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Abstract

Amorphous-carbon grid sets were fabricated and
tested for a xenon ion thruster. Feasibility experiments
of amorphous-carbon grids, at first, were performed
using the sample grids that have a nineteen hole hex-
agonal array with a center to center hole spacing of 2.5
mm and the thickness of the screen and accelerator grid
is 1.0 mm. The grid apertures were machined by laser
cutting. The 14 cm diameter grids system was fabri-
cated to demonstrate the total performance of the ion
thruster. The screen grid was made 1.0 mm thick at a
70.2 % open area fraction. The accelerator grid was made
1.0 mm thick at 25.3% open area fraction. This grid set
was tested on the ion thruster. Virtually no arcing was
observed during grid operation. As a result, it was ob-
tained that there were almost no affects of thermal ex-
pansion and the ion extraction characteristics were pref-
erable for an ion thruster operation.

Nomenclature
da = accelerator grid hole diameter, mm
ds = screen grid hole diameter, mm
l.. = accelerator grid current, mA
Iy = beam current, mA
l; = screen-to-accelerator grid separation, mm
R = net-to-total accelerating voltage ratio
t. = accelerator grid thickness, mm
t = screen grid thickness, mm

Vae = accelerator grid voltage, V
V» = net accelerating voltage, V
V. = total accelerating voltage, V
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Introduction

Ion optics of an ion thruster is important because
it has considerable influences on both the thruster per-
formance and its durability. Because of the thermal stress
caused by thermal affection of the discharge chamber
plasma, the grids are deformed, therefore, it has been
needed to adopt dish shaped grids to prevent the degra-
dation of the ion extraction capability and the high-volt-
age break down when some kind of metals have been
used as grids materials. However, the fabrication of
dished grids is too difficult and expensive to fabricate
an ordinal ion extraction system in the laboratory of the
institute. Therefore, there is a need to develop the flat
shaped grids made of a kind of new materials. There are
some requirements for the grid as a beam extraction
system as follows, 1) smaller thermal expansion, 2)
lower sputtering yield and 3) superior mechanical stress.

Carbon-carbon and amorphous-carbon are kind of
materials that satisfy there requirements. The mechani-
cal stress of carbon-carbon composite grid is perished
in the stage of fabrication because the carbon fiber is
often cut by drilling process. This may cause a high-
voltage break down between the screen grid and the
accelerator grid. The studies concerning these problems
have been conducted in some laboratories, however, it
is difficult and also expensive!'->.

Amorphous-carbon can be made to have almost
middle value coefficient of thermal expansion between
molybdenum and carbon-carbon. This offers the advan-
tages of a flat geometry of the grid as well as closer
spacing and larger grid area. Screen grid lifetime is lim-
ited by sputtering of ions from a discharge chamber and
accelerator grid lifetime is limited by sputtering of
charge-exchange ions®. Moreover, carbon has lower
sputtering yield for xenon ions than molybdenum’. This
means that amorphous-carbon grids are superior to
molybdenum in endurance. Besides, amorphous-carbon
has moderate prices and machinability compared with
carbon-carbon composite. The structure of amorphous-
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carbon has more dense and more homogeneous than
carbon-carbon composite and has an isotropy.

We adopted amorphous-carbon as the new grid ma-
terial. However, no one have tried to adopt amorphous-
carbon to an ion extraction system, as one of the reason,
it is difficult to fabricate the grid which has open area
fraction of over 70%. Thus, before fabricating the 14
cm grid, the sample grid that have a nineteen hole hex-
agonal array was fabricated as a feasibility application
of amorphous-carbon grid, and tested to demonstrate
the beam extraction performance. Following these re-
sults, amorphous-carbon 14 ¢cm grid set has been fabri-
cated and tested.

This paper describes fabrication of amorphous-car-
bon ion optics grids, and thruster operation tests to evalu-
ate the amorphous-carbon grids. The objective of this
research is to demonstrate the thruster performance of
amorphous-carbon grid.

Design and Fabrication of Grid Sets

Description of Grid Sets

The amorphous-carbon grid is made from the
GL200 glassy carbon that is produced by Toyo Tanso
Co., Ltd. Table 1 shows the properties of amorphous-
carbon panel. Grid properties are listed in Table 2.

The shape of amorphous-carbon sample grid (S-
ACQG) is to be 75 mm wide and 150 mm long, with the
active beam area of 12.2 mm in diameter. Overall 14
cm amorphous-carbon grid (14 cm-ACG) diameter is
18.4 cm, with the active beam area being 14 cm in di-
ameter. Screen and accelerator grid possesses 2743
holes, spaced 2.5 mm apart (center-to-center) within
each row. The hole alignment is shown Figure 1. The
screen grid was made 1.0 mm thick at 70.2 % open area
fraction. The accelerator grid was made 1.0 mm thick at
25.3% open area fraction.

Grid Fabrication

The amorphous-carbon panels are about 20 cm
square, and 3.0 mm thick. Grid holes of each panel were
machined by laser-cutting using YAG laser. The grid
holes attained an accuracy of £ 0.05 mm for hole diam-
eters. The thickness accuracy was + 0.05 mm for the
grids fabrication.

The amorphous-carbon sample grid set and the 14
cm amorphous-carbon grid set were successfully fabri-
cated. Figure 2 shows the 14 cm-ACG screen grid,
which was successfully fabricated using laser cutting to
an open area fraction of over 70%, Figure 2 (a) shows
top view of close-up section, Figure 2 (b) shows diago-
nal view of close-up section and Figure 2 (c) shows
overall appearances. Figure 3 shows accelerator grid,
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Figure 3 (a) shows top view of close-up section, Figure
3 (b) shows diagonal view of close-up section. Figure 4
shows the fully assembled 14 cm amorphous-carbon grid
set.

Table 1 Properties of amorphous-carbon panel.

Property Value

Density 1.48 g/cm3
Flexual strength 120 MPa
Flexual modulus 38 GPa
Compressivestrength 350 MPa
Electrical resistivity 43 mW-'m
Heat conductivity 7.5 W/m*K
Thermal expansion coefficient * 2.8 xX10°/K
*at 880 K

Table 2 Description of amorphous-carbon grid sets.

Grid type Sample grid 14cm lon thruster
Material Amorphous-carbon
Grid shape Flat Flat
Beam diameter mm 12.2 140
Hole quantity 19 2743
Hole pitch mm 2.5 2.5
Screen grid

Thickness mm 1 1
Hole diameter mm 22 22
Open area fraction Y% 70.2 70.2
Weight g - 25.0
Accelerator grid

Thickness mm 1 1
Hole diameter mm 1.32 1.32
Open area fraction % 25.3 25.3
Weight g - 33.4

unit is mm

Fig. 1 Hole alignment (e. g. Screen grid)
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(a) close-up view (a) close-up view

(b) diagonal view (b) diagonal view

Fig. 3 Fabrication results of amorphous-carbon accel-
erator grid at open area fraction of 25.3 %.
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(c) overall appearances Fig. 4 Assembled amorphous-carbon grid set.

Fig. 2 Fabrication results of amorphous-carbon screen
grid at open area fraction of 70.2 %.
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Grid Operating Test

Xenon Ion Thruster

Schematic of ion thruster used in the present study
are shown in Figure 5 and Figure 6. The thruster has a
beam extraction diameter of 14 cm, and a ring cusp de-
signed magnetic field. However, when the sample grids
tested, a cover ring was mounted on the ordinal dis-
charge chamber.

The cylindrical shaped discharge chamber is 140
mm in diameter, and 70 or 80 mm in length (has a ca-
pacity of from 70 mm to 140 mm in length). The mov-
able end wall enables to have an optional chamber
length. There are three rings of samarium cobalt mag-
net (Smi-Cos) to form the cusped field, one on the end
wall and two on the side wall. The magnets produce the
magnetic flux density of 0.3 Tesla at the surface. The
propellant feed system consists of a main propellant feed
path and a main cathode feed path.
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Fig. 5 Section view of 14 cm-cusped ion thruster with
amorphous-carbon sample grid set.
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Fig. 6 Section view of 14 cm cusped ion thruster with
14 cm amorphous-carbon grid set.
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Test Facility

The space chamber that is 1.6 m in diameter by 3.2
m in length was used in the grid operating tests. A turbo
molecular pump and two cryo pumps are used for high
vacuum pumping, and the total pumping speed is 56200
I/s for N2. The ultimate pressure is 6.7 X 105 Pa (5.6 x
1077 Torr), and the pressures during the thruster opera-
tions were generally lower than 7.6 x 10 Pa(5.3 x 10
Torr) for Xe.
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Fig. 7 Test facility

Operating Results

Sample Grid An investigation of ion extraction
capabilities of nineteen holes grid was presented by
wilbur et al*'. An ion extraction from the sample grid
was tested with reference to these previous works. It
was shown in Fig. 8 (a) that the ion current variation for
grid separation with the effect of total accelerating volt-
age at a net-to-total accelerating voltage ratio of 0.8. It
can be seen that the ion beam current increases with
decrease in grid separation and with an increase in total
accelerating voltage. Figure 8 (b) shows the ion current
variation for net-to-total accelerating voltage ratio with
the effect of total accelerating voltage at a grid separa-
tion of 0.45 mm. These tendencies are explained from
well-known Child-Langmuir s space charge limited
current equation.

Figure 8 (a) and (b) shows the accelerator grid cur-
rent was little variation with effect of the grid separa-
tion, net-to-total accelerating voltage ratio and total ac-
celerating voltage. In all configurations, the ration of
accelerator grid current to beam current (1../Iy) is quite
large. The behaviors of the accelerator grid current can
be conjectured by calculating the electrostatic potential
around the grid area!'. Figure 9 shows the electrostatic
potential contours to illustrate the influence of grid sepa-
ration. Contours are from —250 to 1000 V in incre-
ments of 100 V. From this figures, it is anticipated that
the potential gradient at the arc-shaped contour region
is to moderate to form the well-focused ion beam, and
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this may cause the higher impingement current. This
unsuitable electrostatic profile is attributable to the thick-
ness of the screen grid. Therefore, it is required to fabri-
cate thinner grid to avoid this problem, and this is one
of our future subjects.
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(a) Beam current and accelerator grid impingement cur-
rent plotted against grid separation at a net-to-total ac-
celerating voltage ratio of 0.8.
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(b) Beam current and accelerator grid impingement cur-
rent plotted against net-to-total accelerating voltage ra-
tio at a grid separation of 0.45 mm.

Fig. 8 lon extraction from amorphous-carbon grid sets.
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Fig. 9 Electrostatic potential contours to illustrate the
influence of grid separation. Contours are from —250 to
1000 V in increments of 100 V.

14 cm-ACG The thruster operating tests with
14 ecm-ACG were conducted with the operating param-
eters of the main propellant feed ratio of 7.2 SCCM
(516.9 mAeq) and the cathode propellant feed ratio of
0.8 SCCM (57.4 mAeq). In the discharge keeping (no-
beam extraction) operation with the discharge power of
approximately 100 W, it was observed that there were
no excessive distortion of the grids caused by thermal
expansion.

Figure 10 shows the Ion extraction from 14 cm
amorphous-carbon grid set. This result validates the
physical data of the amorphous carbon material shown
in the previous part. For the present time, stable beam
extraction from this grid sets has not been achieved be-
cause of the break down in the part of the grid support.

Fig. 10 lon extraction from 14 ¢cm amorphous-carbon
grid set



The reason of this break down seems to be insufficient
spacing between the grid support screw and the accel-
erator grid. As described later, the improvements of the
support system and further experiments will be per-
formed in near future.

Future Work

Future work on amorphous-carbon grid develop-
ment at TMIT and Kitakyushu Space Materials Asso-
ciation will focused on increasing strength moreover to
fabricate thinner grid.

Summary

The sample grid system in made of amorphous-
carbon was fabricated and tested as an ion extraction
system. In the ion thruster operation the discharge
plasma keeping and the ion beam extraction were suc-
cessfully conducted and the performance tendencies
were almost same as ones of ordinal ion thrusters. After
this experiment, the 14 cm amorphous-carbon grid set
with the open area fraction of over 70 % (for the screen
grid) was fabricated. Virtually no arcing was observed
during grid operation. As a result, it was obtained that
there were almost no affects of thermal expansion and
the ion extraction characteristics were preferable for an
ion thruster operation.
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