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Abstract: In order to improve the thrust performance of a miniature microwave discharge 
ion thruster, plasma properties were measured by means of laser Thomson scattering for 
understanding the physics in the discharge chamber in the thruster. A photon counting method and 
a triple grating spectrometer were used against a small Thomson scattering signal and a strong 
stray laser light. Dependence of plasma density on operational conditions, mass flow rate, incident 
microwave power and magnetic field strength were investigated. Electron number density 
increased with mass flow rate and was saturated at critical mass flow rate; it was about 1.2×1018 
m-3 at mass flow rate > 0.037 mg/s for incident microwave of 16 W. On the other hand, electron 
temperature decreased with mass flow rate. Number density increased with incident microwave 
power and was saturated at critical incident power. The electron temperature gradually increased 
with an increase in the number of magnets, i.e., magnetic field strength. There was a sudden jump 
at thirteen magnets, although the thruster failed to ignite at fourteen magnets. These results 
suggest that future improvement in thrust performance may come from the fine adjustment of the 
magnetic field configuration inside the discharge chamber. 

Nomenclature 

e =  elementary electric charge 
Ib =  ion beam current 
k =  Boltzmann constant 
m  =  mass flow rate 
mi =  ion mass 
Ne =  electron number density 
Nmag =  number of magnets 
Pi =  incident microwave power 
S =  beam extract area 
Te =  electron temperature 
ε =  quantum efficiency 
λ =  laser wavelength 
Δλ =  wavelength difference from laser wavelength 

                                                        
1 Assistant Professor, Department of Advanced Energy Engineering Science, yamamoto@aees.kyushu-u.ac.jp. 
2 Graduate student, Department of Advanced Energy Engineering Science, kurita@aees.kyushu-u.ac.jp 
3 Assistant Professor, Department of Applied Science for Electronics and Materials, tomita@ence.kyushu-u.ac.jp 
4 Professor, Department of Applied Science for Electronics and Materials, uchino@ence.kyushu-u.ac.jp 
5 Professor, Department of Advanced Energy Engineering Science, nakashima@aees.kyushu-u.ac.jp 



 
The 31st International Electric Propulsion Conference, University of Michigan, USA 

September 20 – 24, 2009 
 

2 

I. Introduction 

he demand for mN class miniature propulsion systems for small satellites is expected to grow in the future,1 due 
to their relatively low cost and short development time, among other reasons.2-4 Until recently, size restrictions 

have limited the capacity of the available propulsion systems, and this has restricted the capability of small satellites.  
One of the candidates for mN class miniature propulsion systems is a miniature ion thruster, since an ion thruster 
produces high thrust efficiency (over 50%) with a specific impulse of 3,000-8,000 sec. 5-7 

Several studies have been conducted on the miniature ion thruster.8-11 Wirz showed good performance of a 30 
mm Miniature Xenon Ion (MiXI) thruster,8 that is, the thrust and the thrust efficiency were 1.5 mN and 0.56, for 43 
W of input power and 0.05 mg/s of mass flow rate, m . 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.9, 10  

Therefore, we have developed a miniature microwave discharge ion thruster. The thrust performance of our ion 
thruster, that is, thrust and thrust efficiency, are 0.79 mN and 0.57, respectively at xenon m  = 0.018 mg/s and input 
power of 28 W (incident microwave power, Pi, of 8 W). This performance is competitive with that of the thruster 
developed by Wirz, which has hither to shown the best performance in this class of miniature thruster. In addition, 
for Pi=16 W, xenon m  =0.036 mg/s and beam voltage of 1,500 V, the ion beam current density in the vicinity of the 
grids for the previous condition is 120 A/m2, which is about four times larger than that of the ion engine developed 
at NASA.6 Thus, the plasma density in the discharge chamber would be higher, which is a great advantage for 
application to small satellites. For practical applications, some improvement in the thrust performance will still be 
required.  

In order to improve the thrust performance and to design an appropriate grid system, investigation of the 
relationship between electron number density, Ne, and electron energy distribution function (EEDF) (electron 
temperature, Te) in the discharge chamber and thruster operational configuration is essential for understanding the 
physics in the discharge chamber. Furthermore, this information will play an important role in the validation of the 
numerical models for estimation of the life expectancy of the ion thruster.12 Until now, however, the plasma 
properties inside the miniature ion thruster have been measured primarily by means of intrusive methods, such as 
electrostatic probes, which tend to disturb the plasma. 

Therefore, the aim of this study is to investigate the dependency of plasma properties in the discharge chamber 
on operational conditions, incident microwave power, mass flow rate and magnetic field strength by laser Thomson 
scattering (LTS). LTS is a nonintrusive method for a measurement of plasma properties. In the incoherent regime, 
the scattered spectrum reflects the Doppler motion of individual electrons, and the scattered intensity is proportional 
to Ne. This method was developed to measure plasma properties in high temperature plasma having Ne > 1019 m-3. 13-

16 During the last decade, its applicability has been extended to lower density plasma, with densities of less than 1016 
m-3, by a signal accumulation technique.14 This technique allows us to apply LTS to the plasma produced in the 
miniature microwave ion thruster.  

II. Experimental equipment 

A. Microwave discharge ion thruster 
The cross section of a 30 W class miniature microwave discharge ion thruster is shown in figure 1. The inner 

diameter is 21 mm and the size of the thruster is 50 mm×50 mm×30 mm. The ion source consists of an antenna and 
a magnetic circuit, which is made up of several samarium cobalt (Sm-Co) permanent magnets and iron yokes. The 
magnetic field strength inside the discharge chamber can be changed by changing the number of the permanent 
magnets, Nmag. The magnetic mirrors are located at the tip of a front yoke and the tip of a central yoke, as shown in 
figure.2. Microwave power at 2.45 GHz is fed through a coaxial line and into the antenna. A star antenna is used, 
since it showed good performance in previous studies.10, 17 The antenna is inscribed in a 9 mm diameter circle and is 
made of molybdenum. The thickness of the antenna is 1 mm.  

In this study, the ion beam was not extracted. Instead of grids, an orifice (=8 mm) is used in order to produce 
almost the same pressure as in the case of ion beam extraction from the plasma, assuming propellant utilization of 
0.7 and a ratio of the doubly charged ion current to the singly charged ion current of 0.15; the conductance of the 
orifice is about three times larger than that of the grids. For the LTS measurements, krypton, rather than xenon, is 
used as a working gas. A previous study showed that the laser induced some perturbation on the xenon plasma.18 
This is due to photo-ionization of excited xenon atoms; xenon atoms at the excited state (ionization potential 12.1 
eV) are ionized by the laser (wavelength 532 nm and photon energy 2.3 eV), while no effect is observed for krypton 
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plasma. A thermal mass flow controller was used. The flow rate error is less than 5% for most of the conditions. A 
0.3 m diameter by 0.4 m long vacuum chamber was used in the experiments. The pumping system comprised a 
turbo molecular pump. The background pressure was maintained below 5.0 × 10-2 Pa for most of the operating 
conditions. 
 

B. Thomson scattering measurement system 

Figure 3 shows the experimental setup for LTS 
measurements on the miniature microwave discharge ion 
thruster. The scattering light inside the discharge 
chamber is collected through a hole (=3 mm) and the 
laser beam go pass through two small holes (
The = 3 mm hole is positioned at  an  angle of 90 
degree to the laser pass.   

The light source is the second harmonic beam of an 
Nd:YAG laser having a wavelength of 532 nm with an 
energy of 180 mJ, a repetition rate of 10 Hz, a pulse 
width of 6 ns and a beam divergence of 0.6 mrad. The 
measurement points are 4 mm downstream of the 
antenna on the z axis. One is on the thruster axis and the 
other is 6 mm off the axis, as shown in figure. 3.   The 
laser beam is focused at a distance of 4 mm from the tip 
of the microwave discharge antenna through a focusing 
lens (f=300 mm). The size of the focal spot was 
estimated as 0.08 mm in diameter, by observing the 
spatial profile of Rayleigh scattering from 40 kPa air gas. 
Scattered light from the plasma is focused onto the 
entrance slit of the triple grating spectrometer (TGS) 
with two achromatic lenses of f = 350 mm and f = 250 
mm. The scattering volume is 0.08×0.08×1 mm3, as 
determined by the laser beam size, the slit width and the 
slit height, respectively. The solid angle of observation is 
about 0.025 sr. Strong stray light is generated from the 
surface of the components, due to the small size of 
discharge chamber, and the LTS signals are 
overwhelmed by it.  In order to reduce stray light, the 

 
Figure 3. Experimental setup of LTS measurements 

on the miniature microwave discharge ion thruster.  

(a) front view  (b) side view. 

 

Figure 1. Cross section of a miniature microwave                Figure 2. Magnetic field profile of a miniature 

discharge ion thruster developed at Kyushu University.     microwave discharge ion  thruster developed 

                                                                                                     at Kyushu university, with twelve magnets. 
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discharge chamber wall was made of carbon and TGS was used. The scattered light is dispersed by passing through 
the TGS, and is detected by a photomultiplier tube (PMT). The TGS used in this experiment could reduce stray light 
around 10-8 at the wavelength of 2 nm from the probing laser, where the LTS signal is observed. 

The estimated Thomson scattered photon number is so small that we used a photon counting method. The 
detected Thomson scattered signals were analyzed by a photon counter after more than 5000 laser shots had been 
accumulated. The data accumulation process technique, taking advantage of the DC or repetitive operation of some 
discharges, was first suggested for lowering the limiting electron densities by Sakoda et al.. 19 

III. Results and Discussion 

Figure 4(a) shows the dependence of Ne and Te on m   at the off-axis position for incident microwave power of 
16 W and number of magnets of twelve. Te decrease with mass flow rate, that is, Te at m  =0.012 mg/s and 0.05 
mg/s is 8.2 eV and 4.6 eV, respectively. This can be explained as follows. Trapped electrons gain energy from the 
microwaves when they go through the electron cyclotron resonance (ECR) layer while bouncing between magnetic 
mirrors, as shown in figure 2. Thus, electrons at the off-axis position are energized by the microwaves less times 
with an increase in mass flow rate, i.e., increase in pressure inside the discharge chamber, since they go through the 
ECR layer less times, until they finally lose energy by collision with neutral atoms. Since the mean free path of the 
electrons decreases with an increase in the pressure inside the chamber. We see the same tendency at the on-axis 
position, as shown in Fig. 4(b).  

 Ne at both position increases with an increase in mass flow rate and saturates at m > 0.04 mg/s.  This is due to 
the increase in the number density of neutral atoms in the discharge chamber and increasing ionization. The 
saturation of the Ne is due to the decrease in Te. The only exception is the condition at the on-axis position for m  = 
0.012 mg/s, and this is due to the high electron temperature, 7 eV. These results suggest that too much mass flow 
rate should not contribute the increase in ion beam current, that is, the improvement in the thrust performance of this 
thruster. 

Te at m  =0.012 mg/s at the on-axis and off-axis 
positions is 8.6 eV and 7.0 eV, respectively. We see the 
same tendency as above in all the mass flow rates tested. 
That is, Te at off-axis is higher than at on-axis. These 
results showed the proof that electrons gain energy from 
the microwaves on the ECR layer between magnetic 
mirrors, as mentioned above. Thus, the magnetic 
configuration should affect the thrust performance of this 
thruster. 

  Figure 5 shows the relation between number density 
and incident microwave power at m  =0.025 mg/s for 
two positions, on-axis and off-axis. With an increase 
in Pi, Ne increased but saturated beyond critical 
microwave power, in this case, 8 W at both position. 
This means that too much incident microwave power 

0

0.5

1

1.5

0

2

4

6

8

10

0 0.01 0.02 0.03 0.04 0.05 0.06

Number density
Electron temperature

N
um

be
r d

en
si

ty
, 1

018
m

-3

El
ec

tro
n 

te
m

pe
ra

tu
re

, e
V

Mass flow rate, mg/s
   

0

0.5

1

1.5

2

0

2

4

6

8

10

0 0.01 0.02 0.03 0.04 0.05 0.06

Number density
Electron temperature

N
um

be
r d

en
si

ty
, 1

018
m

-3

El
ec

tro
n 

te
m

pe
ra

tu
re

, e
V

Mass flow rate, mg/s
 

(a)                                                                                          (b) 

Figure 4. Relation between electron number density/temperature and mass flow rate (a)at the off-axis 

position, (b) on-axis position.  
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results in an increase in loss.  Ne at the on-axis position is 
higher than that at the off-axis position for all mass flow rates; 
1.30.3×1018 m-3 on-axis position, and 1.1×1018 m-3  off-axis 
for Pi =8 W. These results show that the loss of plasma is 
primarily due to the recombination on the wall surface, not in 
the whole volume of the discharge chamber, and that 
ionization is occurring in the whole volume of the discharge 
chamber. Therefore, Ne at the on-axis position, that is, the 
furthest position from the wall, is larger than that at the off-
axis position, even if Te is smaller.  

Figure 6(a) shows the relation between number density 
and magnetic field strength for two positions at m  =0.025 
mg/s. The magnetic field strength inside the discharge 
chamber was changed by changing Nmag. The plasma was not 
ignited at Nmag = 14. The electron density at the on-axis 
position decreases with an increase in number of magnets, that 
is, magnetic field strength in the discharge chamber. On the 
other hand, the electron density at the off-axis position 
increases with an increase in magnetic field strength. This is 
due to energetic electrons trapped in the region between 
magnetic mirrors as mentioned above, therefore less electrons diffuse to the on-axis region. It is interesting that 
number density at off-axis position suddenly jump at Nmag = 13. This is due to the electron temperature jump. Figure 
7 shows the magnetic field profile for various numbers of magnets (calculated using QuickField 3.4 [22], Tera 
Analysis Co.). The antenna does not overlap the ECR layer at Nmag =13, as shown in figure.9, while it does overlap 
the ECR layer at Nmag   12; this  would lead to a decrease in loss on the antenna, and leads to an increase in Ne and 
Te. When Nmag =14, however the plasma was not ignited, since the ECR layer at Nmag =14 is too far away from the 
antenna, which generates an electric field on the ECR layer.  Therefore, there is an adequate distance between the 
antenna and the ECR layer. 

IV. Conclusion 

Laser Thomson scattering technique should contribute to the improvement in electric propulsion, ion 
thrusters, Hall thrusters, and other thrusters, as a powerful tool for understanding the physics of these 
propulsions. The demonstrated LTS measurements probed the plasma properties of a 30 W class 
miniature microwave discharge ion thruster; we have investigated the dependence of plasma properties on 
mass flow rate, incident microwave power, and number of permanent magnets.  These results show the 
direction for the improvement in the thrust efficiency in the miniature microwave discharge ion thruster. 
That is, we found that there are critical mass flow rate and incident microwave power. Too much mass 
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Figure 6. Relation between plasma properties and number of magnets for two positions (a)number density, 

(b) electron temperature.  

 
Figure 7. Magnetic field profile for various 

numbers of magnets, (a) Nmag = 10, (b) Nmag = 

12, (c) Nmag = 13, (d) Nmag = 14.  
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flow rate or incident power does not contribute the improvement in the thrust performance. Thus, ion 
thrusters should be operated below this critical mass flow rate and incident microwave power. There is 
also an optimal magnetic field configuration; in this case, the number of magnets is thirteen. Magnetic 
field analysis suggests that the antenna and the ECR layer should not be overlapped, but they should be 
close, since too great distance between the antenna and the ECR layer results in failure of plasma ignition. 
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