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Conceptual modeling of the multiaperture electrode system of a 5-cm-diam ring cusp ion thruster
intended for producig a 1 mNthrust is described. A mathematical treatment of the ion extraction
from the plasma has been developed to provide a method for calculating both the shape and
potential of the plasma-emitting surface. The ion optics of the electrode system have been examined
using a numerical code to evaluate the ion beam divergence. Close agreement is achieved between
the predictions of the conceptual modeling presented here and published experimental results.
© 1996 American Institute of Physid$50034-67486)01603-9

I. INTRODUCTION After exploring the interrelationship between the
emitting-surface parameters and the geometry of the ion-
lon sources have found a broad range of applicationgptics system, an analytical design scheme is devised to op-
including neutral beam injection in nuclear fusion researchtimize the multiaperture two-electrode system so as to gen-
microelectronics processing, and space technolddy.par-  erate a laminar ion beam. The ion beam trajectory has been
ticular, due to the high exhaust velocity and the low propel-determined using an adapted version of the Herrmannsfeldt's
lant consumption, ion sources can be used to advantage asde (sLac)®® to check if the synthesized electrode system
ion thrusters for attitude and orbit control of satellité’s. will produce the desired laminar ion beam.

However, in small discharge chamber volumes, poor pri-  An experimental ion thrust&t validating our electrode
mary electron magnetic containment can prevent the iosystem design method is presented in Sec. Ill, which also
thruster from achieving high efficiency as the primary elec-describes the beam optics of our 5 cm ion thruster. Finally,
trons are quickly collected by the anode wall, thus increasinghe results of the present study are discussed in Sec. IV.
the discharge current required for plasma creation. The ion
thruster lifetime is also reduced if the ion beam is not suit-
ably produced by the electrode extraction system, since, in
this case, the electrodes can be seriously damaged by iqp |oN BEAM MODELING
erosion.

In this work a 5-cm-diam and 10-cm-long ion source has  The ion beam was modeled assuming that the ring—cusp
been devised for producing 1 mN thrust with a maximummagnetic field shown in Fig. (&) has no influence on the
overall power consumption of 50 W. The primary electronsheath formation at the extraction grid region. This assump-
containment problem has been numerically investigated anglon is based on the following considerations:
;nelél)spgn;lrziriir)r/lg?e Cctlrjjg c%ict)gi]r?rtr:in?z; : gznhi;%u;];é\évmcr}l) The magnetic field strength in this region is such that the

This translates into a specific impulse of 2500 s with a pro- weak magngtlc_ f'eld. app.roxmatmr.\ can be used,
pellant utilization of about 70% and a minimum electrical (2) The magnetic field lines in this region are nearly parallel

efficiency of 25% to the discharge chamber axsee Fig. 1a)], thus cross-

This paper deals with the design of ion beam extraction ing.the electric field lines ir' the space charge sheath
and acceleration grid systems of ion thrusters consistent with region at very_s_mall angles; this means that BB
L . . drift has a negligible effect on the velocity of the charged
the plasma production in the discharge chamber. The location .
: " . particles
and shape of the ion-emitting surface are essentially depen-
dent on the plasma parametédensity, potential, and elec- A typical electric circuit schematic of an ion thrustgtis-
tron temperaturg electrode geometry, and applied voltages.charge chamber and the electrode systemshown in Fig.
This adds considerable complexity to the study of ion extrac4(b). Notice that the power supplies provide the required
tion from a plasma. A number of numerical codes have beeaxial potential distribution for ion beam production.
developed previously to tackle this problén. To investigate the ion optics of a multiaperture electrode
By contrast, in our approach we propose a simple anasystem it is sufficient to examine the ion optics produced by
lytical model to determine the location and shape of thewo adjacent aperturé$.The ion-emitting surface can be
plasma sheath boundary. The ion beam extraction modelingstablished in the same way as that for a solid emitter in
is developed in Sec. Il, where both the potential on the emitorder to extract an ion beam from the plasma as shown in
ting surface and its distance from the extraction grid haverig. 2. The radius of curvature of the emitting surféspace
been determined using the Poisson equation with a onesharge sheajhcan be derived from the spherical diode
dimensional source term. concept?

1486 Rev. Sci. Instrum. 67 (4), April 1996 0034-6748/96/67(4)/1486/8/$10.00 © 1996 American Institute of Physics

Downloaded-01-Sep-2004-t0-130.75.103.225.-Redistribution-subject-to-AlP-license-or-copyright,~see-http://rsi.aip.org/rsi/copyright.jsp



FRONT VIEW

SIDE. VIEW

’:'

N\ 7

=

N

H]
|— Permanent magnets

Magnetic field lines

(b)
Extraction
Grid
Permanent Acceleration
Magnet Grid
Heater Discharge lon
Power D Chamber ™ — Beam
Supply |
| —
:I 1 U
Discharge Ug=
Power
Supply

FIG. 1. The 5 cm ion thruster schemati¢a) magnet assembly geometry
with the magnetic field lines ani) electric circuit.
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FIG. 2. (a) Emitting-surface parameters and electrode system along with
geometrical parameters afi) the potential axial profile schematic.
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¢o:NA<r_) . (6)

0
Equation(1) shows that the ion-emitting surface will be con-
cave Ry>0) if Pj<Pq, convex Ry<0) if P;>P,, and
plane Ry—) if P;=P.

The potentials associated with the electrode system are

all related to a voltage rati® which is given by°

Uy AUs+Ug

R= M- & 7
Ur Unt|Uy| @

whereU, andU are the net and total voltages.

Substituting Eq(5) in Eq. (4) and combining the result-
ing equation forjs with Eq. (1), the radius of curvature is
rewritten as

167

REZ 2 (8)
oR" rOUT)

whereR is given by Eq.(7) and the total acceleration dis-
tancel ; (see Fig. 2is expressed by

F It
1—4.05><101°—,7<

l=lg+tetls,

(€)

where Is=2z(Ug) —z(Uy) denotes the distance from the
emitting surface to the extraction electrode. The paranhgter

applied potentialJ, . The electrode transparency is evalu- depends on the potential difference between the emitting sur-

ated as
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can be roughly obtained from the Langmuir—Child law for a € 12 ry(z)
plane diode which givess~(AU¥%j)Y2 However, if =( ) f T
AUy is not known then neither the distanice nor the total ¢

acceleration length can be determined. To do so, the Poisson 172 -1z

equation for the axial coordinate is used by considering + _1” dv. (16)

both the electron and the ion charge densities in the sheath

region. A typical potential distribution from the plasma to the ~ Note that the electron temperature is a parameter which
region downstream to the acceleration electrode is shown ihas influence on the sheath formation and thus must be taken
Fig. 2. Assuming a Maxwellian energy distribution for elec- into account in the ion beam analysis.

(e e(\If—Upo_l)

2engTe Upo

2e U v)+1
k_Te( po— V)

trons, the electron density variation in the sheatfl is With the above equations the emitting surface can be
U(z)—U specified in terms of its position and radius of curvature as
Ne(2) =Ny exp( M) , (10)  function of the thrust, potentials, and electrode parameters. If
kTe the interelectrode spacing is known, the total acceleration
whereng, is the electron density at the sheath edge Wheréiistange can be easily. determined. It is possible to estimate
U(2)=U,,, so that an optimum acceleration distance such that the ion beam
p_ ) divergence angle is zero at the entrance to the acceleration
qo—Jdx _ o (11) grid aperture. This can be done using the equation for the
e0 €vig edguiog divergence angle obtained from the spherical diode
2
andv;q is the ion acoustic velocity, as required by the Bohmconcepﬁ
criterion: de It
=0.17-—[1.0-3.98—|(rad), 1
vio=VKTo/M. (12) “ T Ry /(2 an
The potential at the beginning of the sheésiee Fig. 2is  wheredg=2rg is the extraction aperture diameter. The di-
given by vergence angle is related to the remaining ion beam param-
KT eters as shown in Fig. 2. Setting=0 in Eq. (17) the opti-
e . .
Upo=Up— S (13)  mum ratioRy/l ¢ is
The plasma density at the beginning of the sheath is E:4_ (18)
Neo=e" “’ng, where ng, is the plasma bulk density. The I

plasma potential can be estimated from the balance

charged particle creation and loss, which yieis, 0éubsututlng Eq.(18) in Eq. (8) yields the optimum total

acceleration length:
i

0o 5seAp
JZA 2+E+vpaino)H’ |T=3.85><10_6r0UT\/%. (19
(14

whereZ; is the atomic number of the neutral atom angis ~ Hence, the optimum electrode spaciggean now be calcu-
the neutral atom density. The primary electron leak area i&t€d from Eq.(9) as function of the sheath positi¢a, and,

given b)}s’l“Ap:erNmLm while the plasma electron leak th_erefore, as function of th_e voltag_e drdfJs , once the _
thickness of the electrodes is specified. Note that the radius

of curvature and divergence angle are both independent of
the ion mass if the thrust is specified.

The procedure for obtaining the input parameters for the
SLAC code is as follows. First, the plasma potential is deter-
mined as a function of a given neutral atom density using Eq.
(14) and the ion drift velocityEqg. (12)] is calculated once
the electron temperature is fixed. The potential at the sheath
ti¥ calculated using Eq13). Equation(16) is then numeri-
cally integrated in the range df ,,—Ug and the potential
and position of the emitting surface are found in a region
where the electron density is such thg(ly) =Cng. The

2q -1z constant is limited taC<0.2 in order that the emitting sur-
Ni(2) = Neg MoZ [Upp—U(2)]+1] . (19  face is placed in a region where the space charge is mainly
10 due to ions. This defines the emitting surface for producing
Substituting Eqgs(10)—(12) and(15) in the Poisson equation the jon beam. Having found the distance and potential for the

E emitting surface, the optimum interelectrode spadikgs.

92" = (neg—n;y) (19 and (9)] and total voltagd Eq. (7)] can be calculated.

0 Finally, the radius of curvature of the emitting surfdé&sy.
gives the potential variation through the sheath, which ig18)] is estimated for a given thrust and extraction electrode
related to the axial coordinate by transparencyEq. (6)].

KTe
Up=Ug+—°1{3.76-In
e

area isA, = 4NmLm\/E; ry is the Larmor radius given by
re=mw/q,By, where the subscrigt denotes the charged
particle under consideratiqgk= p for primary electronk=e
for plasma electron, ank=i for ions). The total ion leak
area is given byA;=Agdo+ A+ Ai+ A, , whereA, is the
cathode surface areé;= B3 is the floating surface area,
B is a scaling constant, ang is the discharge chamber ra-
dius. The magnetic cusp ion leak area can be estimated
Aim:4Ae .13,14

From energy conservation and the flux continuity condi-
tion, the ion density in the sheath is determined as
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The input parameters for ttse.AC code are, therefore, as
follows: the extraction and acceleration electrode voltages, 0.8
Ug andU,, the corresponding thicknessigsandt, , the ion

(§)]
(a)

initial kinetic energy Ei=Mv?/2=Mvi20/2+e(Up0—U2), 07
the interelectrode spacing,, the emitting-surface voltage 0.6 1 {1)= 5.0 mAeq
AUy +Ug, radius of curvaturdy , and the positiorly . In = 10.0 nheq
order to use the starting option of a spherical emitter in Her- % %3 :‘Z’:f ;3'8 :qu
rmannsfeldt’s code, the perveance of the ion beam is esti- \I 0.6l 1= 25.0 mAe: &2
mated from Eq(2) as follows: —
_ 0.3 3
S L [ANV32] (20) (%)
PWNTEL , 0.2 (S)
where A,=m(rg+Arg)? is the electrode ion impingement 0.1
area,rg is the extraction electrode radius, addg is an 0.0
increment on the electrode radius in order to take into ac- o 10 20 30 40 50 & 70
count the metallic region of the extraction electrode, as
shown in Fig. 2.P, is thus held constant for all iterative DISCHARGE VOLTAGE (V)
cycles. 1.6
IIl. ELECTRODE DESIGN METHOD RESULTS 1.5 (b)
A. Doubly charged ion production -
Before presenting the electrode system of the 5 cm ion .
thruster, the rate of doubly charged ion production will be £ .3
assessed. Doubly charged ions constitute a significant life- &
time problem for inert-gas ion thrustérsMoreover, such c
ions are undesirable as their presence reduces the overall -2
thruster efficiency and invalidates the simple relationship be-
tween ion beam current and thrust as stated in(&y. 1.1
The set of equations for determining the sheath param-
eters is derived assuming that the plasma contains only one 1.0
ion species. Nevertheless there are some situations where 0.0 0.2 0.4 0.6 0.8
this condition is not achieved since doubly and singly
charged ions can be created in the plasma. When multi- T++/1+

charged ion species are present in a plasma the ion flux

through the space charge sheath is no longer described by tRE. 3. (a) Doubly-to-singly charged ion current ratio ado) the ratio of
Langmuir—Child three-halves power law. In this case the raPlasma density to singly charged plasma ion densifyeat10 eV.

dius of curvature of the emitting surface cannot be given by

Eq. (1) since the source term in the Poisson equation should n
++ _ 23/2 ++

be modified to include all the plasma particles. The double- (23
to-single ion current ratio is given by + n.
From the plasma neutrality condition{,=n, +2n, ,) and
| KF 8KT, eVp— + T
St = +++ \ /—O oAoio (.D—(Z)Z), (21 Eq. (23) the ratio of the plasma density to the singly charged
. 2Py VmeTe m(1= ) ion density is
where for K=3.0x10 ® m%(eV 9 and Pj=1.4x10 1
3 _ 16 Nep V21,
m°/s for xenonF, , =7, T, is the temperature of the neu- L U e (24)
tral atoms,Vp, is the discharge voltages,=23.0 eV;® and Ny 2 1
M(1—7,) =e€voAgpoNo/4 is the neutral atoms loss ra€,  From Egs.(22) and(24) it is possible to determine the dis-
is the thermal velocity of the neutral ?20)“25 _ charge voltage range and the neutral atom loss rate yielding
,g\ssummg $o=0.57, Ag=1.96x10 ° m", and jo=9.7  values ofl , ./, low enough to validate the singly charged
Alm*, Eq. (21) is rewritten as plasma ion approach. The ratiq /1, is plotted as a func-
_ tion of the discharge voltage for different neutral loss rates in
Ly . [To(eVp—23.0 _ ° 10
T 1.21x10°° T_W (22 Fig. 3@ for T,=10 eV and in Fig. &) for T.=3 eV. These
+ e ~Nu

two electron temperature values were utilized on the basis of
However, the double-to-single ion current ratio in theresults from Ref. 18. Note that i /1 ,<0.1, then
exhaust ion beam is also related to the ratio of number dem,/n ~1 as indicated in Figs.(B) and 4b). Such low val-
sities of the corresponding species in the discharge chambees are obtained for a discharge voltage of less than 55 V at
byt6:17 T.=10 eV and less than 40 V &.,=3 eV for a xenon
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m TABLE I. Electrode system parameters extracted from Ref. 10.

1.
1_2 (a) Electro_de spacing ratig,/dE 0.5
1.3 Extraction electrode diameteli 12.7 mm
1.2 Extraction electrode thickness 2.2 mm
1.1 ()= 5.0 mAeq Number of_apertureBIA 7
101 2= 10.0 nheq ¥3L:bveolrtzt|%5 11%c7>v
S 091 (1= 15.0 nheq Plasma po?entiTaUp (relative toUg) 420V
3 0.6 (4) = 20.0 mheq 2 Electron temperatur&, 7.8 eV
s g: (5)= 25.0 mheq Normalized perveance per hole 2.5x10°° A/V 3?2
0:5 % Propellant argon
0.4 (4)
0.3 5
0.2 Is=327.0um from the extraction electrode with a radius of
0.1 curvature ofRy=20.3 mm. By adding the extraction elec-
0.0 trode thicknesstg) to this sheath position the emitting sur-
0 0 2 30 40 S50 60 70 face is localized at a normalized distarwel-=0.2 in the
DISCHARGE VOLTAGE (V) coord?nate system of Ref_. 10. Therefore, the theoretical_ and
experimental results are in close agreement as the radius of
curvature obtained here is only 3.8% larger than the mea-
2.0 sured value of Ref. 10. This validates the use of the spherical
1.9 (b) diode concept to obtain both the theoretical emitting-surface
1.8 position and radius of curvature.
1.7
£ 1.6 C. Electrode system for the 5 cm ion beam
~N
& 1.5 The design values of Table Il were used to estimate the
€ 1.4 emitting-surface parameters. The electron and ion leak areas
3 were estimated usingB,=0.1 T, N,,=17, L,=5.0 cm,
: rq=2.5 cm,8,s=0.5, and3=0.252 The elastic cross section
1.2 was 0,=20.6%3 and the inelastic cross section was
1.1 o;=5.57a3 for 50 eV primary electron&?! whereas they
1.0 were o= 18.7a3 and o, =4.47a3, respectively, for 30 eV
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 primary electrons?#!
The plasma potentidEq. (14)] was found to lie between
[++/1+ 908.9 and 932.7 V for the 3—10 eV electron temperature

range and a xenon neutral atoms loss rate of 25 r-
FIG. 4. (8) Doubly-to-singly charged ion currents ratio afi the ratio of  responding to a neutral atom density of 70 m~°)* for
plasma density to singly charged plasma ion density.at3 eV. Vp=50 V. On considering a 30 V discharge voltage the

plasma potential is within the 904.7-918.8 V interval at
neutral loss rate of 25 mA eq. If the neutral atoms loss rate ign(1— 5,)=5.0 mA,, (no=3.5x10" m™3) for the same
reduced to 5 mA eq the discharge voltage must be less thaslectron temperature range.
30 V for the electron temperatures considered in this paper. The position and potential of the emitting surface have
This result agrees with the statements of Ref. 19. been found using the parameters listed in Table Il for the

range 0.5n4(2)/n,x=<0.35. The resulting emitting-surface
B. Test case

In order to check the validity of the analytical model, a TABLE II. Five centimeter ion thruster parameters for the multi-aperture

theoretical emitting surface has been determined using thig®®lectrode system.

data e_zxtracted from Ref. 10 which is given in Table I. '_I'he|on beam radiusr,) 25 mm

experimentally measured plasma parameters for singlywumber of apertures per electrods ) 499

charged plasma ioh%are consistent with the electrode ge- Extraction aperture diametedy) 1.7 mm

ometry and applied voltages. Exaraction sleaiode teknestd 02 mm
. . - X I | .

The radius of curvature has a geom(_atncally estlmate(fCceleration electrode thicknest.) 0.5 mm
valueRy=21.1 mm for the outermost equipotential surfacepiameter ratio ¢,/dg) 1.0
atz/dg=0.2, wheren,=0.1In,, in Ref. 10. FortU;=1100 V  Extraction electrode voltage ¢ 900 V
and R=0.7, Eq. 7 givesUy=770 V and |UA|=330 \VA Acceleration electrode voltade , -100 V
ChoosingU ,=—330 V in order to have the potential distri- Electron temperaturg, 3tol0ev

- . . . . . ischarge voltage/p 30to 50 V
bution as depicted in Fig. 2 and solving consistently the se$hIrust = 1mN
of equations of Sec. II, the theoretical emitting surface for anprgpeljant xenon

electrode transparenc},=0.64 is found to be positioned at
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TABLE Ill. Electrode system parameters calculated for the 5 cm ion thruster.

Vo 50 30 Vv
Te 3 10 3 10 eV
Ne/Neo 0.1 0.2 0.1 0.2 0.35 0.26
lg 2.1 2.2 2.1 2.2 2.1 2.1 mm
Iy 3.9 22.4 14.2 39.3 1.1 15 um
Rs 8.9 10.2 8.9 10.2 8.9 8.9 mm
Us 900.5 902.6 904.6 911.6 900.0 900.3 v
AUs 05 2.6 4.6 11.6 0.0 0.3 Vv
Ur 1000.5 1002.6 1004.6 1011.6 1000.0 1000.3 v
R 0.9 0.9 0.9 0.9 0.9 0.9

parameters, namely, potential, position, and radius of curvan./ng,=0.2, assuming/p=50 V. The behavior of the ex-
ture are given in Table Ill. The optimum electrode spacingdracted ion beam is quite insensitive to the electron tempera-
for the assumed electron temperature values are also listed fare, as shown in Figs.(8 and 5b), if the emitting surface
Table Ill. Simulation results of the full system obtained usingis very close to the extraction electrode. Major differences in
the estimated ion beam parameters from Table IIl are prethe ion beam behavior arise if the emitting surface is located
sented in Fig. 5 fornJ/ng,=0.1 and in Fig. 6 for far from the extraction electrode as illustrated in Fig&) 6

(a) (a)
70
EXTRAC. ACCEL.
40 1 GRID GRID
- = 50 TTT T T T T T T T T T T T T T I T iriry
thrryerrrreterirvnrt
= 23 UiHHE I -
x x I|lll|l|||||lll‘\\\\\\
S0 %ﬁ‘a\%
20 EEss==sooo—=—oo
10 Eoco et e
0 o
0 20 40 60 80 100 120 140 160 0 20 40 40 80 100 120 140 160
Z MUl Z M
(b) (b)
70 +
EXTRAC, ACCEL.
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.,50_ TTTIY
[
2> H i —
o [RRERY
Vil
%0 S
L e m———— et
20 ——
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160
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FIG. 5. lon beam trajectories and equipotential lines corresponding to th&lG. 6. lon beam trajectories and equipotential lines corresponding to the
optimum interelectrode spaciri@able IlI) for (a) T,=3 eV and(b) T,=10 optimum interelectrode spacir@able 1lI) for (a) T.=3 eV and(b) T,=10

eV assumingV/p=50 V andn./ng=0.1. Radial and axial scales are cali- eV assumingVp,=50 V andn./n,=0.2. Radial and axial scales are cali-
brated in mesh units, where 50 Mi1.0 mm. brated in mesh units, where 50 Mt1.0 mm.
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(®) FIG. 8. The effect of radial variation of the plasma density on the normal-
ized plasma emitting surface paramet&s(ne)/Rs(Neg), Is(Ne)/ls(Neo)
and Us(ng)/Us(ngg), for Vp=50 V and two values of the electron tem-
70 ¢
EXTRAC. ACCEL. perature.
60 1 GRID GRID
-k TR RR AR RN AR RRALH | ' _ The. plasma density dISU‘I.bUtIOI’] along Fhe rad@l distance
SaotS i in the discharge chamber of ion thrusters is nonuniform. The
% 0 S==—o=masro effects onRs, Iy, and Uy of varying the plasma density
o e e o e —————— i i i i
20 %:;:;ﬁ SSSSsSSesseeeee—— along t.he radlal. coordinate are shown in Fig. 8, where the
0 = SESESSs e normalized variables refer td?z(ne){Rz(neo), Iz(ne)/
R e e e SEE=——=ae— Is(Neg), and_Ug(ne)/Uz(neo) (ngy being the Cent_erllne
0 e === plasma density at the sheath efdgéhe normalized radius of
0 20 4 60 80 100 120 140 160 curvature and potential are always above 0.94 whereas the
z o normalized distance between the emitting surface and the

extraction electrode decreases as the plasma density is low-
FIG. 7. lon beam trajectories and equipotential lines corresponding to thered for both electron temperatures assumed in this work.
optimum interelectrode spacir@able Ill) for (a) T.=3 eV (n/n,=0.35)  The effect on the ion beam of decreasing the plasma density
and (b) T,=10 eV (n¢/ne=0.26) assuming/p=30 V. Radial and axial  i5 the same as that of bringing the emitting surface closer to
scales are calibrated in mesh units, where 50=MLD mm. . . T .

the extraction grid. The individual ion beams produced by

the multiaperture electrode system will have different shapes
and @b). In the latter case, a lower electron temperaturegjong the radial distance. They can be represented qualita-
gives beamlets having more crossing trajectories as shown tiyely in Fig. 5a) for the outer apertures, in Fig(# for the
Fig. 6(a). intermediate apertures, and in Figbpfor the inner aper-

As the discharge voltage is decreased/tp=30 V, the  tyres. In any case, there is no beam interception by the ac-

outermost emitting surface is located in a region whereeleration electrode. These plots clearly show how the ion
Ne/Ngo=0.35 for an electron temperature of 3 eV and wherepeam optics are affected by the electron temperature, dis-

Ne/Ngo=0.26 for T,=10 eV. This means that a thin plasma charge voltage, and emitting-surface location.
sheath is formed if the discharge voltage is lowefied. 7).

In this case, the ion beam has a similar behavior to th

already shown in Fig.(®) and there is hardly any significantafv' DISCUSSION

differences between the two beams at electron temperatures A simple analytical approach was developed for the de-

of 3 and 10 eV as shown in Figs(aJ and 1b). sign of ion beam extraction and acceleration grid systems of
Note that the divergence angle is nearly zero for theion thrusters consistent with the plasma production in the

beam envelope at the entrance of the acceleration electrodiischarge chamber.

as shown in Figs. 5—7. This can be explained by observing The determination of the emitting surface for the ion

that the interelectrode spacing and the radius of curvature ajptics of a multiaperture electrode system has shown that the

the emitting surface are weakly dependent on the electroion beam extraction takes place in a region where the ions

temperaturé¢Table Ill). The closer to the extraction electrode play a prominent role on space charge sheath formation.

the emitting surface is, the larger the divergence angle be- The divergence angle is found to be nearly zero at the

comes at the exit of the acceleration electrode. entrance to the acceleration electrode when the optimum
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electrode spacing is used. In addition, it has been demorty
strated that the plasma electron temperature has a strong ib-,
fluence on the ion beam laminarity. Ua
Beam simulations have indicated that erosion of the act,,
celeration electrode by ion impact does not occur for theJ;

potentials and electrode geometry considered in this workU(z)

The extracted current is about 80% of the total current at théJ .
extraction electrode, showing that the designed ion-opticaV/,
system is well suited for the space applications of the 5 cnw,

extraction electrode thickness
acceleration electrode voltage
extraction electrode voltage
plasma potential

total voltage

potential at axial positiorz
emitting-surface potential
plasma volume

ion drift velocity

ion thruster. z axial coordinate
zZ, emitting surface axial position
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