi& =" qu&- (22 Hall thruster may only lead to a small increase of the kinetic
energy density of the positive ion flux. When a large negative
Now, suppose that we bleed negative ions at the cathode engn current is injected, the space-charge-neutralizing elec-
of the thruster(in the same way as proposed for the iontrons are replaced with the negative ions and the Hall thruster
thruster in Sec. Il A Similarly to the positive ions, the nega- is essentially transformed into the ion thruster. In this case
tive ions are assumed to be unmagnetized: the maximum attainable kinetic energy density is much
smaller than that in the conventional Hall thruster.
dv_ do
dx’

For positive ions in the acceleration region we have

M_V_N_— = QN_

dx (23

Integrating Poisson’s equation together with E@Q)—(23), V- CONCLUSIONS
and assuming that the ion curredtsN;V; andJ_=N_V_ are

X . The current of an ion beam extracted from an ion
constant along, we obtain the conservation law:

thruster is limited by the space charge. The limiting value of
B2 E? the ion current is determined by the Child—Langmuir law. By
MiJVi+M_JV_+ 8 8 P const. (24)  neutralizing the positive space charge, the ion current can be
increased significantly and, in principle, possibly without
Plasma in a Hall thruster is lo, so the electron pressupg  limit. A high current or high energy density ion thruster
can be neglected with respect to the magnetic pressumaight find many physical and technological applications. If
B?/8. For typical conditions of HT operatioB<B and the the efficiency of the ion thruster is an issue, it seems prom-
electric field pressure term can be dropped out in(B4) as  ising to neutralize the positive ion space charge with high-
well. Finally, we equate the values of the conserved quantitynass negative ions or negatively charged dust particles. In
at the beginning of the acceleration regiotxy,B=B,,V, the present paper we investigated a variety of space-charge
=0,V_.=V_,) and at the cathode endx=x;,B=B;,V, neutralization schemes with heavy negatively charged par-
=Vi;,V_=0): ticles in the ion and Hall thrusters.
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