
REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for this collection of information is estimated to average 1 hour per response" including the lime for reviewing instructions searching existinn data '«n, ■„*,« „".»>, "3  
maintaming the data needed and completing and reviewing this collection of information. Send comments regarding this burden M^^SSSS^^S^S^ 
including suggestions for reducing this burden tc Department of Defense, Washington Headquarters Services Directorate for Information O^M^J^onom^ wÄE^  n   • 
Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no pera^ä^^m^^^^Lm^,^^   ÜT 
collection ot intormation if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS       V P       V 9    °0mp'y W"h a 

1. REPORT DATE (DD-MM-YYYY) I ■> ncDnm-Tvoc 1 -- 

4. TITLE AND SUBTITLE 

2. REPORT TYPE 

Technical Papers 

6. AUTHOR(S) 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Air Force Research Laboratory (AFMC) 
AFRL/PRS 
5 Pollux Drive 
Edwards AFB CA 93524-7048 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

Air Force Research Laboratory (AFMC) 
AFRL/PRS 
5 Pollux Drive 
Edwards AFB CA 93524-7048 

12. DISTRIBUTION / AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

13. SUPPLEMENTARY NOTES 

14. ABSTRACT 

15. SUBJECT TERMS 

16. SECURITY CLASSIFICATION OF: 

3. DATES COVERED (From - To) 

5a. CONTRACT NUMBER 

5b. GRANT NUMBER 
"//* 

5c. PROGRAM ELEMENT NUMBER 

5d. PROJECT NUMBER 

3303 
5e. TASK NUMBER 

5f. WORK UNIT NUMBER 

8. PERFORMING ORGANIZATION 
REPORT 

10. SPONSOR/MONITOR'S 
ACRONYM(S) 

11. SPONSOR/MONITOR'S 

NUMBER(S) 

a. REPORT 

Unclassified 

b. ABSTRACT 

Unclassified 

c. THIS PAGE 

Unclassified 

17. LIMITATION 
OF ABSTRACT 

18. NUMBER 
OF PAGES 

19a. NAME OF RESPONSIBLE 
PERSON 

Leilani Richardson 
19b. TELEPHONE NUMBER 
(include area code) 

(661)275-5015 

^OJTA^ IW    tAcJjS'^-A^ 
Standard Form 298 (Rev. 8-98) 

Prescribed by ANSI Std. 239.18 

/Ö5   d</( 



s or-s 

MEMORANDUM FOR PRS (Contractor/In-House Publication) 

14 June 1999 
FROM: PROI (TI) (ST1NFO) 

SUBJECT- Authorization for Release of Technical Information, Control Number: AFRL-PR-ED-TP-FY99-0141 
SUBJECT. Authorization tor *e Candidate Non-Magnetic Ion Thruster 
Young, Muntz and Ketsdever , Unique Hoiiow «^duiuu (Public Release) 

AIAA 



A1AA 99-2854 

Unique Hollow Cathode as a Candidate 
Non-Magnetic Ion Thruster 

Marc Youngf and E.P. Mtmtz* 
University of Southern California 

Department of Aerospace Engineering 
Los Angeles, California 

and 

Andrew D. Ketsdever5 

Air Force Research Laboratory 
Propulsion Directorate 

Edwards AFB, California 

I Abstract 

The applicability of a unique discharge chamber, rxeviously studied by VI Miljevic, as &e ion 
source for a meso-scale ion thruster was investigated. The discharge chamber geometry was chosen due to 
projxdsiag reported results winch appeared to alleviate the requirement of external magnetic fields while 
achieving an adequate degree of iotnzation. The earlier results from spectroscopic studies on the discharge 
chamber indicated a high degree of ionizatico, making it a candidate configuration for an ion thruster. An 
estimate of the degree of ionizatico using a simple model of tl& discharge indicated a low achievable 
realization, which stimulated further examination of Miljevic's w*k. The previous spectrcscopic studies 
were repealed and discrepancies were found. Additional spectroscopic and Langmuir probe measurements 
were made in the plume to determine me degree of ionizatioq of the discharge chamber fee several 
operating conditions. The degree of icoizatico was experimentally shown to be 0.06-0.15%. A simple 
extraction ring increases the degree of ionizatico by roughly a £tctorof3. 

f Research Assistant, Student Member 
* A.B. fteeman Professor, Fellow 
§ Senior Research Engineer, Senior Member 

Copyright© 1999bytheIJhiYer^tyofScnmemCalifccnia. Published by the American Institute of 
Aeronauo.es and Astronautics, Inc., with permission 



JUN-0S-99     11=34    FROM. ID:2137407774 PAGE 3/1« 

AIAA 99-2854 

L Introduction 

A.) Ion Throster Scaling Issues 

The current trend towards smaller spacecraft produces a corresponding requirement for smaller 
thrusters. Magnetic fields place a lower bound on the size to which traditional ion thrusters can be scaled.1 

Full scale ion thrusters use magnetic fields to increase electron path lengths and thus provide the necessary 
levels of ionization. The spiraling electrons must have a gyroradius small enough to keep mem from 
striking the walls of the discharge chamber. Since gyroradn scale ioversely with magnetic field strength, 
smaller discharge chambers require larger magnetic fields. A practical limit on the magnetic field that can 
be applied to the thruster creates a limit to the smallest size a discharge chamber can be scaled. Another 
method of providing adequate degrees of ionization needs to be found for micro ion thrusters. 

One possible solution is to enhance the discharge chamber geometry to provide the required degree of 
ionization. If this is accomplished for a given size of thruster, (hen by following simple scaling parameters 
the thruster can be scaled to different sizes. The small size and relative simplicity of this type of thruster 
would lend itself to being arrayed in relatively large groups of thmsters in order to provide scalability. 
There are many different quantities that can be affected when scaling an electric discharge, including the 
electric field, breakdown potential, current density, space charge density, and drift velocity. Scaling 
properties tec simple planar electrodes have been extensively studied and are well understood. There are 
three quantities that roust be matched if planar electrode discharges are tobe similar. These are pd,E/p and 
J/p2 where p is the gas pressure, d is the characteristic dimension, E is the electric field, and I is the current 
density. The pd product determines the breakdown characteristics of the discharge chamber according to 
Paschen's law as shown in Eq. 1, This quantity is a measure of the number of collisions that a particle 
undergoes during its travel through the discharge chamber. The breakdown potential is 

VBK ~~ 
Bpd 

1/7)) 

0) 

The E/P quantity determines the energy gained by a charged particle between collisions. The current 
density varies with p2 which provides the Townsead similarity relation that for pd and J/p2 scaling the 
discharges will have similar breakdown and electrical characteristics. Much less is known about the 
scaling of other types of discharges. 

B.) Requirements for ion mfcrotbrusters 

There arc certain operational capabilities that must be met by a 
a small scale ion thruster. By assuming mat the Non-Magnetic Ion Micrc-Thruster (NMMT) should have 
similar specific power levels for agiven L^, the necessary degree of ionization for the small scale discharge 
chamber can be estimated. This is reasonable since the required velocity increment for spacecraft does not 
depend on the spacecraft size. Table 1 shows characteristics of typical full scale ion thrusters. 

=ste 

Specific 
Impulse (s) 

Thrust (mN) Size (cm) Specific Power 
(W/rnN) 

ETS-VIIES 
ioo engine 

3000 20 12 37 

NSTAR 3310 92 30 25 
XIPS-13 25S5 

2720 
17.8 
18 

13 23 

RTT-lORFion 
engine 

3000 
3150 

15 10     . 39 

-Table 1: Representative Characteristics of a Sample of Full Scale Ion Thmsters3 
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The total 1^ for an/electric thruster is die sum of the neutral (1^ and ion components (Xpj) given by 

(2) 

where o^ is the degree of ionization in the thruster. The specific impulse of the ion and neutral components 
are given by ^^ 

V T       —    ** v    _f2(1.602xlO-19AVl2 
(3) 

( 2(7+1) jfcr;> 

m 
'W 

8» 
(4) 

where Yismeratio of the specific heats, k is Mtmann's constant, T0b foe temperature of toeprcfiellarit 
gas, g, is standard gravity, m is me molecular mass of the prepeIIantga$,V«i$meexitvd<>cityctfthegas, 
AV is me accelerating voltage applied to the ions, and mw is the molectilar weight of ü» wopeDant gas. 
The ar^iied power r^unk thrust is then given by Eq 5. 

PT _ 
r»+^CCtm{I^g.)2 

Thr    (lf-Of; y,p#mg0 + ItpJa1mg0 
(5) 

where PD is me discharge power of the thruster and mis the mass flow of the propellant gas through the 
mrustar. Fig 1 shows the effect of degree of ionization on the specific $ower and specific impulse for the 
mitial discharge chamber chosen for the NM1MT. The exit diameter for the thruster was 1 m Atypical 
acceleration voltage of 1000 V was assumed. The gas temperature was assumed to be lOOck with the 
discharge voltage and current of 50qJ/ and 10 mA, respectively. *" 

60n 

10 

04- 

-Pcwet/Thrust(W/mN) 
'Specific Impute» (s) 

I 
,*■ 

0.05 0.1 0.15 02 0.2S 0£ 

Ionization Degree   1 

0.35 0.4 0.45 

2500 

;-2000 

TJ 

1500 | 
© 

3 
■a 

1000 §- 

4 500 

0.5 

Hg. 1 Effect of ionization, degree on performance of a NMIMT 
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C.) NMIMT discharge chamber concept 

For over fifty years, hollow anode plasma sources have been used in a wide variety of applications 
including electron beam welding, material processing, and lasers.4^6 Recently, hollow anode plasma 
sources which utilize gas dynamic ring jets have been used in an attempt to increase the degree of 
ionization near the exit aperture of the anode.7*9 In this configuration, (he hollow anode devices resemble 
typical large scale (-30 cm) km mrusters which utilize magnetic field confinement of the electrons and ion 
accelerating grids- In reviewing the literature on hollow anode discharges, the work of MiIjevict<>,,M2,lJ 

appeared to be quite interesting from a micropropulsion standpoint. Miljevic used a 5-mm hemispherical 
cathode with a haaa. orifice which acted as the hollow anode. The voltage-current characteristics for this 
device appear quite attractive for overall power usage12 and results showed mat no electrode material was 
seen in spectra taken near me exit plane of the thruster indicating little or no degradation.13 The most 
intriguing result was that no neutral lmes were detected in spectra taken over a wide range of wavelengths 
(220 - 900 am) implying a rather high degree of ionization in an argon discharge. It appeared worthwhile 
to pursue this device as a potential ion source for a miaopropulsion system since the high degree of 
ionization was obtained without the use of magnetic containment of the electrons. 

The discharge chamber shown in Fig. 2 has a 5rmm radius hemispherical, aluminum cathode. A 025% 
mm diameter propellant inlet was drilled in the center of the cathode and a second O-Sjnmhole was drilled 
off axis to allow pressure measurements in me discharge chamber. Opposite the cathode is a 1-mm 
diameter cylindrical, aluminum hollow anode. The flat inner surface of the electrode was covered wtfn a 5 
mil thick mica disk. To operate as a complete thruster the NMEMT would require extraction and 
accelerating grids and a plasma charge neutralizer. This initial investigation is interested in die ionization 
effectiveness of the discharge chamber only. 

PropeHant Gas Inlet 

Cathode 

lo- 1mm 

f 
Anode 

Kg. 2 NMIMT Discharge Chamber Schematic 

Teflon Insulator  -sfe 

Mica Insulator 

II. Theory 

A simple model can be used to estimate me degree of ionization in the discharge chamber. The insulation 
on the inside surface of the outer electrode prohibits the electric field lines from attaching to the surface as 
shown in Fig.2. Therefore, me field lines only attach to the hollow anode surface which has a focusing 
effect on the electrons that are emitted from die cathode.   The electrons arrive dose to the anode 
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accelerated through a significant ftaction of the acceleration voltage in me cathode feu region, hi this 
region, they ionize the discharge gas which is flowing through die orifice into the vacuum chamber. The 
discharge gases are exposed tome intense electron current for some time % me residence time in the orifice 
of length \, as given in Eq 6. 

T=- 
ut 

(6) 

where uf is the velocity at which the neutrals are travelling through the exit orifice. Fee expansion into a 
high vacuum, % will be approximately the q>eed of sound in the discharge chamber as given by 

"/-(7 T0Y (7) 

The electron current in die orifice is taken as I4 so that the current density is tyA«. D,je to tf,e 
electrons, this ionization rale per unit volume, since ^u«, = (6.24 x lO^XVA^), is given by 

ff/«(fi24xIdl•)■^ ytnd 

A ) 
(8) 

where n. is the electron number density, u* is the electron velocity, n^ is me number density in the exit 
orifice, A> is me cross-sectional area of me exit orifice, and Oj is the electron impact ionization cross- 
section for the propellant gas. The total accumnlated degree of ionization in the gas, aawming the 
ionizaüoa to be relatively small, is given by 

NjT' AM 
(6.24xl8lsf^-V^ 

ut 
(9) 

Assuming mat me ion and neutral gas are flowing at me same speed, u* me degree of ionization, 0* is 
given by 

CC, 
_Ntt _ 

n* 
(6^4xl018) 

\  ° } 

'iA 

K, 
M 

(10) 

A typical value for the current density in a discharge is 1 A/cm2. The electron impact ionization cross- 
secüon for argon at an energy of 150 eV is 3xlOircm*. The orifice length is 1 mm and me discharge 
dhamberteinperatiMisassiimedtobe30(lC This provides a tough estimate of me degree of ionization for 
me discharge chamber of 0.6%. Xenc« haTan iwü^c» ac«s-sectic« ^ 
to argon of 3.25 providing an iemzatico degree of approximately 2%. This does not agree with the 
previous spectroscopic results,Q which indicate much higher degrees of ionization. 

1 

HI. Experimental Setup 

The test feölity used Previewing me discharge chamber was a O^diameter stainless steel vacnnm 
chamber. Vacuum pumping of the chamber was done by a rotary ^ mechanical pump and an 8001/s 
tobomeJecuIar pump through a side mounted port The system provided an ultimate pressure in (he 
chamber of lxlO5 Torr. Kg. 3 shows the NMIMT discharge chamber (p*) and vacuum Chamber Co«) 
pressures for various mass flows. ^^ ««mu« yp^ 

*a% 
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<0 

£   4 

T 1 1 1 1"1 

-€►— Pdc (Torr) 

-a— Pvac (mTorr) 

40 60 

Argon Mass Flow (SCCM) 

SO 100 

Fig. 3 NMIMT Discharge Chamber and Vacuum Chamber Pressure Relationships 

Fig. 4 illustrates the optical and plasma probe diagnostic setup for me NMIMT discharge chamber. 
Hie throster can be positioned m two locations to allow specttoscopic investigation of me light emitted 
axially and normally to me plume direction. The collected light is collimated and focussed on me entrance 
slit of a Q&^a, double spectrometer. The Langmoir probe is mounted 2.5 cm downstream from me exit 
orifice of the discharge chamber with me disk surface normal to the axis of the plume. The diameter of me 
probe is 5.5 mm, and it is mounted normal to me plume flow direction to operate as a stagnation type 
Langmuk probe. The current collected by the Langmoir probe is inferred by measuring die voltage drop 
across a 1 MQ resistor. 

The discharge was operated on argon to allow comparisons with previous studies10 and to 
investigate the different modes of operation while avoiding the costs of nmning on xenon. A variable 
resistor was placed in the power line to aid in the starting of the discharge. The discharge is struck at a 
higher voltage man the minimum normal operating voltage at the given pressure. The resistor allows a 
mgh voltage to be initially applied to me discharge. As soon as the discharge is struck and current is drawn 
the voltage applied to the discharge is lowered to operational levels. The discharge could be operated at 
pressures above 0.75 Torr, with discharge currents up to 15 mA.    1 

:Ssa 
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To Pumping 
iystera 

Discharge Chamber 
Location 

Glass Viewports 

Langmuir Probe 

Focusing Lens 

I 

CoDimatmg Lens 
(Variable Position) 

i Fig. 4 Diagnostics Setup 

J 
\ 

IV. Results 
A.) Operating characteristics  i 

*■  r 
Fig. 5 shows the current \j&rses voltage relationship for die di 
pressures. It resembles a typical V-I dL&WKristk for an abnor__ 
uüdeäred arc are not observed for discharge cmrents up to 10 ^   n u&Il u^auauun 
hemispherical cathode was observed with it primarily located near me small entrance holes     No 
degradation was observed on the hollow anode sur&ce. 

lamber at different operating 
l<5w}discharge. Transjtioos to an 

A light degradation of the 
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da 
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------P. =5 Torr de 

«    i    ■ 

100 200 300 400 

Disehftfc* Voltage (V) 

500 600 

Hg.5 Y-lO^^s^s&<^0Sit^};MD^J^samg&Cbsmi!}a 

B.) Spectroscopy 

Two specttoscqpic configurations were used to analyze the NMIMT <fisdiarge chamber plume. The 
first was to collect light axiaHy along die plume axis with the collecting lens focused on (he exit orifice 
(hollow anode)« This method is very qualitative in nature because it integrates along the axis collecting 
nrfonnatioQ about the discharge from (be exit orifice through (be end of the plume. This method was used 
to compare with previous results10 for a similar discharge chamber. The spectrometer used was a 0.75m 
double spectrometer. The slitwidths were kept between 50 and 200 yau ^ 

An attempt was made to run the discharge at the same conditions as during the previous studies,10 but 
limited published infbnnation made the direct comparisons difficult A wide variety of operating 
conditions were investigated and all of the resulting spectra contained neutral lines. Fig. 6 is a spectrum 
taken for a discharge current of 125 mA and a discharge pressure of 0.75 Torr. Hg. 6 shows the strong 
neutral lines that were present in the far red portion of the spectrum regardless of the operating conditions 
used in this research. Although the trend is to reduce the neutral to ion ratios as the discharge current 
increases, the neutral lines in the spectrum are always present Kg. 7 shows neutral to ion line ratios for the 
discharge chamber plume at a discharge pressure of 1 Torr. 

The other spectroscopic configuration collects light normal to the plume axis at a distance of 4pa 
downstream of the end of the exit orifice. This method was expected to gain relative information about mS 
discharge chamber in different modes of operation; however it provided no information since ion lines 
were not detected in this mode. 
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-i—i—i—i—i—r- 

8014 A (Ar I) 
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Fig. 6 Typical Spectrum of the NMIMT Discharge Chamber 
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Fig. 7 Neutral to Ion Line hateosity Ratios at Different Discharge Conditions 
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C) Langmmr probe 

Langmudr probes are common diagnostic tods used to study plasmas.14 la the investigation of the 
imtial discharge <iamber chosen for me J^^ diameter 035 cm is 
used to measure the ion current at a distance of 25 cm downstream of the discharge chamber. The ion flux 
is estimated from Eq. £$,by assuming that the ion saturation current was that current collected by the probe 
at a bias of -180 V. 

4=^ (ID 

where 1^ is die ion saturation current collected by the probe, e is the unit charge, and A? is the frontal 
surfece area of the Langmuir probe. The probe is a stagnation point type Langmuir probe with its 
longitndirial axis normal to the discharge chamber plume. The mean free path at (he probe location is 
between 60 mm and 12 mm for discharge chamber pressures of I and 5 Torr, respectively. The number 
density at the probe location is primarily due to the plume gas as determined by Eq. {2. The Debye length 
at «Ms location in the plume is between 0.2 and 0*5 mm depeaSug on the discharge conditions. The sheath 
thickness around the probe is roughly four times the Debye length; therefore the probe sheath is slightly 
smaller man the diameter of the probe. This win cause the results obtained by using die planar probe 
analysis to be only approximate, which is sufficient for the first analysis of the discharge chamber. 

be estimai 
given by12 

By comparing the ion flux to me expected neutral flux at this distance, the degree of ionization can 
ated Plume expansion into a perfect vacuum will provide an axial number density distribution 

n^n4cfyi^ (12) 

where n„ is the neutral number density along me ceaterline of the plume at a distance r, away from an 
orifice of diameter D„. Cj is a fiictor that only depends on «»specific heat ratio and is 0.15forargon. If 
me neutrals are assumed to be sonic at die exit orifice, die velocity of the neutrals is given by 

V       = 7nax 
27 

7-1 
*T, 

l 

m* (13) 

Since the flow is hypersonic and nearly free molecular at (he probe positiojLthe neutral flux will dien be 
given by 2 

fa^ntVj^   . (14) 

The ionization degree is the ratio of the ion flux to the neutral flux (fa/fa ).   Fig. 8 shows the 
experimentally derived degree of ionization for die discharge chamber at difierent Operating conditions. 

10 
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Fig. 8 NMIMT Discharge Chamber Efficiency 

As shown in Rg. 8, töe maximum ionizanon occurred for a discharge chamber pressme of 3 Tew 
Mr a given discharge current The visible plume emanating from the hollow anode region of the discharge 
chamber almost disappeared when operating at discharge chamber pressure of 1 Tctr and a discharge 
current of 7.5 mA. This condition was near the edge of the operational envelope of the discharge chamber 
as shown by the lower ionization degree than for the same cmrent at higher pressures. The electron 
temperauire can be estimated by pkitnng to Ujistheico 
saturation current. The slope of the line is e/kT«, and from «his the electron temperature, T„ can be 
calculated, fig 9 shows the estimated electron temperature at different discharge coiiditiccs. The dectr» 
temperature is quite: high when compared to typical glow discharges. This is due to the hollow anode effect 
m the exit orifice**1, where electrons ballistically separate from field lines and emerge as an electron beam 
with an energy dose to the cathode ML - 

=ste 

••»— Idc « 5.0 mA 
i&~ - Idc = 7.5 HA 

2 34 

Discharge Chamber Pressure (Torr) 

Kg. 9 NMIMT Plume Electron Temperature 

11 
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An ion extraction ring was placed near the exit of the hollow anode. The ring has a diameter of 2 
cm and was placed 1 cm downstream from the exit orifice. Fig. 10 illustrates the effect of the extraction 
ring on the current collected by the Langmnir probe at a discharge chamber pressure of 5 Terr. With a 
constant mass flow, the increased probe current relates directly to the degree of ionization in me plume. 
Fig. 10 shows the normalized probe current v/rses the extraction ring potential where L, is the current 
collected by the probe with zero bias on the ring. 

100 200 300 400 
Extraction Fling Voltage (-V) 

500 600 

Fig. 10 Extraction Ring Effect on Discbarge Chamber Plume 

V. Conclusions 

The initial discharge chamber chosen for the NÄHMT is shown to provide a lower degree of iotrizatioo than 
rxreviousspectroscopie results indicated A simple model predicts mat the degree of ionisation produced by 
me discharge chamber while funning on argon is 0.6%. Attempts to reproduce earlier results Mied, 
possibly due to insufficient published data on precise cpetatingconditions. Langmnir probe measurements 
indicate that the discharge chamber provided a degree of ionization coder 0.15%. the simple model is 
expected to overestimate me degree of ioniiation provided by; the discbarge chamber because it does not 
take into account the losses of ions and electrons to the walls. Spectroscopic studies found very strong 
neutral lines in the exhaust plume of the discharge chamber, which is contrary to the results of Miljevic. A 
simple extraction device was added to increase the degree of ionization in the exhaust plume. The 
extraction ring was able to provide roughly 3 times the plume ionization compared to the unextracted case. 
Further work is required to investigate potential schemes to increase the ionization degree. 

12 
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