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Nomenclature

e
=
electronic charge
g
=
acceleration of gravity
F
=
thrust
Ib
=
extracted ion beam current
Isp
=
specific impulse
mi
=
ion mass
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=
mass flow rate for ion source
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=
mass flow rate for neutralizer

Pi
=
incident microwave power
Pn
=
input power for neutralizer
Pr
=
reflected microwave power
Vb
=
beam voltage
α
=
doubly charged ion current to singly charged ion current ratio 

εc
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=
ion beam production cost
γT
=
thrust coefficient

ηt
=
thrust efficiency
ηu
=
propellant utilization
θb
=
beam divergence angle
Introduction

T

he adoption of small satellites, with their flexibility, short development time and low cost, has been a breakthrough in space applications.1, 2 Until recently, however, size restrictions have limited the capacity of the available propulsion systems. Hence, the demand for mN class miniature propulsion systems is expected to grow in the future.3 Miniature microwave discharge ion engines are candidates for use as miniature propulsion systems,4 since an ion engine produces high thrust efficiency with a specific impulse of 3,000-8,000 sec. Therefore, Ion engines have already been used extensively in space missions. 5-7  This type of miniature ion engine can also be used in small satellites, providing high specific impulse, so that missions such as Mars exploration would become possible. Furthermore, self-disposal of satellites whose missions have been completed will also be possible, eliminating destruction or retrieval costs. Miniature ion engines can also be used for precise high-stability attitude and position control in large spacecrafts, as well as for primary propulsion of microsatellites.8
 Several studies have been conducted on the miniature ion engine.9, 10 Wirz et al. showed good performance of a 3 cm Miniature Xenon Ion (MiXI) thruster, 9 that is, the propellant utilization and the ion beam production cost were 0.8 and 500 W/A, for 
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=0.020 mg/s. An electron bombardment-type ion source was used for ion production, so that operation time was limited by the thermionic cathode lifetime. A microwave discharge ion source would offer a potentially longer thruster lifetime than the electron bombardment-type, since it would be free from contamination and degradation of electron emission capacity. 11, 12 

A 30 W class miniature ion engine has been developed for de-orbiting 100 kg class satellites.2 These missions require high specific impulse, so that the propellant utilization, ion beam production cost, thrust efficiency and lifetime targets of this engine are 0.8, 700 W/A, 0.3, and 2,000 hr, respectively. The thrust performance of miniature microwave discharge ion engines has thus far been inferior to conventional ion engines, however, due to the high cost of ion production due to poor microwave-plasma coupling as well as high losses from ion and electron collisions with the walls.13 This type of ion source has a magnetic tube formed by a magnetic circuit and an antenna to emit microwaves.  The magnetic tube works as a virtual cathode, since the trapped electrons gain energy from the microwaves by electron cyclotrons resonance (ECR) heating and ionize neutral atoms.5 For effective microwave-to-plasma energy transfer, the antenna must contact the ECR layer, since a high electric field appears in the vicinity of the antenna. It was shown in our previous study that, using an L shape antenna, the ion beam profile was unsymmetrical, being inclined toward the antenna side, and intense emission was locally observed near the tip of the antenna.14 Thus, antenna configuration affects plasma coupling. On the other hand, the surface recombination on the antenna also affects the performance of the ion source. Hence, the aim of this study is to investigate the effects of antenna configuration on the thrust performance of a miniature microwave discharge ion engine.
Experimental Equipment 
The cross section of a 30 W class miniature microwave discharge ion engine is shown in Fig. 1. The inner diameter is 18 mm and the size of the engine is 50 mm
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30 mm. Flat square grids were used to extract the ion beam.  The geometric parameters are shown in Table 1. This geometry was designed using a numerical analysis code developed by Arakawa et al.15 The grid is made of molybdenum and a mica sheet is used as an isolator between the two grids. The gap between the grids is 0.25 mm and the ion beam diameter is 14 mm. The ion source consists of a magnetic circuit, which has four Samarium Cobalt (Sm-Co) permanent magnets and iron yokes. The magnetic field profile of this engine is shown in Fig.2. Three types of antenna- star, disc, and cross, are used, as shown in Fig. 3. The circumference of the disc antenna contacts with the ECR layer, so that good microwave-to-electron energy transfer is expected, though it has the largest surface area among three. The cross has the smallest surface area among three, though it has the narrowest contact with the ECR layer. The star antenna has small surface area and wide contact with the ECR layer.  All of the antennas are inscribed in a 9 mm diameter circle and are made of molybdenum. They are 1 mm thick. The antenna lifetime of this engine may not be an important challenge, since the neutralizer adopted in HAYABUSA has an antenna and demonstrated lifetime in excess of 14,000 hrs. The tip of the antenna is inserted into the magnetic tube formed by the magnetic circuit as shown in Fig. 2. Microwave power at 2.45 GHz was fed through a coaxial line and into an antenna. A DC block with a loss of 0.43 dB at 2.45 GHz was inserted to protect the microwave amplifier, as shown in Fig. 4. The screen grid and ion source were biased to +1,500 V with respect to ground and the acceleration grid was set to -300 V.  The extracted ion beam was estimated as the current through the screen power supply minus the current through the accelerator power supply. The validity of this method was shown in our previous study. 13 A neutralizer was not used in this study, as there is little difference between the extracted ion beam current without a neutralizer and that with a filament neutralizer (
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= 0.2 mm×100 mm, 2% thoriated tungsten). There are several candidates for the neutralizer of this engine, including a field emission cathode,16,17 a filament cathode, a internal conduction cathode,18 and a microwave discharge cathode.19 A miniature microwave discharge neutralizer is under development, although it has thus far shown poor performance,12 with an electron current of 15 mA for Pn =10 W and  Ar mass flow rate = 0.003 mg/s.  
Pure xenon gas (99.999% pure) was used as the propellant. A thermal mass flow controller (full scale = 3 sccm) with a flow accuracy of 
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F.S. was used. A 0.6 m diameter by 1 m long vacuum chamber was used in the experiments. The pumping system comprised a cryo-pump and a turbo molecular pump. The background pressure was maintained below 1.2 × 10-3 Pa for most of the operating conditions.
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Fig. 1
Cross-section of miniature ion engine developed at Kyushu University.
Table 1 Grid parameters

	Parameter
	Screen
	Acceleration

	Open area ratio, %
	51
	15

	Hole diameter, mm
	0.90
	0.48

	Potential, V
	1500
	-300

	Thickness, mm
	0.30

	Hole pitch, mm
	1.20

	Material 
	molybdenum

	Grid gap, mm
	0.25

	Number of holes
	121
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Fig. 2  Magnetic field profile of miniature ion engine.
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(a)                            (b)                           (c)  

Fig. 3 Photos of antennas.
(a) star (b) disc (c) cross
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Fig. 4 Schematic of electric circuit.
Results and Discussion 
In order to evaluate the performance of the ion engine, ion beam production cost, εc, propellant utilization,ηu , thrust, F, specific impulse, Isp, and thrust efficiency, ηt are defined as,
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Considering the exhaust-beam divergence and the effect of doubly charged ion,  γT is defined as 
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α and θb are assumed to be 0.15 and 10 degrees,20, 21 respectively. Thus, in this study, γT is estimated as 
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 and Pn are estimated as  0.003 mg/s and 10 W, respectively.
Figure 5 shows the relation between incident microwave power and ion beam current for the three antenna configurations. For Pi =10 W, the ion beam currents of the disc, star, and cross configurations are 5.4 mA, 5.0 mA, and 4.5 mA, respectively. That is, the ion beam current of the disc antenna is the largest among the three configurations and that of the cross antenna is the smallest for 
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=0.01 mg/s. On the other hand, for Pi =14 W, and 
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=0.029 mg/s, the ion beam currents of the disc, star, and cross are 11.3 mA, 13.1 mA, and 12.6 mA, respectively. That is, for 
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=0.020 mg/s or 
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=0.029 mg/s, the ion beam current of the star antenna is the largest among the three configurations and that of the disc antenna is the smallest. This reversal is due to the tradeoff between the coupling of plasma with microwave and the surface recombination on the antenna: the disc antenna has the widest contact with the ECR layer, where the microwave power is absorbed efficiently, 22 and it has the largest surface area among three, where the loss of ions and electrons occurs, as shown in Table 2. Therefore, under low mass flow rate, with low plasma density, the effect of good coupling with plasma exceeds the effect of large losses on the antenna surface. On the other hand, under high mass flow rate, the effect of large losses on the antenna surface exceeds the effect of good coupling with plasma.  Figure 6 shows the reflection coefficient in terms of power for the three antennas. Reflection coefficient is defined as Pr / Pi.  For Pi =10 W, the reflection coefficient of the disc, star, and cross antennae are 0.026, 0.035, and 0.040, respectively. That is, the reflection coefficient of the disc antenna is the smallest among the three and that of the cross antenna is the largest. This tendency can be seen for three flow rates. These results showed that the plasma-microwave coupling of the disc antenna is the best of all and that of the cross is the worst, as mentioned above. 
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Fig. 5 Engine performance for different levels of ion production .

(a) 
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Vb = 1,500 V
Table 2 Antenna parameters
	
	Disc
	Star
	Cross

	Surface area, mm2
	64
	35
	24

	Number of points in contact with ECR layer 
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	6
	4
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Fig. 6  Reflection coefficient in terms of power for three antennas.
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Figure 7 shows the engine performance of the star antenna for three flow rates. The propellant utilization decreases with an increase in mass flow rate for a given level of power, since specific energy decreases with an increase in mass flow rate. Though ion beam production cost decreases with an increase in propellant utilization below 0.4 for at 
[image: image37.wmf]m

&

=0.01 mg/s, this would be due to the low microwave-plasma coupling. Indeed, the reflection coefficient in power is 0.095 in this condition. The thrust performance of the miniature ion engine, that is, 
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 are 0.56, 1,000 W/A, 0.56 mN, 2.5×103 sec and 0.21, respectively at 
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=0.02 mg/s, and Pi = 10 W. For practical applications, some improvement in the performance of the ion engine and drastic improvement of the neutralizer are needed. In addition, lightweight, efficient microwave power supplies are also required for practical use. 
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Fig. 7  Engine performance of star antenna for three flow rates. 
Vb = 1,500 V, 
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=0.003 mg/s, Pn =10 W
Conclusion

The effects of antenna configuration on the thrust performance of a 30 W class miniature microwave discharge ion engine were investigated. The ion beam currents were measured for three different antenna configurations: disc, star, and cross. The results showed that the optimum antenna shape depends on the desired mass flow level because of the trade off between microwave-plasma coupling efficiency and surface area recombination. For the configurations tested, the disc antenna is the best at low mass flow whereas the star is the best at high mass flow. Overall, the thruster performance, propellant utilization efficiency, ion beam production cost, estimated thrust, estimated specific impulse and estimated thrust efficiency are 0.56, 1,000 W/A, 0.56 mN, 2,500 sec and 0.21, respectively, at 
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=0.020 mg/s, and Pi = 10 W.  
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