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Abstract charge chamber) .4) This implies the necessity of the hol-
low cathode for the RF-ignition, which will affect the life

At present, ion propulsions are on R&D phase in time of the RF ion thruster as well as the electron born-
order to apply to the auxiliary propulsion of north-south bardment ion thruster.

station keeping ( NSSK ) for geosynchronous satellite, In order to take advantage of the favorable RF-dis-
main-propulsion for orbit transfer vehicle or interplan- charge, which is the cathodeless steady state discharge,
etary vehicle at several laboratories and manufac- cathodeless discharge ignition will be necessary. More-
tures.".2. 3  over, the development of this ignition method will ad-

As the long term operation is required for these mis- vance the actual cathodeless discharge for the plasma
sions because of low thrust level of electric propulsion, production ( e.g. simultaneous plasma productions for
the prolongation and the verification of its life are the both main plasma and neutralizer plasma by RF dis-
most important problem as well as the performance im- charge).

provement. For the improvements of RF ion thruster ignition
Radio Frequency ( hereafter called RF) ion thruster performance, simple, quick and steady discharge ignition

that generates inductively coupled discharge plasma is of RF ion thruster without cathode is studied, using auxil-
one of the promising thruster in the series of ion thrusters. iary permanent magnets." These results show the advan-
Because of the electrodeless discharge, this RF ion tages of the applied magnetic field for the cathodeless RF
thruster has no hollow cathode that is the life-limiting el- ignition.

ement. Therefore, RF ion thruster is distinctive in its
electrodeless, annular, self-sustaining RF-discharge, I. Introduction
comparing with the electron-bombardment ion thruster
using hollow cathode. At present, ion propulsions are on R&D phase in

In the case of the discharge ignition of the electron- order to apply to the auxiliary propulsion of NSSK for
bombardment ion thruster, electron emission from the geosynchronous satellite, main-propulsion for orbit
hollow cathode causes the main discharge. On the other transfer vehicle or interplanetary vehicle at several labo-
hand, in the case of the RF ion thruster, in spite of its ratories and manufactures.

cathodeless ( without electron emitter ) steady state RF- As the long term operation is required for these mis-
discharge, some electron assist is required for the RF-dis- sions because of low thrust level of electric propulsion,
charge ignition ( e.g. Introduction of the emitted elec- the prolongation of its life is the most important problem
trons from the neutralizer hollow cathode to the main dis- as well as the performance improvement.

RF ion thruster which generates inductively
coupled discharge plasma is one of the promising thruster

Assistant Professor. Member AIAA in the series of ion thrusters. Because of the electrodeless

** Graduate Student discharge, this RF ion thruster has no hollow-cathode that
**" Undergraduate Student is the life-limiting element. And. by the control of RF in-
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put power, the suppression of plasma sputtering and gen- Prop t Pirani n Penning

eration of double charged ion will be achieved. There- GTk e Guge

fore, RF ion thruster is distinctive in its electrodeless,
annular, self-sustaining RF-discharge, comparing with 1 Io00o 8

the electron-bombardment ion thruster using hollow
cathode. Ion Beam

In the case of the discharge ignition of the electron- RF iui -. Exhaust

bombardment ion thruster, electron emission from the Auto-Match
Network Turbo

hollow cathode causes the main discharge. However, Tu Molecular Rotary
RF Pump 2 Pump

some electron assist is required for the RF-discharge igni- Generator PumpS(OOW50W

tion. ( e.g. Introduction of the emitted electrons from the 13
5
6MHz

neutralizer hollow cathode to the main discharge cham- (a) Schematic Drawing of Experimental Facilities

ber ) This implies the necessity of the hollow cathode for
the RF-ignition, which will effect the life time of the ion
thruster as well as the electron bombardment ion thruster.

In this paper, by using permanent magnets, the ex-
amination of the hollow cathodeless RF-ignition is de-'
scribed. At the same time, the effects of the mass flow
rate, grid transparency and RF input power on the RF-

ignition characteristics was evaluated.

II. Experimental Apparatus and Procedures

. (b) Photograph of Space Chamber
I. Facilities

The schematic drawing and the photograph of Fig. 1 Experimental Facilities
space chamber and its experimental facilities used in this

study are shown in Fig. I (a) and (b). In this space cham- Grid Mount Ring
Retainer Ring Grid Mount Plate

ber ( L : 2,000 mm, f : 900 mm ) which has two turbo

molecular vacuum pumps ( 2,200 1/sec x 2 ) and auxil- Propellant

iary rotary pump ( 1,500 /min. ), RF ion thruster ignition 4Beam Diam.

study was conducted. Its vacuum extent was maintained RFPower Lead ACGrid
at approximately 1.33 x 10 -2 Pa ( I x 10 -4 Torr ) during

Grid Spaer
thruster operation ( at propellant mass flow rate : 10

SCCM ). Base Plae
RF Coil / SC Grid

Pylex Discharge Chamber

2. RF Ion Thruster (a) Cutaway Drawing of RF Ion Thruster for Ignition Experiment

Figure 2 (a) and (b) shows the schematic drawing of .ili.i i. i

the RF ion thruster for ignition experiment and its photo-

graph. As shown in this figure, 3 cm diam. RF ion source

for ground use ( ION TECH, INC. Model 3RF-1200-100

) was reformed in order to replace the baseplate, accelera-

tor grid ( hereafter called Ac Grid ) and screen grid ( here-

after called Sc Grid ) and tested for the ignition charac-

teristics improvement as the propulsion device. RF dis-

charge chamber ( L:46mm, f : 40mm ) which is made of - -

pylex grass is wrapped with copper five-turned RF work- :.......

ing coil. Argon ( Ar ) or Krypton ( Kr ) gas was fed to the (b) Photograph of RF Ion Thruster Ior Ignition Experiment

discharge chamber via mass flow controller.
Fig. 2 RF Ion Thruster
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range is approximately among 10" 1 102 Pa, is inserted to
3. Experimental Items the center region from the baseplate of the RF-discharge

Table 1 summarizes the experimental items that chamber.
were performed in this RF-ignition characteristics exami- Mass flow rate during the measurement was con-
nation study. As shown in this table, this study consists of trolled among 0-20 SCCM and the following four differ-
the following items, ent transparency grids was used for the comparison.

#1 Vacuum Extent Measurement #1 Sc Grid : 52 %, Ac Grid : 39 % (Original Grids)
The purpose of this experiment is the preliminary #2 Sc Grid : 40 %, Ac Grid : 23 %

data acquisition of the discharge chamber vacuum extent #3 Sc Grid : 23 %, Ac Grid: 13 %
without ignition. #4 Sc Grid : 15 %, Ac Grid : 8.2 %

#2 Ignition Experiment without Magnets

The purpose of this experiment is the baseline data
acquisition of the ignition characteristics without any

auxiliary magnets. Pirani Gauge

#3 Ignition Experiment with Magnets No. 1

#4 Ignition Experiment with Magnets No. 2

#5 Ignition Experiment with Magnets No. 3

These experiments are the evaluations of the effects
of the auxiliary applied permanent magnets on the RF-

discharge ignition characteristics. The details of its mag-

net alignment and its magnetic flux density are described

in the following section. (a) Schematic Drawing of Vacuum Extent Measurement

Table 1 Experimental Items

# Items Schematics
#1 Vacuum Extent Measurement See Fig.3
#2 Ignition Experiment without Magnets See Fig.2
#3 Ignition Experiment with Magnets *No.l See Fig.4
#4 Ignition Experiment with Magnets *No.2 See Fig.5
#5 I nition Experiment with Maenets *No.3 See Fie.6
SEach Magnetic Flux Density Profile is shown
in Fig. 4, 5 and 6, respectively.

4. Experimental Apparatus

4.1 RF Power Supply

RF power source ( ION TECH, INC. Model RFB-

1200 ) supplies the 13.56 MHz, 500 Watts max. RF (b) Photograph of Vacuum Extent Measurement Apparatus

power to the RF working coil through the automatic Fig. 3 Apparatus of Vacuum Extent Measurement

matching network circuit, which controls the output im-
pedance in order to minimize the reflected RF power 4.3 Apparatus for Ignition Experiment
from RF working coil. Its threshold value of the reflected Figures 4(a), 5(a), and 6(a) show the schematics of
RF power for the automatic power shut off is set at 35 the discharge chamber for the ignition experiment with
Watts. However, automatic shut off was not occurred in magnets No. 1, 2, and 3 and figures 4(b), 5(b), and 6(b)
the series of the experiments, show the 3-D expressions of the magnetic flux density in

the discharge chamber without discharge.
4.2 Apparatus for Vacuum Extent Measurement As mentioned in sec. 11-3, in this ignition character-

Figure 3 shows the outline of the device for the istics experiment, these three discharge chambers with
vacuum extent measurement and its photograph. As magnets and above-mentioned discharge chamber with-
shown in this figure, pirani gauge. which measurement out magnets were used for the ignition evaluation.
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(a) The Lcation of M.gnets No. I i e, .

(b) Magnetic Flux Density Profile

Fig. 4 RF Ion Thruster with Magnets No. 1
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(a) The Location of Magnets No. 2

(b) Magnetic Flux Density Profile

Fig. 5 RF Ion Thruster with Magnets No. 2
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(a) The Location of Magncts No. 3 -/,

(h) Magnetic Flux Density Profilc

Fig. 6 RF Ion Thruster with Magnets No. 3
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Using #4 type grids set, the mass flow rate to the dis- Magnet No. 3
charge chamber and the input RF power ( 10 Watts mini- Magnet No. 2
mum -100 Watts maximum) were selected as the experi- Magnet No. I
mental parameters. The decision whether discharge is on Without Magnet
or not was determined within 10 seconds after the RF For example, at minimum input power: 10 Watts, neces-
power input. sary chamber pressure ( e.g. mass flow rate ) in Magnet

No. 3 for the stable ignition with Kr is only one ninth of
III. Results and Discussions that without magnet.

Considering these magnetic flux density profiles
1. Vacuum Extent Measurement that are shown in Figs. 4 (b), 5 (b) and 6 (b), high and

The results of the vacuum extent measurement ob- uniform density profile is effective for the improvement
tained with four types grids sets are shown is in figure 7. of the ignition performance. Because Magnet No. 2 has
These data show the proportionality between mass flow less ignition performance than Magnet No. 3, in spite of
rate and discharge chamber pressure. This proportional- its highest magnetic flux density peak. In these experi-
ity enables the pressure curve to extrapolate for mass ments, thermal demagnetization of magnet by RF power
flow rate and grid transparency. These data are funda- was not observed.
mental and indispensable for the estimation of discharge As shown in Fig. 6 (a), the location of magnets No.
ignition condition. Moreover, these techniques using 3 and its magnetic field resemble to those of electron
pirani gauge are applicable to the pressure estimation in bombardment Kaufman type ion thruster. The more de-
the discharge chamber of electron bombardment ion tailed evaluation of the effects of magnetic field on the
thruster. ignition performance and the refined design using mag-

netic yoke will improve the ignition performance of RF
ion thruster.

Transparency
"4 --- Ac:8.2%,Sc: 15%

--- Ac:13%.Sc:23% 100
--- Ac:23%,Sc:40% --- Without Magne

S3 --- Ac:39.Sc:52% I I -- Magnet No.
S\ --- Ea- Magnet No.2

i -- Magnet No.3
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Fig. 7 Results of Vacuum Extent Measurement 0 2 3 4 5u 1 2 3 4 5
Discharge Chamber Pressure, ch, Pa

(a) Results with Ar
2. lgnition Characteristics

Figure 8 shows the results of the ignition character- e--- without Magnet
istics, using Argon as propellant (a) and Krypton as pro- -- Magnet No.2

pellant (b). In both figures, each data curve presents the . - - Magnet No.3

ignition/ mis-ignition boundary lines. In its right-handed
50-

area, stable discharge ignition was achieved. On the other OF
- FF ON OFON Minimum Powerhand, stable discharge ignition was not occurred in its - * Line

left-handed area. Comparing with Fig. 8 (a) and (b), igni-

tion characteristics obtained with Kr is better than those 0
of Ar. It is obvious that applied magnetic field by perma- 0 1 2 3 4 5

Discharge Chamber Pressure, P,. Pa
nent magnet improves the ignition characteristics. Its or-
der of ignition performance is as follows. (h) Results with Kr

Fig. 8 Ignition Characteristics
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The more detailed investigation on the ignition
characteristics will enable the self-ignition without hol-

low cathode. The development of this ignition method

will advance the actual cathodeless discharge for the
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tions for both main plasma and neutralizer plasma by RF
dischaire )
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