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Introduction

N a magnetic cusp ion thruster, the plasma ion loss to the

discharge chamber wall has a significant influence on the
discharge performance expressed in terms of ion production
cost and propellant utilization efficiency.! Recent experimen-
tal results®? indicate that the plasma ions not only leak-at the
cusps, but also escape to the areas between the cusps traveling
across the magnetic field lines of the cusps. This ion loss be-
tween the cusps would be substantial 'if the thruster was
operated with a massive propellant such as xenon. For xenon
plasmas, the ion Larmor radius at the intercusp regions
becormes comparable to or larger than the characteristic length
of the cusp, i.e., the pole width of magnet, predicting that
such a.cusp ion thruster provides a weak confinement of the
plasma jons. To reduce the ion loss rate to the chamber walls,
it is necessary to confine the ions electrostatically rather than
electromagnetically in the discharge chamber.

This Note presents a method for improving the discharge
performance by confining the ions -electrostatically in -the
discharge chamber. A set of ring-shaped electrodes. biased
positively with respect to the chamber walls (anode) were in-
stalled in the regions enclosed by the cusp fields. ‘

Expenmental Apparatus

‘A ring-cusp discharge chamber, as shown in Fig. 1, consists
of a stainless steel bucket with a diameter of 20 cm and a
length of 20 cm, and is externally surrounded by six rows of
permanent magnets. The spacing between the magnetic rows is
33 mm. Each magnet, made of samarium/cobalt, produces a
field strength of about 4 kG at its pole surface. The chamber
walls including the rear plate act as an anode; the arc discharge
is struck between this anode and the cathode ¢omposed of six
pieces of 0;35-mm-diam tungsten filaments. The screen grid is
directly .connected to the cathode in order to Tepel even the
high-energetic pnma,ry electrons emitted from the cathode
surface.

One feature of this ion chamber is that it installs a set of
ring-shaped electrodes that are electrostatically isolated from
the anode and can be biased at any potential. Each electrode
(Wthh we call interelectrode) is located at the middle of each
pair of magnets. The role of these interelectrodes is to reduce
the ion loss to the chamber walls by makmg positive potential
hills in the intercusp regions (the regions between the cusps
that are enclosed by the magnetic field lines).

Received June 2, 1986; revision received Aug. 11, 1986. Copyright
© American Institute of Aeronautics and Astronautlcs Inc., 1986.
All rights reserved.

* Associate Professor, Department of Aeronautics. Member AIAA

TGraduate Student, Department of Aeronautxcs

A cylindrical Langmuir probe (0.35 mm in diameter by 1.2
mm long) is inserted into the discharge chamber to measure
the ion-density and electron temperature of the discharge
plasma. As for the measurement of the space potential, we use
an emissive probe* with a 50-um-diam tungsten wire that is
heatéd by the passage of external current. The space potential
is derived from the knee in the semi-log plot of the probe
characteristic, which appeared sharply at any probe position
when the heating current was increased to 0.8 A. Both probes
were movable in the axial and radial dlrectlons by the traverse
unit with two steppmg motors.

In the present experiment, the discharge current (I;) was
3-15 A, the discharge voltage ¥, was adjusted to 30 or 40 V by
varying the filament heating current, and the propellant flow
rate m was 0.5-2' A equivalent. '

Reshlts and Discussion

Figure 2 shows the density distributions of the ion satura-
tion currents for the argon and xenon propellants. For the
measurements, a Langmuir probe was scanned parallel to the
chamber axis, while its radial position is maintained to be a
constant distance from the wall surface (2 mmy). Both the den-
sity distributions have large peaks that appear at positions cor-
responding to the location of the permanent magnets. This in-
dicates that, at the center of the cusp, plasma ions produced in
the field-free region can easily leak at the wall traveling along
the field lines. According to the measurement by Leung et al:,’
the leak width at the cusp scales as a hybrid Larmor radius ry,
where r, = (r,r;)", r, and r; being the Larmor radii of elec-
trons and ions, respectlvely, which can be approximated by
4r,. The half-widths of the peaks shown in Fig. 2 dre of the
same order; but decrease by approximately one-half with in-
terelectrodes. Furthermore, installing the interelectrodes br-
ings about a considerable decrease of the ion saturation cur-
rent in the regions close to the center of cusps and results in the
reduction of the ion loss rate to the chamber walls by approx-
imately 43 and 54% for argon and xenon, respectively.
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Fig. 1 Ring-cusp discharge chamber.
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Fig. 2 Density distributions of ion saturation currents for argon and
xenon plasmas at m=1A, V,=40V,I,=5 A.
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Fig. 3 Spatial potential distributions at the wall surface with and
without interelectrodes.

Figure 3 shows the axial distribution of the space potential
at the wall surface (expressed in values relative to the space
potential at the chamber axis) operated with and without in-
terelectrodes for the same operating condition as seen in Fig. 2
(m=1A, V;=40V, I,=5 A). This result was obtained from
the emitting probe that was scanned on the same trace as the
previous density measurement. The potential valley is seen at
the center of the cusp for operations both with and without in-
terelectrode. This fact may be explained as follows. The elec-
tron generated in the field-free region hardly penetrates into
the intercusp region traveling across the magnetic field lines
because of its extremely small Larmor radius (0.1 mm), while
the ion can easily penetrate the region. This situation produces
a strong space charge electric field that ensures charge
neutrality.® Although the space potential is negative at any ax-
ial position without an interelectrode, it turns out to be
positive except at the region around the center of the cusp with
an interelectrode. At present, we do not have information to
explain the mechanism of this potential rise, but it may be con-
sidered that electrons, magnetically trapped in the intercusp
region, are collected and absorbed into the positively biased
interelectrodes, thus raising the space potential in the inter-
cusp region. In this situation, the plasma ions escaping from
the field-free region will experience a repulsive electrostatic
force and be reflected back before reaching the wall surface,
resulting in the reduction of the ions lost at the walls after
passing through the intercusp region.

Figure 4 is a plot of the rate of increase of the ion density
averaged over the screen grid surface (AN,/N;) as a function

of the fraction of the additional power supplied to the in- .

terelectrodes to the dischargg: power (AP/P). The ion density
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Fig. 4 The rate of the increase in ion density as a function of the
fraction of the additional power to the discharge power.

increases almost linearly with the additional power and its rate
is independent of discharge parameters such as the discharge
current, propellant type, and propellant flow rate. About a
30% increase of the ion density can be attained when only 8%
of the electric power is added to the discharge chamber. This
result indicates that the installation of the interelectrodes is an
effective method for reducing the ion loss to the chamber walls
and improving the discharge performance.

References

1Brophy, J. R. and Wilbur, P. J., “Simple Performance Model for
Ring and Line Cusp Ion Thrusters,”” AIAA Journal, Vol. 23, Nov.
1985, pp, 1731-1736.

230vey, J. S., “Improved Ion Containment Using a Ring-Cusp Ion
Thruster,”’” Journal of Spacecraft and Rockets, Vol. 21, May. 1984,
pp. 488-495.

3 Arakawa, Y., Hamatani, C., and Kawasaki, Y., “Wall Losses of
Charged Particles in a Multipole Discharge Plasma,”’ IEPC Paper
84-69, 1984,

4Makowski, M. A. and Emmert, G. A., ‘“New Method to Measure
Plasma Potential with Emissive Probes,”” Review of Scientific In-
struments, Vol. 57, July 1983, pp. 830-836.

5Leung, K. N., Hershkowitz, N., and Mackenzie, K. R., “Plasma
Confinement by Localized Cusps,’’ The Physics of Fluids, Vol. 19,
July 1976, pp. 1045-1053.

6Marcus, A. J., Knorr, G., and Joyce, G., ‘“Two-Dimensional
Simulation of Cusp Confinement of a Plasma,’’ Plasma Physics, Vol.
22, 1980, pp. 1015-1027.

Off-Design Analysis
of Counter-Rotating Propeller
Configurations
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Introduction

N a recent investigation, Playle et al.! and Korkan and
Playle? conducted studies to develop a theoretical method
by which counter-rotating propellers could be designed and
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