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Abstract 

^e applicability of a uni.ue discharge ^^-^'S^fd^^^f ,'^^^^^ 
source for a meso-scale ion thruster was 7;f.^^^f!^^^^^^^^^^^ achieving an 
promising results which appear to aUeviate the "^f^^^^^^"! °; "^^^^ done on a similar discharge 
adequate degree of ionization. ^^ ?^^'^'^''^''^^^^'!^^^^ 1'"^"^^^ for an ion 
chSiber indicated a high degree of lonizauon, therefore '^^S ^^^^P^'"?;'?'J,/discharge chamber 
SLster. An estimate of the degree of ionizaaon inade "smg a s^pk ^<^^^°f f ^^f^^^^^ ^^^us 
showed a lack of ionization which warrants! further ^^^f^f^^J^f ^Sti,n^^^ and 
spectroscopic studies were -invesugate^ and disa^a^ IT^^^l^t^e^ of ISzation of the 
Langmuir probe measurements are made m the P^T^ '° "^^^^^^^^^ w^experimentally shown to 

t Research Assistant, Student Member 
* Chairman and Professor, Fellow 
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I. Introduction 

A.) Ion Thruster ScaUng Issues 

■me current trend towards smaUer spacecraft produces a coiresponding requirement for smdler 
thrusto-s Setic fields place a lower bound on the size to which traditional ion thrusters can be scaled. 
S Se Susters use magnetic fields to inaease the electrons path length to provide the necessary 
kvel^ionTzaTon %ie spirJhig electrons must have a gyroradius small enough to keep Oiem from 
sSlg r^ls of the diSharge chamber. ITie gyroradii scales inversely with magneuc field s^ength 
Z^^ler discharge chambers require larger magnetic fields. A practical Imiit on/>emagneUc field that 
Si; te^pU^ to the thruster aeates a limit on the size to which the discharge chambers can be scaled. 
Another method of providing adequate degrees of ionization must be found for miao ion thrusters. 

One possible solution is to enhance the discharge chamber geometry to provide the required degree of 
ionizadon If this is accomplished for a given size of thruster, then by followmg smiple scalmg P^ameters 
r tosL in^be scaled tS different sizes. THe small size and relative simplicity of t^^s ^^^ °f *^^^^^^ 
would lend it to being arrayed into relatively large groups of thrusters. There are many different quanUt.es 
S^ be affected when scaling an electric discharge, including the electric field, breakdown potential, 
^rdVnsW^ScTcharge dJsity. and drift velocity. Scaling properties for simple plan^ elecjodes 
STblen ext^S studied and are well understood.^ There are three quantities that must be matched if 
Xar elS^Sarges are to be similar. TTiese are pd, E/p and J/p^ where p is the gas pressure, d is Ae 
'cSSfJmension' E is the electric field, and J is the current density Tk. pd Product degmmes^ 
breakdown characteristics of the discharge chamber accordmg to Paschen's law as shown m Eq. 1. T^is 
quStityl^ ameasure of the nmnber of colUsions that a particle undergoes dunng its travel through the 
discharge chamber. The breakdown potential is 

V    =■ 
Bpd 

In 
Apd 

l^ln(l+l/r)j 

(1) 

The current TTie E/P quantity determines the energy gained by a charged particle between collisions 
Snsi^vS vrith p^ which provides the Townsend similarity relation that for pd and J/p^ scahng &e 
dSgrSll have similar Seakdown and electrical characteristics.   Much less is known about the 
scaling of other types of discharges. 

B.) Requirements for ion microthrusters 

■niere are certain operational capabihties that must be met by a discharge '=^^^';^fi^ii^° ^ "f^^Jj 
a small scale ion thrusta^ By assmning that the Non-Magnetic Ion Micro-TTmister (NMIMT) should have 
siS s^fic power levels for a given I^ the necessary degree of ionization for the small scale (hscharge 
SteS be^timated. TTiis is reasonable since the required velocity mcrement for spacecraft do not 
depend on the spacecraft size. Table 1 shows characteristics of typical fiill scale ion thrusters. 

ETS-vi ms 
ion engine 
NSTAR 
XIPS-13 

RIT-10 RF ion 
engine 

Specific 
Impulse (s) 

3000 

3310 
2585 
2720 
3000 
3150 

Thrust (mN) 

20 

92 
17.8 
18 
15 

Size (cm) 

12 

30 
13 

10 

Specific Power 
(W/mN) 

37 

25 
23 

39 

Table 1: Representative Characteristics of a Sample of Full Scale Ion Thrusters^ 
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n.e total I, for and electric thruster is the sum of the neutral (W and ion components a..) given by 

where a, is thedegreeofionization in the thruster. T.e specific impulse of the ion and neutral components 

are given by i 

f2(1.602;clO-"Av|^ 0) 
V„,=' (1.67x10"" )(mw)J 

^sp,N ~ 

7      m (4) 

80 

TTie applied power per unit thrust is then given by Eq 5. 

PT   _ 
Pi,+-ajm{Ispj8<,)^ 

(5) 

Thr     {l-oc,)lsp,Nm8o+I.pj(^'"^Sc 

.here P. is the discharge power of the « and m l^l^Z^^^l^Z^C^^^^^^^    ^e 
thruster. Hg. 1 shows the effect f ^ff ^ 'Jll^^^r^",^^ 1 rZ. A typical 

rillttrvlltfgr^n^V i^^ - assumed to . lOOOK wi. .e 
SS W and current of 500V and 10 mA. respecavely. 

Power/Thrust (W/mN) 

•Specific Impulse (s) 

2500 

-■2000 

CO 

--1500 I 
o 
3 

.-1000 i- 
s 

--500 

0.2 0.25 0.3 

lonlzalion Degree 

0.35 0.4 0.45 0.5 

Fig. 1 Effect of ionizalion degree on performance of NMIMT with typical discharge chamber 
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C.) NMIMT discharge chamber concept 

'  For over fifty ,=ars. Wow ^^ pl^a »u,ces ia^ b^ u^ »-j^ 'Slol tS^^a 
indodiiig electron beam welding, material processing, and lasns.    ^^'^•J^ ^ jeiree of 

sources lu* f^.,^'^:f^^^"l ToXZS,.^^^^^^'^'^ 
ionization near the exit aperture of the anode.     ;"j;*™"f"". ,. '   fmement of the electrons and ion 

Sa^-s£<t°.s;rng^eTjrr «^3e»^^^ 

device appear quite attractive for overall power usage   ^.^ ,^^"J^^^°J^^^^^^    de^^tion.^'  TTie most 

SllStr/rn-SSC^^^et'Sn'"^™^^^^^^ 

ionLtion was obtained without the use of magneuc containment of the electrons. 

I.e disdiarge chamber shown in Fig. 2 has « 5 mm ra^us he^i^«i^^^ 
diameter propellant inlet was drilled in the center of the caAode ^ a s^^d 05^ ho ^^ 
axis to allow pressure measurements m the discharge f ^^'^.f^P^^^f^^^^'ed with a 5 mil thick 
cylindrical, aluminum hollow anode. Tbe flat ^^^Jf^l'^^^ f^^^J^^lZ accelerating grids 

discharge chamber only. 

Propellant Gas Inlet 

R=5mm 

Cathode 

Lo= 1mm 

Teflon Insulator 

Mica Insulator 

Anode 
Fig. 2 NMIMT Discharge Chamber Schematic 

II. Theory 

effect on the electrons that are emitted from the cathode.   The electrons amvc ^ 
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of length 1„ as given in Eq 6. 

_ h (6) 
T = ^ 

"/ 

^eelec.c.cu.ennna.eorinceist^..sl.so..^ ^--    ^ 
electrons, aiis ionization rate per unit volume, since n.u. - (6..4 Ki. A.;. 

AT, «(6.24x10"* )|^p;n. .18x1 ^rf   U . (8) 

ionization to be relatively small, is given by 

iV;T = 

(6.24xl8"'j^V;n,/„ 
(9) 

"/ 

^„„., *ac .e ion and „eu^ ^ a,e „owi„s a. U,= -e speed. u„ ..e de^ee or io„i«ion, .. is 

given by 

(10) 
a,= 

N,t _ (6.24x10") -f- 

,-   ..        -1 A/r^2   The electron impact ionization cross- 
A wical value for Oie current den*y in a *scharje^^l A/m    T. .^ ^ ______ and (he discbarge 

SrJ:.^^"»Sd1o'^3Si^SproTd.aro^e^^^ 

';e"S^s^ScSJ°w"*-'"«-"*>''^=''''^''''°"'""- 
III. Experimental Setup 

T.e test «cy used to reviewing ^= ^-tXtr^r^^--^-"-^'^P^^^^^ chamber. Vacuum piping of the chamber WK done by a rw VM __^_^___^^ ^ 

Sr'^oTSiS-^otr"""^ 3 ^rrlS,S ,^:iZL. (P.) and vacuum chamber (p J 
pressures for various mass flows. 
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t 

40 60 

Argon Mass Flow (SCCM) 

100 

Rg. 3 NMIMT Discharge Chamber and Vacuum Chamber Pressure Relationships 

Re 4 illustrates the optical and plasma probe diagnostic setup for the NMIMT cUscharge chambar^ 

across a 1 M£2 resistor. 

The discharge was operated on argon to allow comparisons with previous studies^" and to 
invesUgaS^L dSt m^eTof operation'while avoiding the costs of -nmng- xenon A v^abl 

pressures above 0.75 Torr, with discharge currents up to 15 mA. 



AIAA 98-3917 

Pressure 
Transducer 
Feedthrough Langmuir Probe 

Focusing Lens 

To Pumping 
System 

Discharge Chamber 
Location 

Collimating Lens 
(Variable Position) 

Glass Viewports 

Fig. 4 Diagnostics Setup 

IV. Results 

A.) Operating characteristics 

Hg 5 shows ,he cw^c verses votoge ,=..Uonship for *?,^;f„*SSrgt''Sor*i 
^tsures.  It resembles a.ypicaiy-lcharacten^f-a. ahmu^^^^^^^^ 
bfw:o=°SfprSfSTrJ^^?«L,es.^o.egra«onw.30.^ 
on the hollow anode surface. 
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< 

e a 
U 
o 
so 
is 

12 

10 

-e— P   = 0.75 Torr 
dc 

—D—P^^=lTorr 
--&--P   =1.5 Torr 

dc 

—A— P = 2 Torr 
dc 

—• -P   =3 Torr 
dc 

..-♦... p   =5 Torr 
dc 

0 * ' i '  ' 
100 200 300 400 

Discharge Voltage (V) 

600 

Fig. 5 V-I Characteristics of the NMIMT Discharge Chamber 

B.)  Spectroscopy 

Two soectroscopic configurations were used to analyze the NMIMT discharge chamber Pl"nie- "P^ 

to compare with previous results'" for a similar discharge chamber. 

An attemot was made to run the discharge at the same conditions as during the previous studies '° but 

Lae^L^hS lines in the spectrum are always present. Fig. 7 shows neutral to ion hne ratios for the 
discharge chamber plume at a ischarge pressure of 1 Torr. 

The other soectroscopic configuration collects light normal to the plume axis at a distance of 1cm 
dowSe^ of S SSe exit orifice. THis method was expected to gain relative mformaUon about &e 
dSST^ltrta .Afferent modes of operation; however it provided no mformaUon smce ion hnes 

were not detected in this mode. 
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00 

•a 
_MJ 3 

1 ^ 
1 

I I I I ■ I I I ' ' ' ' I ' ' ' ' I ' ' ' ' I 

8014 A (Arl) 

7635 A (Ar I) 7503 A (Arl) 

7067 A (Ar I) 

_ii IWiiimV I 1 i"f--i*r'f f r I T-'f'-' 

■  4190 (Arl) 

N.       At n Lines 

3000   4000   5000   6000   7000   8000 

Wavelength (A) 

9000 1 10* 

Hg. 6 Typical Spectrum of the NMIMT Discharge Chamber 

a 
o 

s 
0) 
Z 

-1—I—I—I—1—I—I—I  ^ I' ' ' -I—I  '  I 

—♦— 4158A (Ar D / 4131A (Ar IT) 
—D— 4510A (Ar I) / 4545A (Ar 11)1 

B- 

I     ■     ■     ■     I 

4 6 8 

Discharge Current (mA) 

-a 

, i_ 

10 12 

Fi". 7 Neutral to Ion Ratios at Different Discharge Conditions 
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C) Langmuir probe 

I^muir probes are common diagnostic tools used to study plasmas." A conductor is imm^sed 

STfte ionsTo that die cuixent collected will represent the total ion nux at that posiuon. 

In the investigation of the initial discharge chamber chosen for the NMIMT a disk shaped 
T^ncmiui! nrote S a dLeter of 0.55 cm is used to measure the ion current at a disuuice o 2.5 cm 
Str":^^ ofoTe disch^ge chamber. T.e ion Oux is estimated from Eq. 11 by assummg that .he .on 
saturation current was that current collected by the probe at a bias of-180 V. 

(11) 

where I , is the ion saturation current collected by the probe, e is the unit charge, and Ap is *e frOTtd 
rSSel of the Langmuir probe. Th. probe is a stagnation point type Ungmuir probe ^^^'"^^ 
no™3 to 4e SmS chamter plume, lie mean free path at the probe locauon is between 60 mm ajd 

SiLe^^S^e prote. THis wiU cause the results obtained by using the^anar probe analysis to be only 
approximate, which is sufficient for the first analysis of the discharge chamber. 

Bv comoaring the ion flux to the expected neutral flux at this distance, the degree of ionization can 
be estimatL SSTexp^Son into a perfS^vacuum will provide an axial number density distnbuuon 

given by" 

n„=n,Cj{ri-j- (12) 

where n is the neutral number density along the centerline of the plume at a d^s^cer away from an 
orifiS of toeta Do. Cj is a factor that only depends on the specific heat ratio and is 0^15 for argon. If 
Te n^uSLlsTe assumed ti be sonic at the exit orifice, the velocity of the neumds is given by 

(13) 

The neutral flux will then be given by 

<l>n=n„Vj,, (14) 

me ionization degree is the ratio of the ion flux to the neutral flux «^,.M )•   Fig. 8 shows the 
experimentally derived degree of ionization for the discharge chamber at different operating condiuons. 

10 
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An ion extraction ring is placed near the exit of the hollow anode. The ring has a diameter of 2 cm 
and is pla^d 1 cm downstreaSi from the exit orifice. F,g. 10 iUustrates the effect of the exo^cuon mg on 
^e S^ent collected by the Langmuir probe at a discharge chamber presst^e of 1 Torr. Woh a c«nsta« 
mass flow the increased probe current relates dirccUy to the degree of lon.zauon in the plume Fig_ 10 
Sows thrn«^alized probe current verses the extraction ring potenual where I„ is the current collected by 
the probe with zero bias on the ring. 

100 200 300 400 
Extraction Ring Voltage (-V) 

500 

Fig. 10 Extraction Ring Effect on Discharge Chamber Plume 

V. Conclusion 

Tte initial discharge chamber chosen for the NMIMT is shown to provide a lower degree of ioni^on Oian 
previous spectroscopic results indicate. A simple model predicts that the degree of lonization ^odu^ by 
L dischar^ chamber whUe running on argon is 0.6%. Attempts to reproduce earlier results failed due to 
^LfSnt'published data. Langmuir probe measurements indicate that ^^^!'^^^^^ ^^^I^,^^;;^^ 
degree of ionization under 0.1%. Tlie simple model is expected to overesumate the degree of lonizauon 
provided by the discharge chamber because it does not take into account the losses of ions mid ela;trons to 
L walls. Spectroscoilc studies found very strong neutral lines in the exhaust plume oj ^oJ.^J^ 
chamber, whi^is contrary to the results of Miljevic. A simple extracuon device w^ added to ma^ ^e 
degree of ionization in the exhaust plume. TTie extraction ring was able to provide rough y 3 tones the 
pflt ioniS as in the unextract^ case. Further work is required to investigate potential schemes to 
inaease the iaiization degree. 

12 
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