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Abstract

Toward future practical use of a cusp ion
thruster for auxiliary and primary propulsion, the
improvement of thruster performance is still the
most important problem. On a 12 cm cusp xenon ion
thruster, the effects of some configuration
parameters in the discharge chamber on the
performance were examined by changing them one by
one and operating the thruster. The parameters
are an extracted beam diameter at a screen grid,
an area being at the cathode potential, and the
cusped magnetic field to confine a discharge
plasma. The present study assured as follows: The
diameter of hole existing area on a screen grid
should be so large within a discharge chamber that
ions coming to the grid could be extracted as many
as possible. Three ring magnets on the side wall
and two rings on the base plate presented the best
discharge performance. Too many magnet rings
distorted the magnetic field and bring about
performance deterioration. A cathode potential
area at the upstream side did not change much the
performance. The best performance obtained was an
ion production cost about 230 W/A at the
propellant utilization efficiency of 90 Z.

1. INTRODUCTION

In Japan, development of a 12 cm Kaufman xenon
ion thruster is under way to be onboard the
satellite, ETS-VI, which is scheduled to be
launched in 1992. In parallel, efforts have
been made on research of a 12 cm cusp xenon ion
thruster in order to improve the thpruster
performance for the future practical use. The
cusp ion thruster provides higher performance than
a Kaufman ion thruster but not high enough to
replace it in a small scale thruster. The cusp
ion thruster has a weak point for durability in
the thermal characteristics of permanent magnets
used in the discharge chamber. A reduction of ion
production cost improves the thermal environment
of the magnets as well as the thruster power
efficiency. Operation at a low discharge voltage
is also preferable for the endurance of ion
thruster.

The discharge performance depends on the
introduction of electrons, the losses of electrons
and ions to the chamber wall, and the
effectiveness of ion extraction grid system
including loss of neutrals. Which configuration
parameters and how make influences on them are
important issues to be studied in order to
understand more and improve the thruster.
Related to these issues, the following
configuration parameters were changed to see their
effects on the thruster performance;

(1) a diameter of hole existing area of a screen
grid,

(2) a wall area being at the cathode potential,
to which ions go easily, and

(3) an arrangement and dimensions of ring magnets.

*%*

This experimental study had been planned and
carried out as a thesis of one of autheors who was
an undergraduate student.
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2. THRUSTER

2.1 Base Line Configuration of Discharge Chamber

The present ion thruster is of a ring cusp
type which was designed to exhaust a 12 cm
diameter xenon ion beam and to produce 25 mN
thrust basically. A base line configuration of
the discharge chamber was set up to compare its
performance and discharge characteristics with
those for other changed configurations. The
magnetic field analysis was carried out for
several magnet arrangements in the base line
discharge chamber. The magnet arrangement, in
which each neighboring two magnets form a similar
shape and strength of field without predominantly
strong or weak part, gave a uniform discharge and
a best performance. The Langmuir probe diagnosis
showed that the plasma contour of equi-ion density
coincide with the magnetic lines of force and ion
density is uniform almost all the plasma in the
low magnetic field except the region near ?he edge
where the magnetic field is much raised. 3

The baseline configuration of the discharge
chamber is shown in Fig. 1. The used discharge
chamber has an iron anode consisting of a 1 mm
thick shell tube of 10 cm length and a 1.5 mm
thick base plate. The cross section of the side
shell anode is of a regular dodecagon inscribing a
13 cm diameter circle. Three rings of samarium
cobalt (SmCo) magnets, SM1, are attached to the
side wall, and a ring magnet, BM1 to the base
plate anode. Each of these dodecagonal ring
magnets is formed merely by placing a dozen of
straight magnets on the iron anode. A circular
ALNICO5 ring magnet is placed on the iron flange
of a cathode housing which is at the cathode
potential and is attached to the anode base plate
with insulator sheets of mica and synthetic-mica
in between. An ALNICO5 magnet was used near a
cathode where they might be elevated at a higher
temperature due to the heat from the cathode in
addition to that from the discharge. A SmCo
magnet is desired to be used at a temperature
below about 200°C. The outer wall of the anode
shell was overcoated with white alumina (A1203)
layer in order to keep the wall and magnets at a
temperature as low as possible by enhancing heat
radiation to the outer space but suppressing heat
absorption.

The same hollow cathode with an enclosed type
keeper had been used throughout the experiments.
It was connected with an isolator with a metal O-
ring and a flange which was attached to a slip
tube. The tube can be moved axially in an iron
cylindrical housing to have a cathode position
suitable for the discharge. A conically
convergent cathode nozzle (which is corresponds to
a pole piece for a Kaufman thruster ) is fixed to
a flange of the housing. It has a 10 mm diameter
hole on a 20 mm diameter top plate, on which a 20
mm diameter baffle is set with four screws in a
separation of 3.5 mm from it. The anode base
plate has a 40 mm diameter circular hole in the
center, through which the cathode nozzle is
protruded into the discharge chamber. The area
inside the anode hole is at the cathode potential.
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A two grid accelerating system of dished type
was for the present experiment. The screen and
accelerator grids are made of 0.3 mm and 0.5 mm
thick stainless steel plates, and have 2,395 holes
of 2.05 mm and 1.2 mm diameters, respectively.
E?ch of grids was dished by hydroforming technique
4) after the grid holes in a hexagonal array and
outer shape had been produced by photo-chemical
etching. The radius of curvature of the spherical
part for each grid was about 270 mm. The grid
system was assembled with six sets of insulators
and mounted on a downstream anode flange with ring
sheets of mica and synthetic-mica to keep the
insulation between the screen and flange. The
grids are concave when viewed from downstream of
the thruster. The center to center distance
between neighboring holes on the screen grid is
2.3 mm and a little larger than that of the
accelerator grid so as to deflect beamlets
electrostatically toward ;?e direction parallel to
the axis of a whole beam.

2.2 Preparation of Configuration
Change of Discharge Chamber

The configuration of discharge chamber was
planned to be changed one by one on the basis of
the baseline configuration shown in Fig. 1 from
easily changeable parts which should not make much
influence on the whole configuration. If it
brought about a better performance, it should be
adopted instead of the previous configuration.
All the parts prepared for the change are
illustrated together in Fig. 2.

At the biginning, the thruster was operated in
the baseline configuration at a best condition
with the grid set I. Then, the grid system was
replaced into another grid set II in order to see
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the effect of beam extraction area. In the grid
set II, another screen grid was used, which has
1,801 holes within a 104 mm diameter circle with
the same hole center to center distance as the
screen grid of set I.

In order to see the effect of cathode
potential area, a cathode nozzle of a 20 mm
diameter straight cylinder (SN) and an anode base
plate with a 32 mm diameter hole on the center
were provided.

For the changes of magnet arrangement, wider
magnets for the side wall (SM), three base plate
magnets (BM) of different diameters and a cathode
magnet (CM) were prepared. The dimensions of all
ring magnets to be used are listed on Table 1.

Table 1. Dimensions of used ring magnets
SM1 SM2 BM1 BM2 BM3 BM4 BMS BM6 CM

Magnet

Inner Diameter 122 124 86 40 80 52 32 21 30
(mm)

Cross Section 4x4 6x3 4x4 3x8 4x4 4x4 4xk 4x8

(Wx H in om)

Materials *

3x4
SC SC SC AN SC SC AN AN SC

* 8C: Samarium Cobalt; AN: ALNICO5

The experiment had been conducted by
operating the ion thruster at a pressure around
Ax10'4 Pa in a vacuumgfest chamber evacuated with
a cryopumping system. z



3. EXPERIMENTAL RESULTS AND CONSIDERATION

3.1 Baseline Discharge Performance

The performance plots for the baseline
discharge chamber configuration are shown in Fig.
3 with varied xenon flow rates between a main feed
line directly to the discharge chamber, ﬁm, and a
cathode feed line through the hollow cathode, i,.
The total flow rate to the discharge chamber,
hy=h,+@,, was kept at a constant value, 531 mA
equivalent, through all the experiments. An 1 keV
ion beam at 90 Z utilization efficiency produces
25 oN thrust. The best performance was usually
obtained at a flow rate ratio of ./, =1.5/8.5 or
2/8. In this case, the screen potential was 1 kV
and the accelerator potential was -0.8 kV
respectively.

The discharge voltage and current
characteristics are shown in Fig. 4. The discharge
voltage was lowered when the flow rate ratio was
increased. As the discharge current increases,
the voltage increases for a small flow rate ratio
but does not change much for a large cathode flow
ratio. A best fitted grid system was used for
this case and attained an appropriately high beam
current at the extracting voltage,V,, of 1.8 kV.

3.2 Effect of Grids Separation and
Discharge Performance Comparison

The performance of the baseline configuration
was set as a baseline in the performance
comparisons. However, the use of a different
screen grid changed the grid to grid separation
and then the ion extraction capability for the
same accelerating voltage. Both the screen and
accelerator grids were dished with the same female
die by the hydroforming technique. The shape of
each fabricated grid is different from that of the
used die to different degree. The assembled set
of grids cannot have a constant spacing over a
grid span. As the concaved grid set was used in
the present thruster, the grid to grid spacing
increased due to the difference of the
temperature, and then the thermal expansion
between the screen and accelerator grids when the
thruster was operated and warmed. Although both
the grids were assembled together as closely as
possible in a room temperature, they are expected
to make a good separation. The reproducibility of
the small spacing cannot be expected in the
present grid system if disasembled and reassembled
with another grid.

In the present study, the grid set I was used
once at first. Next, the grid system was changed
into the grid set II to see the effect of
extracted ion beam diameter at the screen. At
last, the: grid set III, which is the same as the
set I but must have a larger grid to grid
separation, was used to see the effects of changes
of discharge chamber configuration. In the last
series of experiments, the thruster operation was
checked in the same discharge chamber
configuration as the first one except the grid
system.

In order to characterize the discharge
performance as well as to raise the thruster
efficiency, it is desired for the grid system to
extract almost all ions coming to the plasma
boundary. The ions coming to the screen grid
are extracted to form an ion beam or impinge on
the grid. In the present experiment, the ion
current to the screen grid was measured. The same
large capability to extract as many ions as
possible is needed for the accelerating grid
system to compare the discharge performance
between two discharge chamber configurations. The
evaluation of discharge performance is still
possible to some extent even if the grid
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separation is not small enough to extract most of
ions due to the expanded grid separation.
Figure: 5 shows the beam current associated with
the ion current to the screen against the varied
discharge current for the grid sets I and III. It
is seen that a reduced beam current can be
recovered by adding an increment to the extracting
voltage appropriate to the increment of grid
separation for the grid set III. The beam current
increased corresponding to the decrease of the
current to the screen when the extracting voltage,
Vo) changed from 1.8 to 2.4 kV. The
characteristic curve of beam current at V_=1.8 kV
of the grid set I is far from that at V,=1.8 but
is close to that at V =2.4 kV of the grid set III.
Examples of the beam and screen current varied
with the change of extracting voltage are shown in
Fig. 6. The sum of both currents is seen to be
almost constant but a little increase for lower
extracting voltage. This change may be caused by
the increases of neutral and then ion density in
the discharge chamber due to the increase of
reflected ions on the screen for the lower
extracting capability of the grid system. From
these data, the grid system arangement makes much
influence on the evaluation of discharge
performance, and we had better use the data
obtained at a same high extracting voltage or, at
least, a same extracting capability to compare the
performances between different discharge
configurations, particularly, if the grid system
of low extracting capability was used.

3.3 Effect of the Beam Diameter at the Screen Grid

Considering the exhausted ion current per
screen hole (over the grid), it decreases sharply
at a larger radial position near a peripheral
region of the grid. On the other hand, the
neutral flux distributes uniform all over the
grid. The propellant utilization efficiency
should be raised if the diameter of the grid hole
existing area is reduced to the extent where ion
flux is uniform at an appropriately high level.
The neutral loss can be reduced by the decrement
of the area while the ions coming to the blocked
region are prevented from being extracted. A
small screen grid (Grid Set II) whose hole
existing area was 104 mm diameter was used instead
of the grid set I of 120 mm diameter screen area.
Figure 7 shows that the discharge performance for
the grid set II is not improved in comparison
with that for the grid set I. This degradation
was caused by the increase of discharge loss
resulting from impinging of many ions produced at
a significant discharge cost on the widened solid
wall. If the ion flux distribution at the screen
grid is known, the discharge performance for a
different screen diameter can be estimated
approximately from that for the screen diameter
used in the measurement (see Appendix). Assuming
the ion flux distribution to be uniform inside the
diameter of 104 mm and to decrease linearly with
the radial distance outside the diameter becoming
zero at the diameter 120 mm, then the discharge
performance for a 104 mm screen can be calculated
from the data for a 120 mm screen by using Egs.
(A2), (A3), (A6) and (A9). In this case, g=0.75
for neutrals and h=0.86 for ions. The calculated
points plotted in Fig. 7 show a good agreement
with the data directly obtained in the thruster
operation using the grid set II. This agreement
might not have an important meaning because the
assumed distribution function is now very rough
and there is any difference of grid separation
between both the grid systems. However,
calculations tried by assuming several ion flux
distributions and screen diameters (of hole
existing area) showed that a larger screen
diameter gave a better discharge performance.
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The increment of ion production cost cannot be
recovered with that of propellant utilization
efficiency in the present performance range.
Brophy and Wilbur analysed a cusp ion thruster
performance using a performance model, and showed
that an extracted ion fraction has a strong effect
on the performance and the ioq7froduction cost is
inversely proportional to it. In the present
study, the fraction was changed on purpose by
reducing the hole existing area on the grid. The
effect of ion extracted fraction was given in the
same form as h in the equation (A9). Hereafter,
the 120 mm screen (Grid Set III) was used.

3.4 The Effect of Magnet Width

When a plasma is confined with a cusped
magnetic field, loss particles usually run away
not across the line of magnetic force but through
the narrow cusped region along the magnetic lines.
The magnetic field of the cusped region much

depends on the shape and dimensions of the magnet
cross section there. The cusp will be sharper for
a wider magnet. Beattie and Peschel showed that
most of the electrons run away to the side 3
magnets, particularly, located downstream. 8 In
the present experiment, the 4 mm x 4 mm side wall
magnets (SM1) in the baseline configuration were
changed into the 6 mm wide and 3 mm high magnets
(SM2) to see the effect of local cusped field on
the discharge performance. The beam and screen
ion currents and the total current, the sum of the
two, are plotted in Fig. 8 against the discharge
current for both magnet configurations. The beam
current and discharge voltage for the 6x3 magnets
is a little bit higher than that for the 4x4
magnets, but it is vice versa concerning the total
current because of the difference of screen
currents. Figure 9 shows the performance plots of
ion production cost vs. mass utilization.
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The performance for the 4x4 magnets is a little
better than that for the 6x3 magnets. This might
be caused by the difference between the heights of
magnets. Both data were obtained in the thruster
operations using a grid system reassembled with a
new 120 mm screen (Grid set III). The grid system
had a large grid to grid separation than the
initial grid system as overall, so that the
performances at Ve=1.8 kV are not high. However,
the relative comparison between the data for the
same conditions estimates that an appropriate grid
set may improve the performance even for the 6x3
magnet configuration up to such a level as that
for the 4x4 magnet at V,=2.4 kV shown in the same
figure.

3.5 Change of Base Plate and Cathode Nozzle

An assembly consisting of a cathode nozzle
with its flange and a baffle is at the cathode
potential, and is the only part for ions to
impinge on easily at the upstream end of a
discharge chamber. From the view point of ion
loss, the area of this part exposed to the
discharge plasma should be as small as possible.
Therefore, the configuration around this part was
changed as shown in Fig. 2 to make the cathode
nozzle diameter smaller.

3.5.1 The effect of baffle position

The variations of discharge performance are
shown in Fig. 10 for the change of distance of the
baffle, 1,, from the top of nozzle. Two ring
magnets, BM6 on the cathode flange and BM1 on the
anode were used for the base plate magnets. For
the side wall magnets, 4x4 magnets SM1 were placed
in the same as the baseline configuration. The
data were obtained with a grid set III and the
extracting voltage of 2.4 kV. The baffle
position, 1y, of 5.5 mm gave the best performance
in the range of 1,,=3.5 mm to 7.5 mm. The best
performance is close to the performance obtained
in the baseline configuration with Grid Set III at
the same extracting voltage. The discharge
voltage was plotted against the discharge current
for the same operations in Fig. 11. The symboles
giving about 90 % mass utilization are indicated
with flags. The discharge voltage at 90 %
utilization varied from 46 V for 1,=3.5 mm down to
30 V for 1,=7.5 mm. The discharge voltage usually
rises with an increase of discharge current. The
voltage drop from 38 V for 1,=5.5 mm to 30 V for
1,=7.5 mm can be attained with a sacrfice of
production cost by 10 W/A.

3.5.2 Effect of arrangement of baseplate magnets

For the same base plate and cathode nozzle,
the prepared ring magnets were used in other
several combinations. When three or four magnet
rings were installed on the base, the discharge
was observed to be concentrated much in a smaller
region near the centerline of the chamber, and
gave a low performance. The denser magnetic lines
of force may be pushed inward. The electrons
emitted through a baffle aperture could not spread
radially as illustrated in Fig. 12 (b)
conceptually. A strong magnetic field often
crosses the baffle aperture and makes the
discharge voltage high. It is considered that
discharge stability and performance might be
improved if the cathode nozzle and baffle were
located at a inner station in the discharge
plasma. On the otherhand, two magnets form a
moderate magnetic field to introduce electrons
smoothly and spread widely to a discharge chamber
as seen in the figure (a).
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Fig. 12. Conceptual drawing of electron intro-
duction to the discharge chamber
depending on the magnetic field.

3.6 The Effect of Cathode Flange Location

In order to see the influences of the wall
potential on the performance further, the cathode
flange was installed inside the discharge chamber
instead of its previous installation outside the
base plate. The same magnets were placed on the
cathode flange and anode plate, so that the
magnetic field covers the flange surface to
prevent charged particles from coming there. The
performance plots for the flange inside and

Cathode Flange
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1.5718:5 ®| O | o

outside the base plate were shown in Fig. 13.
These performance curves do not appear to be
changed so much for each flow rate ratio
represented here. However, the discharge voltage
in the case of inside flange is reduced remarkably
as shown in Fig. 14. The discharge voltage may be
change in the following two ways, when a part of
the wall surrounding a discharge plasma is changed
from the anode potential to the cathode potential.
(1) If electron current into the changed part was
large, this change contributes to raising the
discharge voltage.

(2) A plasma potential distribution changes
according to the potential change of the
surrounding wall. This rearranges the electron
flow into the ion production region and hence to
the anode. If most electrons move across the
magnetic barrier more easily, the discharge
voltage will lower.

The present data seems to mean that the
electron loss to the base plate may be fairly
small and that the change of potential
distribution or baffle aperture location is
effective for introducing electrons smoothly to
the ion production region. In addition, the
magnet (CM) attached to the cathode housing
surrounding the cathode gave a further lower
discharge voltage and improved the performance as
plotted in the same figure with small symboles.
The cathode magnet assist to form another cusped
magnetic field on the cathode flange magnet (SM6).
The magnetic field might be effective to suppress
emitted electrons going to the wall of cathode
nozzle and to spread them widely into the ion
production region.
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The change of cathode flange location was also
tried in the baseline discharge chamber. The
discharge performance was not changed remarkably
between the inside and outside ‘locations as shown
in Fig. 15. The discharge voltage was raised a
little by the location change as shown in Fig. 16.

4. CONCLUSION

The present study on the discharge performance
of the 12 em ring cusp xenon ion thruster is
concluded as follows:

(1) Three magnet rings on the side wall and two
rings on the base plate, one of which is on the
cathode flange, presented the best performance.
(2) Too many magnet rings give rise to distortion
of overall magnetic field in the discharge
chamber. This leads merely to a generation of a
locally concentrated plasma, and then to the
performance deterioration.

(3) The change of cathode potential area did not
make much influence on the thruster performance.
(4) Grid holes should be placed so widely within
the discharge chamber that ions coming to the grid
could be extracted as many as possible. Refusing
ions from extraction brings about loss of energy
corsumed to produce them. The energy loss can not
be compensated by a gain of propellant
utilization.

(5) The ion extraction capability of used grid
system makes much influence on the discharge
performance.

(6) Electron should be introduced to a discharge
chamber to spread as uniform and widely as
possible in a well confined plasma.

(7) The best performance obtained was an ion
production cost of 225 W/A at a propellant
utilization efficiency of 90 %Z in the present
experiment. The discharge voltage was considerably
reduced in the cusp ion thruster operation.
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APPENDIX

Effect of Hole Existing Area on Thruster Performance

We consider the ion beam extraction from a
plasma in an axisymmetric discharge chamber using
a grid system which has holes arranged in a
hexagonal array within a circular area of radius
r. a little smaller than the cross section of the
cgamber downstream end. Current density
distribution of ions, which can be extracted if
there are grid holes at the screen grid, is
written by fi(r) as a function of radial distance
r from the center of the grid. The beam current
Jb1 for a case of beam radius r, at the screen is
expressed by using propellant feed rate J, and
utilization efficiency n,; in the form,

r

Ip1 = Ndo =j; ®2nre, (r)dr. (A1)

Considering a ring mask to plug the grid holes
outside of the radius rj instead of another screen
with a smaller hole eXxisting area as shown in
Fig. A1, we use a subscript 2 to denote masked
conditions, while a subscript 1 denotes the
conditions for the grid without the mask. We can
represent the ratio g of neutral flow through the
holes of the masked grid to that through the
original grid as

e (ri/ro)z. (A2)

where the neutral flux distribution at the screen
is assumed to be uniform. The ratio h for ion
flow is written as

2 o
h = Jypaldp; = j; %2mrs, (r)dr/Jy,

(43)
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Propellant utilization efficiency

We would like to know the relation between the
utilization efficiencies n, and n,, of both cases.
J Ny1h of ions and J (1-n,4)g of neutrals go out
tgrough the grid holes without impinging on the
mask among the initial feeded propellant of J,.
If we represent the flow of the particles
reflected once or more on the mask and back into
the discharge chamber as pJ,, it can be given by

Iy = Tgnyq (1-R) 474 (1-nyq) (1-g). (A4)

The neutral density should be raised and
discharge condition must be changed, but we
neglect such a change and assume that the
reflected particles behave in the same way as the
neutrals supplied from upstream and as in the
maskless case. The rate of ions going out with a
single reflection on the mask is pJonu1h and that
of neutrals is pJ (1-n,;)g. Furthermore, the rate
of ticles with reffbcting twice or more times
is p*J_.
curren
follows:

In this way, we can express the ion beam
and propellant utilization efficiency as

Jp2 = Jonyth/(1-p), (45)

nuz = nu1h/[g(1-ﬂu1)+hnu1] (Aé)

Ion production cost

The ion production cost C,, for the original
grid without a mask is written as a ratio of the
discharge power Pd to the beam current Jb1'

Cyq = Pd/Jb1' (A7)

We can keep the discharge for the masked grid in
the same state as for the original grid without
mask if propellant flow rate is reduced. When the
flow rate is increased to the initial level Jc' we
can expect that the discharge power increased
proportional to the flow rate approximately
produces the beam current increasing as well.
This gives us the following relations

Ci2 = Pa/Iphs T

CiZ/Ci1 = 1/h. (49)

By using the above relations and the
performance data obtained for the available screen
grid, we can calculate the performance for the
other screen grid.





