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Abstract

This paper describes the modification of the
20mN xenon ion thruster, 13-cm diameter Kaufman-
type, for extending the lifetime from 8,000 hours to
about 20,000 hours and the result of the performance
test and the cyclic life test in progress. The approach
to extend the lifetime is to decrease the discharge
voltage below 35V, which is related to the erosion rate
of the screen grid which is the life limitation factor of
the thruster. The improved thruster with redesigned
parts, shows that Vd is below 35V and better
performance than the ETS-6 FM thruster. The
improved thruster is progressing in the cyclic life test,
in which we intend to accumulate at least 20,000
hours and over 3,750 ON/OFF cycles for confirming
the lifetime of the thruster and obtaining performance
change data for long time operation.

Nomenclature

Ci = beam ion production cost, W/A

Ia = accel grid current, mA

Ib = beam current, mA

Ick = main hollow cathode keeper current, A
Id = discharge current, A

Ink = neutralizer keeper current, A

M = mass of xenon

myyc = main hollow cathode flow rate, SCCM
mype = main propellant feeder flow rate, SCCM
myyc = neutralizer flow rate, SCCM

Ptrs = thruter input power, W

q = electronic charge

T = thrust, mN

Va = accelerator voltage, V

Vb = beam voltage, V

Vck = main hollow cathode keeper voltage, V
Vd = discharge voltage, V

Vnk = neutralizer keeper voltage, V

1, = propellant utillization efficiency, %

1y = thruster efficiency
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Introduction

A xenon ion thruster of Mitsubishi Electric
Corporation (MELCO), 13-cm diameter Kaufinan
type, has been improved for extending the lifetime.

MELCO had developed the Ion Engine
Subsystem (IES) for North-South Station Keeping
(NSSK) control of Engineering Test Satellite 6 (ETS-
6)'" and Communications and Broadcasting
Engineering Test Satellite (COMETS) under the
contract with National Space Development Agency of
Japan (NASDA). ETS-6 was launched in 1994 and
unfortunately failed to be inserted to the planned orbit.
The thrusters of the IES, however, were successfully
operated on orbit and the characteristics of the thruster
agreed with the ground test results. The ETS-6 flight
model (FM) thruster produces about 23.3mN of thrust
at a specific impulse (Isp) of 2,900sec with discharge
voltage (Vd) of 39.9V, and ion production cost (Ci) of
281W/A. The estimated lifetime of the thruster was
about 10000 hours. The lifetime is equivalent to the
required lifetime of the thruster for a geosynchronous
satellite of 2 ton on orbit for 10 years.

We have improved the thruster for extending the
lifetime for a geosynchronous satellite of 3 ton on
orbit for 15 years. The life limitation factor of the
thruster is grid erosion, especially screen grid. The
screen grid erosion depends on the discharge voltage.
The discharge voltage of ETS-6 FM thruster was very
high, about 40V. Our approach to extend the lifetime
of the thruster is to decrease the discharge voltage
below 35V. A 13cm-diameter thruster with ring-cusp
magnetic field is operated at low discharge voltage’.
In this time, however, we tried to modify the thruster
for decreasing the discharge voltage without changing

the distribution of magnetic field in discharge

chamber, that is, with keeping divergent magnetic
field.

Modification of the thruster

Thruster

The photograph and schematic diagram of the
thruster are shown in Fig.1 and Fig.2 respectively. It is
a Kaufman-type thruster. The discharge chamber
employs a main hollow cathode assembly (MHC)
mounted in the cathode chamber which consists of the
baffle and the cathode-pole-piece (CPP). Xenon is fed
to the thruster by a main propellant feeder (MPF). A
magnetic field is produced by 12 poles of permanent
magnets located on the side of the discharge chamber
and on the side of MHC.

A three-grid extraction assembly is used to
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extract, focus and vector the 2149 individual beamlets
that form the thrust beam. The screen and accelerator
grids are dished molybdenum circular plates with
2149 holes and coated by ceramic on surface for anti-
sputtering. The neutralizer hollow cathode assembly
(NHC) is mounted on the side of the discharge
chamber.

Fig.1 The photograph of the thruster

Decel
grid grid grid

_ Fig.2 The schematic diagram of the thruster

Result of the endurance test of ETS-6 thruster®>
The result of the endurance test of ETS-6 model
thrusters is summarized as follows:
1.The thruster was confirmed to have lifetime of about
8,000 hours.
2.The life limitation factor of the thruster is screen
grid erosion. The cross sectional photographs of
each grid after the endurance test are shown in Fig.3.
3.The erosion rate of the screen grid depends on the
discharge voltage. The estimated values of erosion
rate are shown in Table 1.

Grid

; Accelerator
Grid

Screen Grid
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Fig.3 Sectional photographs of grids after the
endurance test’

Table 1. The estimate erosion rate

Molybdenum Ceramic

Vd=40V |56 p m/1000Hrs
Vd=35V |27 » m/1000Hrs

27 p m/1000Hrs
18 1 m/1000Hrs

The screen grid is sputtered by main plasma in
the discharge chamber. When the screen grid
gradually reduces the thickness by sputtering and is
made a hole, high voltage break down frequently
occurs and high voltage cannot be applied the grid
system finally. On the other hand, the accelerator grid
is sputtered by both extracted ions and charge
exchange ions. ETS-6 thrusters endurance test shows
the screen grid erosion influenced the lifetime of the
thruster more than the accelerator grid erosion. As for
accelerator grid the anti-sputtering coating effectively
functions.

ETS-6 EM, on which was mounted the screen
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grid with 40 1 m thick ceramic coat, had lifetime for
about 8000 hours. Therefore, the thickness of ceramic
coating on the screen grid of ETS-6 FM thruster had
been changed from 40 » m to 100 2 m and the
estimated lifetime was over 10000 hours because Vd
was about 40V. If Vd is below 35V, the lifetime of the
screen grid will double, about 20,000 hours.

Redesign

Under the qualitative investigation, we tried to
redesign baffle and CPP to decrease the discharge
voltage and the screen grid to increase the
performance of the thruster.

Baffle & Cathode pole piece

Electron diffusion across magnetic fields
includes effects of both potential and density
gradients®”. Primary electron from a cathode chamber
to a discharge chamber is across magnetic fields at
baffle aperture. Potential gradient is the difference
between the potential at the discharge chamber and at
the cathode chamber. Density gradient is the
difference between the electron density at the
discharge chamber and at the cathode chamber. The
potential at the discharge chamber is related to the
anode potential, that is, discharge voltage. If electron
density at the cathode chamber increases, density
gradient driven electron diffusion will increase and
potential gradient driven electron diffusion will
decrease. Therefore there is possibility that increasing
the density at the cathode chamber leads to decrease
discharge voltage. In order to increase the electron
density at the cathode chamber, we redesigned the
baffle to decrease the baffle aperture area because we
expected increase of xenon neutral density leads to
increase the electron density.

Decreasing discharge voltage, however, leads to
decrease the primary electron energy. A drop in
primary electron energy causes a production rate of
plasma to reduce. The consumption rate of the plasma
must be reduced to maintain the plasma density
because the density of the plasma is decided by the
balance between the production rate and the
consumption rate. It is useful to decrease the surface
area with the cathode potential in the discharge
chamber in order to decrease the consumption rate
of plasma®. Therefore we redesigned the baffle to
decrease the area.

The cathode pole piece was redesigned to fit the
geometry of the redesigned baffle not to affect the
distribution of the magnetic field in the discharge
chamber.

The geometry of two baffles and CPPs are shown in
Fig.4. Bafflel and CPP1 are the same of the ETS-6
FM thruster and Baffle2 and CPP2 are redesigned
ones.
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Bafflel

Baffle2

Fig.4 The shape of baffle and cathode pole piece

Screen grid

The screen grid is bored 2149 holes on a dished
molybdenum circular plate and coated by ceramic on
upstream surface faced to the discharge chamber
plasma. The diameter of the mesh aperture reduces
after ceramic coating because the side walls of the
apertures are coated by ceramic at the same time.
Reduction of the diameter of apertures caused a drop
in the extracted ion beam current. On the other hand
increasing ion beam current is equivalent to extend the
lifetime of the thruster because the total impulse
increases at the same operating time. Therefore, we
manufactured the molybdenum grid without ceramic
coat. The geometry of two screen grids are shown in
Fig.5. Screen 1 is the same of the FM thruster of ETS-
6 and Screen 2 is resigned. The open area fraction of
screen grid 1 and 2 are 0.628 and 0.754 respectively.

- | \ 10, 4
f : ' : 10.1
Ceramic Mo
Screen 1
ST T TT% s
:Mo 7 : zl
Screen 2

Fig.5. Screen grid geometry

Experimental Results and Discussion

Test Configuration

The performance test of the thruster was
performed in Ion Engine Space Chamber at Kamakura
Works of MELCO.

The space chamber at Kamakura Works isa 3 m
in diameter and 5 m in length, and has a cryo-pumping
unit. The thruster can be operated under the ambient
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pressure of 8 X 10 Pa with xenon flow. Ion thruster is
" located in the main chamber, and surrounded by
shroud which is refrigerated by liquid nitrogen. Ion
beam is irradiated on a titanium target plate which is
mounted on the end wall of the chamber.

The thruster is operated using the same Power-
Processing-Unit Beam-Testing-Equipment in ETS-6
thruster development test. The power supply contains
the seven power modules (screen, acceleration,
discharge, two keepers, and two heaters). The power
supply is controlled by a personal computer.

The propellant feed system provides a controlled
flow of xenon to the thruster through three separate
feed lines, one each for the MHC, MPF and NHC.
Each propellant flow rate is independently controlled
by three commercial mass-flow-controllers.

Thruster Configuration

The combination of the parts of the test models
are shown in table 2. Model 1 is equivalent to ETS-6
type thruster. Each model was prepared by
rearranging the parts to the baseline thruster.

Table 2. Test model of the thruster

Model No. | Screen grid Baffle and CPP
1 type 1 type 1
2 type 1 type 2
3 type 2 type 2
Operating Condition

The performance of each model needs to be
compared under the same operating point. The
performance test of each model of thruster was carried
out under the operating point as shown in table 3.

Table 3. Operation points

parameter value

Vb,V 1000

Va, Vv -500

Id, A 3.0, 3.25,3.5,3.75
Ick, A 0.5

Ink, A 0.5 :

mypr, SCCM 5.5,5.75, 6.0, 6.25, 6.5
Mypc, SCCM 1.5, 1.75, 2.0, 2.25, 2.5
MNHC, SCCM 0.6

Performance comparison
Performance parameters are calculated by

following equations. The value of 77, is assumed as
0.93%.

IEPC-99-153
2M
T=mnl, TVI;
‘ ISp= nTﬂu %V'b
7
Ib
MI,

77 =
Y q(Myge F My F M)

T, Isp, Vd and Ci are shown in Fig.6-8
respectively. The figures compare the performance of
three models. The data of Vd and Ci, obtained when
total mass flow rate (myyct+mypr) was 8.0 SCCM is
shown as a typical result. Performance shows a similar
tendency at other mass flow rates.

The main result of the performance test is
summarized as follows:

1.The baffle 2 and CPP 2 effectively decreased the
discharge voltage below about 35V. By the
comparison between Model 1 and Model 2, the drop
in discharge voltage is about 5V.

2.In the model with the redesigned cathode chamber,
there is not very much change in Vd as Id is changed
in the range of 3.0A to 3.75A.

3.Screen grid 2 effectively increased beam current.
Therefore T, Ci and 77, of model 3 was

considerably better than model 2. By the comparison
between Model 2 and Model 3, Ib increases by some
15% and the drop in Ci is about 78 W/A.

Model 3 shows better performance than Model 1
equivalent to ETS-6 model thruster. Typical

performance and operating point of Model 3 are

summarized in Table 4.

856



3250

3000 [

2750 |

2500

Isp [sec]

2250 |

2000

vd V]

1750
15

175 20 225 25
T [mN]

Model 1

3250

3000 |

2750

sec)

‘_'%2500 i
2250 |

2000 |

B mMHCﬂnMPF-7.osccy/
8.25

7.25

RS
7.8 _75

778
9.0
)

RO

! L

1750

175 20 22.5 25
T [mN]

Model 2

3250
3000 |

2750

Isp [sec]
N
W
3
38
T

2250 1

2000 |

mMHCMHM'PF-7.“SCCM?/Ié‘A?A
RS
128
2.5 873
775
L X1
80

R28

1 ! : 1

1750
15

175 20 225 25
T [mN]

Model 3

Fig.6 Isp versus T

|[EPC-99-153

40
Model 1
a8 mMHC/mMPF
=1.5SCCM/6.5SCCM
2.25/5.75
1.75/6.25 25/5.5
% mMHC/mMPF
2.0/6.0 =1.55CCM/6.5SCCM
mMHC/mMPF —
i =1.5SCCM/6.5SCCM *~e—, , Model 3
a—a—at1.75/6.25
2.0/6.0
1.75/6.25 *—*—**‘:F‘<Z
] 25/5.75
32 | Model 2 2060 ¢—y 2.5/5.5
2255.5 .
St
2.5/5.5
30
45 55 65 75 85 95
nulkl
Fig.7 Vd versus 7],
320
2.25/5.75
2.5/5.5
300 mMHC/mMPF
=1.5SCCM/6.5SCCM
Model 1
280
2.0/6.0 >
Vi mMHC/mMPF
z 1.75/6.25 =1.5SCCM/6.5SCCM
2260 2.5/5.5
=
Model 2 dy
225/5.757 /‘ 1.75/6.25
240
2.0/6.0 Model 3
2.5/5.5
220 mMHC/mMPF
2250375 & =1.5SCCM/6.5SCCM
1.75/6.25
200
45 55 65 75 85 95
Nu [%]

Fig.8. Ci versus 77,




Table 4. Typical performance and operating point of

Model 3.
Operating Value
parameter
Vb, V 1000 | 1000 | 1000 | 1000
Ib, mA 468 492 | 511 528
Va, Vv -500 | -500 | -500 | -500
Ia, mA 3.6 3.7 4.1 4.8
vd, VvV 326 | 327 | 328 | 328
Id, A 3.00 | 3.25 | 3.50 | 3.75
Vcek, V 8.7 8.2 7.8 7.4
Ick, A 0.5 0.5 0.5 0.5
Vnk, V 24 24 24 24
Ink, A 0.5 0.5 0.5 0.5
mypr, SCCM 6.5 6.5 6.5 6.5
myyc, SCCM 2.0 2.0 2.0 2.0
Myyc, SCCM 0.6 06 | 0.6 0.6
T, mN 227 | 239 | 248 | 256
n,.% 71 75 78 80
Isp, sec 2606 | 2740 | 2869 | 2940
Ci, W/A 209 216 | 226 | 235
Ptrs, W 584 616 | 644 669
T/Ptrs, mN/KW 39.2 | 39.1 | 38.8 | 38.5
Further work

We decided to evaluate the lifetime of Model 3.
The estimated lifetime of Model 3 is about 18,000
hours because the screen grid is only molybdenum
without ceramic coating. We try to manufacture the
screen grid with ceramic coating on upstream surface
keeping open area fraction, shown in Fig.9. The
estimated lifetime of the thruster with this screen grid,
baffle 2 and CPP 2 is about 20,000 hours.

Thruster Life Test

The cyclic life test of the model 3 thruster is
proceeded. The operational goal and present results
are shown in table 5.

Fig.9. New screen grid

Table 5. Thruster life test goal and present result

Parameter Target Result in Sep. 1999
Total impulse [1.76 X 10°N-sec| 3.29X 10°N-sec
Life time >20,000hours 3951hours
Cycle number |  3,750cycles 767 cycles
Average thrust >22mN 23.ImN
Average Isp >2.200sec 2,524sec
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Model 3 is progressing in the cyclic life test. We .

intend to accumulate at least 20,000 hours and over
3,750 ON/OFF cycles for confirming the lifetime of
the thruster and obtaining performance change data
for long time operation.

The thruster is operated under the operating point
as shown in table 6 in the life test. The operating
parameter except Id will maintain constant. The myc
and mypr are fixed through the life test without
adjustment of the thrust level by changing the ratio of
myuc and mypr such as ETS-6 thruster. T will
decrease in progress and the value of Id will be raised
by steps in order to keep average thrust above 22mN.

Table 6. Operating point in the life test

Parameter

value
Vb, V 1000
Va, V -500
Id, A 3.25,3.5,3.75,4.0
Ick, A 0.5
Ink, A 0.5
Mupr, SCCM | 6.5
Muuc, SCCM | 2.0
Muue, SCCM | 1.0

Performance
The thruster performance data in progress of the
cyclic life test are shown below. T, Vd and Ci are
shown in Fig.10-12 respectively. Id is set the value of
3.25 A through this period. The keeper voltage of
MHC and NHC are shown in Fig.13 and Fig.14
respectively.
The results in progress of the life test are
summarized as follows:

1.The average values of T and Isp are 23.1 mN and
2,524 sec at the operation time of 4,000 hours,
respectively. The decrease of thrust level in this
operation time is smaller than we expected.

2.The value of Vd keeps under 35V although it
gradually rises. Ci gradually rises as Vd rises.

3.MHC and NHC are operated under good condition
although some fluctuation in Vck and Vnk are
observed. The ignition characteristic is good judging
from the result that both MHC and NHC are ignited
within S minutes.

4.The thickness of the screen grid was measured at
the operation time of 2,000 hours and the measured
value was about 0.5 mm, same as initial value.
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Fig.14 NHC keeper voltage versus operating time

Conclusion
The improved thruster is evaluated in
performance test and in cyclic life test in progress.
The results of the tests are summarized as follows:

1. The redesigned baffle and cathode pole piece
effectively decreased the discharge voltage below
about 35V.

2. Redesigned screen grid effectively increased
beam current by 15%. Therefore Ci, 77, and T/P of

improved thruster was considerably better than
ETS-6 FM thruster. The improvement in Ci is
about 78W/A.

3. The improved thruster produces about 23.9mN of
thrust at Isp=2740 sec with Vd=32.7V, and
Ci=216W/A. On the other hand, the ETS-6 FM
thruster produces about 23.3mN of thrust at
Isp=2,900 sec with Vd=39.9V, and Ci=281W/A.

4. The average values of T and Isp are 23.1 mN and
2524 sec at the operation time of 4,000 hours,
respectively. The decrease of thrust level in long
operation is smaller than we expected.

5. The thickness of the screen grid was measured at
the run time of 2,000 hours and measured value
was same as initial value.
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This design will be applied to the thruster of ion

engine subsystem ETS-8. The grid system of ETS-8

thruster will be mounted the improved screen grid
shown in Fig.9.

The life test of the thruster is proceeding well
now and the result of it will be reported in our next

paper.
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