Plasma Diagnostics of the p10 ECR Ion Thruster
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In order to reveal the physical processes taking place within the ECR ion thruster “ p10 ”,
internal plasma diagnosis is indispensable. However, the ability of metallic probes to access
microwave plasmas biased at a high voltage is limited from the standpoints of he disturbance
created in the electric field and electrical isolation. This study demonstrates two kinds of
plasma parameter measurements using optical fibers. Firstly, an optical fiber probe is a
single-mode optical fiber. It is used to guide laser into the discharge chamber in the
measurement of Xe I by the laser absorption spectroscopy. The other is an EO probe to
measure the electric field of microwaves. From the both results, it can be deduced that there
is plasma in the waveguide in the propellant injection from a waveguide. To improve the
thrust force, it is important to suppress the electron in the waveguide.

I. Introduction

he electron cyclotron resonance (ECR) ion thruster “p10”" was first demonstrated in space onboard the Japanese

asteroid explorer HAYABUSA, which was launched on May 9, 2003 and returned to Earth on June 13, 2010.
Based on the success of the mission, the n10 thruster is scheduled to be used in the HAYABUSA?2 spacecraft bound
for another asteroid, and to be commercialized for use in geosynchronous satellites. For these spacecraft, several
improvements were made to the 10 thruster. >
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However, there was no room to increase the ion beam current by increasing the microwave power. > In addition,
two modes—low-beam current mode and high-beam current mode—have been identified in pl0 operation. * In
order to make further improvements to the pu10 thruster and to clarify the two modes, internal plasma diagnoses with
spatial resolution in the ion beam acceleration state is necessary. The Langmuir probe is a well-developed technique
used to measure local plasma, although it disturbs the microwave electromagnetic field. Optical techniques such as
laser absorption spectroscopy yield information integrated with respect to the line of sight without spatial resolution
in depth, which may be improved by means of an Abel conversion using a great deal of tomography data.

Plasma states in the plasma source under beam acceleration and at the time of plasma ignition are different, even
under conditions of the same microwave power and gas flow rate. Beam acceleration ejects gas to the outside so that
the gas pressure in the plasma source is lower than that at the time of plasma ignition. The best way to investigate
the physics of ion engines is to measure plasma under beam acceleration, although ignited plasma at a reduced gas
flow rate might be used to simulate the plasma state under beam acceleration.”

In this paper, two novel methods are conducted in order to measure plasma parameters. One is the number
density distribution measurement of Xe I 828.01 nm in plasma using a slender optical fiber adopting laser absorption
spectroscopy.”’ The other is the microwave electric field measurement using a polarization-maintaining optical fiber
attached with Electro-Optic (EO) element.’®

Compared with metallic probes such as the Langmuir probe, the use of optical fibers has the following merits:

1. It creates little disturbance in the microwave electromagnetic field because it is a dielectric material.

2. It can be used in high-voltage plasma because it is an insulator.

As well as the metallic probes, the optical fiber probe can endure high temperature and realize nondestructive
monitoring of plasma measurements inside plasma sources by insertion through a grid aperture in an ion
accelerating state. Moreover the optical fiber can be easily traversed, which gives us information on local plasma.
This paper will clarify the difference of two modes and the mechanism of the improvements of the thrust force by
the measurements.

II.  Experiment

A. The ECR p10 Ion Thruster

A schematic of the ECR ion thruster p10 is shown in Fig. 1. The ECR ion thruster n10 basically consists of a
waveguide, a discharge chamber, a three-grid system and a neutralizer. Additionally, there is a microwave antenna
and a propellant inlet at one end of the waveguide. The other end of the waveguide is connected to the discharge
chamber (right side in Fig. 1) A microwave with a frequency of 4.25 GHz is transmitted through the waveguide to
the discharge chamber. In the discharge chamber there are two rings of samarium-cobalt magnets. A propellant,
Xenon, is injected via the inlets and flows into the discharge chamber. In the discharge chamber, electrons are
accelerated by a mirror magnetic field and ECR heating. By subsequent electron-neutral and electron-ion collisions,
ECR plasma is formed. The thrust force of the pl0 thruster was improved by changing the propellant injection
location. In the flight model of HAYABUSA, it located at the end of the waveguide. In the improved model, it is
also opened in the discharge chamber, and the propellant is distributed at the ratio of 1 to 2 between the waveguide
inlet and the discharge chamber inlets. A summary of the operational conditions is shown in Table 1.

Table 1. The Specifications of the improved p10.

Beam diameter (mm) 105
Microwave frequency ( GHz) 4.25
Screen voltage (V) 1500
Accelerator voltage (V) -350
Decelerator and neutralizer voltage (V) ~-30
Thrust force (mN) 10.1
Beam current (mA) 170
Specific impulse (sec) 3160
Mass utilization efficiency (%) 85
Ion production cost (eV) 200
Nominal Xenon flow rate (sccm) 2.70
Microwave power (W) 34
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Fig. 1. The schematic of the u10 microwave ion thruster.
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Fig. 2. The experimental setup for laser absorption spectroscopy. P.D. stands for “photo detector,” and ECD for
“external cavity diode.”

B. Number density distribution measurement of Xe I 828.01 nm using optical fiber probe

The experimental setup for laser absorption spectroscopy is shown in Fig. 2. A probe on a highly accurate linear
stage is automatically inserted in the plasma source through the center aperture of the grid system. At the end of the
waveguide is a condenser lens, which is connected to a photo detector via a multi-mode optical fiber inside a
vacuum chamber. A data logger records the signal from the photo detector and etalon. As the fiber moves into the
plasma source, the length of the laser path becomes shorter, which changes the area of the absorption spectra. The
number density distribution is obtained by differentiating the neighboring absorption areas. The experimental
conditions are listed in Table 2.

Table 2. The experimental conditions for laser absorption spectroscopy.

Propellant flow rates (sccm) WG1,2,3
DC2,3,4
Measurement points (cm) 0--14
Sweeping frequency of wavelenght (Hz) 50
Number of samples 100
3
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C. Electric field measurement using EO probe

The experimental setup for the electric field measurements is shown in Fig. 3. In the vacuum chamber, the EO

probe is installed in a silica glass tube of 3 mm diameter, which is mounted on a linear stage and a rotary stage
positioned by stepping motors. The probe is remotely inserted in the discharge chamber through the center aperture
of the grid system. The measurement interval is 1 cm. The rotational angle is adjusted so that the measurement
direction of the EO probe is parallel to the longitudinal direction of the dipole antenna, where the maximum electric
field is detected.
Outside the vacuum chamber, a laser diode (LD), a polarization controller, a photodiode (PD), and a spectrum
analyzer are set. The polarization controller comprises a polarizer, a circulator, half and quarter-wave plates (WPs),
and an analyzer. The light wave emitted from the LD is polarized linearly by the polarizer, inputted into the PMF,
and reaches the tip of the probe through the circulator. The light wave makes a round-trip pass through the EO
crystal via reflection by the dielectric reflector and the polarization of the lightwave changes in proportion to the
microwave electric field along the measurement direction. The polarization-changed light is returned to the
polarization controller and converted to linearly polarized light with the analyzer. That is, the lightwave is intensity-
modulated by the microwave electric field. The intensity-modulated light is detected and converted to an electric
signal by the PD. The amplitude and phase of the electric signal are proportional to those of the microwave electric
field, and the frequency of the electric signal is the same with that of the microwave electric field. As a microwave
signal is input to the Ion Thruster at a frequency of 4.25 GHz, the spectrum analyzer displays the spectrum with the
intensity proportional to that of the measured microwave electric field at a frequency of 4.25 GHz.

The EO probe is calibrated using a rectangular waveguide with a cross section of 2.0x4.0 cm®. The waveguide is
connected by a coaxial-waveguide converter at one end and terminated by a dummy load at the other end. The
waveguide produces a traveling-wave. The EO probe is set on the center axis of the waveguide where the electric
field intensity is maximal. The output of the EO probe displayed on the spectrum analyzer is calibrated by the
theoretical electric field intensity in the waveguide at a known microwave power.

A schematic of the cooling system is shown in Fig. 4. The cooling system consists of a silica glass tube of 3 mm
diameter, a Pyrex glass tube of 1.8 mm diameter, a PTFE tube for piping of 1/4 inch diameter, and a fine Teflon tube
to introduce cooling air. The EO probe is set inside the Pyrex glass tube, which maintains the probe in a horizontal
position and prevents its vibration by high-pressure air. One end of the 1/4-inch PTFE tube is connected to the silica
glass tube and the other end is led to the outside of the vacuum chamber through a feed through of a flange. The 1/4-
inch PTFE tube has a length of 1.5 m. One end of the fine PTFE tube is inserted in the silica glass tube and the other
end is connected to a high-pressure air source in atmosphere. An optical fiber attached to the EO crystal leads to the
outside of the vacuum chamber through the 1/4-inch PTFE tube and is connected to the optical devices and the
spectrum analyzer. High-pressure air from the air source is introduced into the glass tube through the fine PTFE tube
and cools the EO probe. Then, cooling gas is exhausted to the outside of the chamber through the 1/4-inch PTFE
tube. The EO probe inside the Pyrex glass tube fixed in the silica glass tube can be adjusted in position and sensitive
direction by a linear and a rotary stage. In addition, because the accelerated plasma from the ion thruster directly hits
and heats the tube coupling and the rotary stage, a beam barrier is set between the ion source and the cooling system.
The cooling system keeps the air temperature around the EO probe at around 25 degrees Celsius even under beam
acceleration, allowing measurement of the electric field in the accelerated plasma with the same accuracy as in
atmosphere.
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Fig. 4. The schematic of cooling system for electric field measurement in the accelerated plasma. The air
temperature around the EO probe is kept at around 25 degrees Celsius.

III.  Experimental results and discussion

A. Number density measurement of Xe I 828.01 nm using optical fiber

The number density distribution of Xe I 828.01 nm is shown in Fig. 5. In the measurement of Xe I 828.01 nm, the
highest absorption was less than 2%. Compared with Xe I 823.16 nm which has about 90% of absorption,” the accuracy of
zero line significantly affects the result of the number density distribution, which resulted in the decrease of its spatial
resolution from 1 cm to 2 cm. Even in the 2 cm spatial resolution, the error bar for the zero line is bigger than the
measurement of Xe I 823.16 nm. Moreover, at the propellant flow rate of 1.00 sccm from the waveguide inlet and 2.00
sccm from the discharge chamber inlets, the absorption was less than 0.1%. And it was impossible to detect with the
current experimental setup. When the propellant was injected from the waveguide inlet, the highest values were recorded
in the waveguide, which were 7.9x10"> m™ at the propellant flow rate of 3.00 sccm and 1.3x10'° m™ at 4.00 sccm. In the
case where propellant was injected from the discharge chamber inlets, there existed the maximum number densities in the
discharge chamber. At the propellant flow rates of 3.00 sccm and 4.00 sccm, the maximum values are 6.8x10"° m™ and
1.5x10" m” respectively in the discharge chamber. The lifetime of Xe I 828.01 nm is reported to be 1-10 ps,”® and the
excited particle is estimated to be movable about 0.5-5 mm under the assumption that the density of neutral particles is
10" m™ and that the thermal velocity is 1000 K. The particles are excited and quickly decayed at almost the same location.
Therefore, the peak of Xe I 828.01 nm in the waveguide indicates that there exists the peak of electron density. The
location from 7 cm to 9 cm from the screen grid is matched with the anti-node of the stationary microwave. However,
electrons are not accelerated to 8.44 eV only by microwaves in the waveguide. It is therefore assumed that the electrons
come from the ECR region in the discharge chamber along with the magnetic lines.
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Fig. 5. The distribution of number densities of Xe I 828.01 nm in the p10 thruster. The left figure shows the distribution
at the propellant flow rates of 1.00, 2.00, and 3.00 sccm from the waveguide inlet, and the right figure shows the
distribution at the propellant flow rates of 3.00 and 4.00 sccm from the discharge chamber inlets. At the propellant flow
rate of 2.00 sccm from the discharge chamber inlets, no absorption was recorded. The error bar derives from the
accuracy of the zero line of the absorption spectrum.

B. Electric field measurement using EO probe

The oscillating electric field distribution parallel to the dipole antenna along the centerline of the plasma source was
measured with respect to the propellant flow rate, shown in Fig. 6. This measurement was conducted under beam
acceleration. In the accelerated plasma source, the cooling system kept the air temperature around the EO probe at around
25 degrees Celsius, so the measurement accuracy was the same as in atmosphere. The distribution of the electric field with
plasma is completely different from that without plasma (0 sccm).

The above figure of Fig. 6 shows the result when the propellant was injected from the waveguide inlet. At a propellant
flow rate of 1.00 sccm, before the beam current saturation, the electric field intensity is relatively low compared with that
for other flow rates, especially in the waveguide. At propellant flow rates more than 2.00 sccm from the waveguide inlet,
after the beam current saturation, the electric field intensity in the waveguide saturates.

The bottom figure shows the result when the propellant was injected from the discharge chamber inlets. By the
propellant flow rates increased to 2.4 sccm, the intensity of electric field was suppressed in the waveguide. This
result indicates the propellant injection from the discharge chamber inlets is effective not to produce the peak of the
electric field of the microwave in the waveguide.

Fig. 6 shows that there are clear differences in the electric field distribution before and after the beam current
saturation. This result indicates that the electric field distribution inside the thruster is related to the beam current
and changes in the electric field distribution may cause the beam current to stall. The electric field intensity at the
centerline cannot be directly connected to the whole beam current of the discharge chamber. In order to examine the
mechanism further, we need to measure the overall profile of the electric field inside the discharge chamber. In
particular, the electric field intensity at the ECR area plays a critical role in electron heating and its measurement is
very important for understanding the physics of the microwave discharge plasma. However, such a detailed
measurement is beyond the scope of this study which is to verify a new method to measure microwave discharge
plasma.
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Fig. 6. The electric field distribution oscillating parallel to the dipole antenna along the centerline of the ion thruster.
The left figure shows the result when the propellant was injected from the waveguide inlet, the right shows when the
propellant was injected from the discharge chamber inlets.

IV. Conclusion

In this study, the two plasma parameter measurements of the microwave ion thruster n10 were conducted utilizing
optical fiber probes. The measurements made it possible to measure plasma parameters of microwave ion sources
under ion beam acceleration.

Firstly, it was turned out that the non-metastable Xe I 828.01 nm was distributed with a 1
magnitude of number densities. The highest densities were recorded in the waveguide when the propellant was
injected from the waveguide inlet. It implied that the excitation collisions of electrons with neutral particles occurred
most at the anti-node of microwave in the waveguide.

Secondly, the microwave electric field measurement with an EO probe revealed that the intensity of the electric
field in the waveguide abnormally increased at the propellant flow rate of 2.00 sccm from the waveguide inlet. Once
it happened, the microwave started reflecting, which resulted in the saturation of the beam current.

Regarding the above two plasma diagnoses, it can be concluded that the electron density in the waveguide possibly
reached the cut-off density at the propellant flow rate of over 2.00 sccm from the waveguide inlet. As a consequence,
to improve the thrust force of the nu10 thruster, it is highly important to suppress the plasma in the waveguide.
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