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ABSTRACT

The design of the Linear Gridless Ion Thruster, or LGIT, is presented in detail. The LGIT is a
hybrid thruster that combines an ionization stage similar to those normally found on gridded ion engines
with the acceleration mechanism of a Hall effect thruster. This thruster also features a linear geometry,
which simplifies the design of the magnetic circuit while making the LGIT particularly well suited to future
work on clustering and, perhaps, thrust vectoring by varying the magnetic fields in. the acceleration zone.
Initial testing with the thruster operating in a single-stage, unoptimized mode resulted in a specific impulse
of 1400 seconds and an anode efficiency of 12%. The low efficiency is believed to be due in large part to
operating the thruster in a single-stage mode, rather than the two-stage mode for which it was designed, and
to setting the acceleration stage magnets to less than half their design value.

Introduction

The Linear Gridless Ion Thruster, or
LGIT, is a two-stage, linear electric propulsion
device developed at the University of Michigan®.
It is intended to combine the strengths of gridded
jon engines with the gridless acceleration
mechanism of conventional Hall effect thrusters.
The thruster currently being tested is designed
for operation in the 2-kilowatt range and has
many unique features compared to currently
operational plasma thrusters.

In single-stage Hall thrusters, shown
schematically in Figure 1, electrons emitted by a
downstream hollow cathode backstream toward
an upstream anode through an applied magnetic
field. As these electrons diffuse back toward the
anode, they collide with neutral gas injected at
the anode and the propellant is ionized. The
magnetic field impedes the motion of the
electrons toward the anode and sets up an
electric field within an annular discharge
chamber.! The electric field then serves to
accelerate ions toward the exit plane of the
thruster. The result is that the same source of
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electrons is used to both ionize and accelerate a
propellant. This affords very little control over
the ionization process since it is very strongly
coupled to the acceleration process. A result of
this coupling is that typical single-stage Hall
thrusters have a relatively small operating range
over which efficient operation can be
maintained.’ While acceptable -efficiency
(>50%) has been achieved at specific impulses
above 1600 seconds, operation below these
values results in rapid declines in thruster
efficiency.?
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Figure 1: Single-stage Hall thruster. (from
Reference 1)



In an effort to gain greater control over
the ionization process, two-stage Hall thrusters
have been created by introducing an intermediate
electrode into the discharge channel. The
intermediate electrode then serves as the cathode
for the first (ionization) stage and as the anode in
the second (acceleration) stage. Figure 2 shows
a schematic of a typical two-stage thruster’ In
some cases, a non-emitting intermediate
electrode was used in an attempt to essentially
separate the ionization and acceleration zones by
controlling the voltage drop in each of the
stages.’ In other cases, an emitting intermediate
electrode was used as an electron source for the
ionization stage.” Both of these approaches have
shown promise in increasing total thruster
efficiency, which is related to the parameter 7 in
Equation 1, where I represents current, V stands
for voltage, and the subscripts ‘a’ and ‘d’ denote
the acceleration and discharge stages,
respectively. As Equation 1 implies, a two-
stage thruster’s efficiency is maximized by
minimizing the power consumed by the
ionization, or discharge, process. In practice,
this is accomplished by operating the ionization
stage at the lowest voltage for which the
necessary discharge can be maintained.

1)

Figure 2: A typical two-stage Hall thruster
1) propellant feed, 2) anode, 3) magnetic
circuit, 4) magnet winding, 5) cathode, 6)
acceleration stage potential, 7) ionization
stage potential, 8) intermediate electrode.
(from Reference 3)

€)2001 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

Design Features

Two-stage Design

The LGIT seeks to improve upon the
overall efficiency and throttleability of Hall
thrusters by effectively decoupling the jonization
and acceleration processes. This is accomplished
by using an ionization stage similar to those used
in gridded ion engines such as NASA’s NSTAR,
which uses a ring-cusp magnetic field to enhance
ionization. The LGIT ionization stage consists
of a hollow cathode surrounded by a rectangular
chamber, which serves as the anode. By utilizing
two distinct electron sources for the first and
second stages, it should be possible to optimize
the ionization and acceleration processes nearly
independently of each other, thus increasing
overall efficiency. Ionization chambers utilizing
hollow cathodes and cusped magnetic fields have
exhibited ionization costs of approximately 100
W/A in gridded ion thrusters® which is
significantly less than the 150-200 W/A
normally associated with Hall thrusters.

Ions created in the ionization stage are
accelerated through the discharge channel by the
electric field created by electrons from the
downstream cathode backstreaming toward the
anode, just as in a conventional Hall thruster.
Using this type of an acceleration mechanism is
advantageous because it eliminates the need for
grids, the erosion of which constitutes a major
failure mode of conventional ion thrusters.
Additionally, because the accelerated plasma
maintains  quasineutrality, space  charge
limitations are avoided. This allows the LGIT to
achieve a much higher thrust density and smaller
size than is possible with similarly powered
gridded thrusters.

As the previous discussion implies, it is
convenient to think of the LGIT as a
combination of the ionization stage of a gridded
ion thruster combined with the acceleration
region of a Hall thruster. The two-stage nature
of the LGIT is shown schematically in Figure 3.
It should be noted that some of the features
shown in Figure 3, such as the size and shape of
some components, are exaggerated for clarity.
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Figure 3: A functional schematic of the Linear
Gridless Ion Thruster.

Linear Geometry
One of the most striking features of the

Linear Gridless Ion Thruster is its unusual shape.
Unlike conventional Hall thrusters that use an
annular geometry to facilitate closure of the
electron drift current, the LGIT has a linear
discharge chamber as shown in Figures 3 and 4.
This geometry helped to simplify the
development of the magnetic circuit for both the
ionization and acceleration stages. Additionally,
the linear geometry lends itself to easy spacecraft
integration, clustering of multiple thrusters, and
possibly to the use of thrust vectoring by varying
the magnetic field shape in the acceleration
region.

A direct consequence of the linear
shape of the acceleration stage is that the Hall
current flows across the face of the thruster and
is not closed. Researchers at Stanford University
have proven that closure of the electron drift
current is mnot necessary by successfully
operating a single-stage, linear Hall thruster.”®
To avoid excessive erosion of the ceramic
acceleration stage, a tantalum electrode is used to
collect the Hall current. There are several
options, which will be the subject of future
experiments, for handling the current collected
by the tantalum electrode. Some of these options
include allowing the electrode to float, grounding
it, or connecting it to the ionization stage cathode
such that the collected current may be re-emitted.

3
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Figure 4: Front view of the linear acceleration
stage.

Design Method

Scaling

The thruster being tested was designed
for operation at approximately 2 kilowatts. The
acceleration stage has been sized to handle a 3
amp discharge at 500 volts with an expected
ionization stage power of 500 watts. This
assumes ionization costs of approximately 150
W/A.

The overall scaling was accomplished
using a combination of empirical scaling laws’
and by comparison to an existing coaxial
thruster.” The acceleration channel height and
width were determined by scaling from the Air
Force/University of Michigan P35 thruster and
maintaining a constant current density and aspect
ratio. In effect, this dictates that the exit area of
the thruster should be proportional to the desired
power level for devices operating at comparable
voltages. This scaling method was chosen partly
to keep the heat transfer to the thruster walls
from becoming unmanageable. This method
results in an acceleration channel that is 198 mm
wide and 22 mm high for a thruster designed to
operate at 500 V and 3 A.

The depth of the acceleration channel
can be estimated using equations 1.8-1.11 in
Reference 3. This calculation results in a
suggested channel depth of 18 mm, however this
formula is for a stationary plasma thruster (SPT)
and hence it assumes that ionization, as well as
acceleration, must occur in this depth. Since the
plasma is produced in the ionization stage, it was
believed that the acceleration stage could be
significantly shortened to reduce the loss of ions
by recombination at the walls. The actual depth
of the acceleration zone was chosen to be 15 mm
by optimizing the magnetic field in this region as
discussed in subsequent sections of this paper.
The acceleration stage is constructed of a
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ceramic composed of 50% boron nitride and
50% silicon dioxide.

The height and width of the ionization
chamber are sized so that the two stages of the
thruster mate smoothly with each other. The rear
of the chamber must also be sufficiently large to
accommodate a standard NASA 6.4-mm
diameter hollow cathode. These considerations
led to an ionization stage that is 16 mm high in
the back and 22 mm high in the front. The width
is 198 mm.

The length of the ionization stage is
such that a neutral xenon atom injected at the
rear has a high probability of being ionized
before escaping into the acceleration zone due to
thermal motion. This is accomplished by sizing
the discharge chamber such that the
characteristic ionization time of an injected
xenon atom, Ty, 1S significantly shorter than the
thermal escape time, T.,.. The escape time is
given by Equation 2 and is a function of the
length of the chamber (L), Boltzman’s constant
(k), the temperature of the neutral gas (T,), and
the mass of a xenon atom (m,). Equation 3 gives
the characteristic ionization time, which can be
expressed in terms of the xenon number density
(n,) , the electron temperature (T), the electron
mass (m.), and the ionization cross section (oy).

@

€)

In using Equation 3, the temperature
dependent ionization cross section, given in m’
by Equation 4, has been used.'” Calculation of
the ionization time requires an estimate of the
neutral xenon density inside the ionization
chamber. Since this is difficult to predict
analytically, an empirical relation was used. The
similarity between the ionization stage of the
LGIT and those of gridded ion thrusters makes
the use of empirical relations used in ion
thrusters appropriate. Equation 5 gives an
estimate of xenon number density in m™ based
on geometric parameters such as the primary
electron area (A;) and the primary electron
volume (,)."! The final term involving the

4

€)2001 American Institute of Aeronautics & Astronautics or Published with Permission of Author(s) and/or Author(s)' Sponsoring Organization.

mass and cross sections of xenon and argon is a
correction factor to account for the gas being
used.

o, =1.73x107' T, (eV) - 2.095x107%4)

A
n, ~14x107 22 %M (5
)4 O-XemXe

Combining  Equations 2-5 and
examining a range of expected electron and
neutral temperatures led to the selection of a 50
mm long ionization stage. The anode, which is
the outer shell of the ionization stage, was
constructed of 316 stainless steel. Figure 5
shows a solid model of the ionization stage and
ceramic acceleration stage without any of the
surrounding components. The stripes on the

anode represent the placement of the permanent
magnets discussed in the next section (see
arrow).

Figure 5: A solid model showing the
ionization and acceleration stages without the
surrounding components.

Magnetic Circuit

The magnetic field in the LGIT, as in
virtually all electrostatic thrusters, is one of the
most critical design considerations. As Figure 3
implies, there are two very different magnetic
field topologies in the two stages of this thruster.
The first stage features cusped fields designed to
enhance ionization by increasing the effective
path length between the ionization stage cathode
and the anode walls. The acceleration stage uses
transverse magnetic fields to impede the flow of
electrons toward the anode.

The magnetic fields in the acceleration
stage have the same function as those in a
conventional Hall thruster. The strength of the
field is determined by ensuring that the electron
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and ion Larmor radii, r. and r;, respectively,
satisfy Equation 6, which compares these lengths
to the characteristic length of the thruster (L).

1, << L<< n (6)

The magnitude of the magnetic field
required in the acceleration zone was estimated
by scaling it to the field in the PS5 thruster. The
goal of the scaling is to keep constant the ratio of
the electron gyroradius to the thruster
dimensions, 1/L. This is accomplished by
considering the scaling relations used previously
where the thruster exit area, and hence the square
of the characteristic length scale, was kept
proportional to the design power level. Since the
electron gyroradius is proportional to the inverse
of the magnitude of the magnetic field, it follows
that Equation 7 must be satisfied to maintain a
constant ratio of gyroradius to characteristic
length. In Equation 7, B represents the
magnitude of the magnetic field and P represents
the nominal thruster power. For a two-stage
design, such as the LGIT, the acceleration stage
power should be used. Considering that the peak
magnetic field strength on the centerline of the
5-kW-class PS5 is approximately 250 gauss,
Equation 7 suggests a maximum field of 450-500
gauss on the centerline of the LGIT.

PB? = consant Q)

The ionization stage consists of
samarium-cobalt permanent magnets in a cusped
configuration to enhance ionization. Both ring-
cusp and line-cusp arrangements were
considered with an eye toward the ring-cusp
option since it has been shown to reduce
ionization costs by as much as 20% compared to
line-cusp configurations.® Unfortunately, it was
determined that the ring-cusp design would
interfere with the magnetic field in the
acceleration region. As shown in Figure 6, a
ring-cusp arrangement would have placed
magnets having the same orientation next to each
other on one edge of the ionization/acceleration
interface while placing magnets of opposite
orientations next to each other on the other edge.
This would have made it impossible to create a
symmetric discharge. A line-cusp configuration,
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on the other hand, allows the permanent magnets
to be arranged in such a way that the magnetic
fields are symmetric across both midplanes of
the thruster. For this reason, a line-cusp
arrangement with the long axis of the magnets
running parallel to the flow direction was

q 2
N

&\ v
S|
Ionization | ~Acceleration

Figure 6: A simplified schematic showing the
unacceptable magnetic field interaction that
would occur with a ring-cusp design.

After determining the overall magnetic
configuration, the 3D magnetic field simulation
program MagNet 6.1 was used to size the
magnetic pole pieces, determine the screen
configuration, and optimize the number and size
of permanent magnets used. The main goal of
the design was to find an arrangement of
permanent magnets that would create a weak
field in the middle of the ionization stage to
enhance ionization and a strong field near the
walls to reduce the loss of primary electrons.
This was accomplished by the use of 40 mm
long samarium-cobalt magnets with a 5 mm x 5
mm cross section. After an iterative process, a
configuration was chosen in which the magnets
were arranged with 5 on the top and bottom of
the anode and one on each side for a total of 12
magnets. Figure 7 shows the resulting magnetic
cusps predicted by the MagNet software. The
cross section shown is taken from approximately
halfway down the length of the ionization
chamber in a direction perpendicular to the flow
velocity.
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Figure 7: Magnetic cusps predicted by MagNet 6.1 near the midplane of the ionization stage.

An electromagnet circuit constructed of
cold-rolled steel provides the transverse
magnetic fields in the acceleration region. This
circuit was designed to be capable of producing
peak magnetic field strengths of at least 750
gauss, well above the expected operating value
of 500 gauss. The circuit consists of 8 solid
cores connecting 3/8” thick front and back pole
pieces. A magnetic screen surrounds the anode
to prevent the fields created in the acceleration
stage from interfering with the magnetic cusps of
the ionization stage. The magnetic circuit,
including the rectangular screen, is shown in
Figure 8. Figure 9 shows a photograph of the . . .
completed thruster. Figure 8: A solid model of the LGIT showing

the electromagnet circuit of the acceleration
stage.

6
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Figure 9: The Linear Gridless Ion Thruster.

Recent work has suggested that the
shape of the magnetic field in the acceleration
zone may affect the loss of ions to the channel
walls.”>  There is reason to believe that
symmetric, “cupped” magnetic field lines having
high strength near the walls and a lower strength
near the center of the channel would tend to keep
the bulk of the plasma away from the channel
walls, thus reducing ion losses due to
recombination.'” In a linear thruster such as the
LGIT, symmetric field lines are easy to achieve.
As Figure 10 shows, the field lines in the LGIT
run nearly perpendicular to the flow direction at
the exit plane with cups developing upstream.
Figure 10 shows a side view of the thruster. The
multiple field lines shown at each axial location
represent 5 different streamtraces taken at evenly
spaced points across the long dimension (width)
of the thruster. It is interesting to note that the
lines of force are nearly uniform across the face
of the thruster near the exit plane while further
upstream the nonuniform field lines are evidence
of interaction between the ionization and
acceleration stage fields. Figure 11 shows the
slightly lower field strength near the center of the

7
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acceleration channel compared to near the
ceramic walls.

Exit Plane
at zme5mm

T
— ze!!!k/ﬁ/\&\ar:

0 20 40 60

Figure 10: Side view of field lines at 4
different axial locations in the acceleration
zone. Note the interaction with the cusp fields
evident at the rear of the acceleration stage.

It has been well established that the
optimum magnetic field in a conventional Hall
thruster consists of a low field strength in the
upstream portion of the channel increasing to a
peak near the thruster exit plane.”” As Figure 11
shows, this was achieved in the LGIT by careful
placement of the front pole pieces. Note the
nearly uniform field strength in the center of the
ionization zone and the sharp increase near the
exit plane.

Electrical Configuration

The ionization and acceleration stages
of the LGIT are powered by Sorensen DCS 55-
55 and DCR 600-16T power supplies,
respectively. The ionization stage power
supply is connected to an isolation transformer to
allow it to float at near anode potential. Various
laboratory power supplies are used to power the
top and bottom electromagnets as well as a
heater and igniter for each cathode. A simplified
electrical schematic is shown in Figure 12. In
Figure 12, the heater, keeper, and electromagnet
power supplies are omitted for clarity.
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Figure 11: Side view showing the peak in magnetic field strength near the exit plane.
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Figure 12: A simplified electrical diagram.

Experimental Setup

Initial tests of the LGIT were conducted
in the Large Vacuum Test Facility (LVTF) at the
University of Michigan’s Plasmadynamics and
Electric Propulsion Laboratory (PEPL). The
LVTF is a 6-meter diameter by 9-meter long
cylindrical, stainless steel vacuum chamber with
four large mechanical roughing pumps. Seven
nude CVI Model TM-1200 cryopumps provide a

8

pumping speed of approximately 500,000 liters
per second on air and 240,000 liters per second
on xenon. This facilitates a base pressure of less
than 1x1077 Torr and a pressure in the 10 Torr
range during thruster operation. For the initial
tests described in this paper, only four of the
seven cryopumps were used and the chamber
pressure was maintained at less than 1.5x10”
Torr indicated.

The goal of the initial thruster tests was
to measure the thrust, specific impulse, and
efficiency of the thruster. To accomplish this the
LGIT was mounted on a NASA Glenn Research
Center type inverted pendulum thrust stand.

Due to difficulties in obtaining a hollow
cathode for use in the ionization stage in time to
write this paper, initial attempts were made to
run the thruster in a single-stage mode. In this
mode, the thruster is operated like a conventional
Hall thruster, i.e. the ionization stage power
supply is completely disconnected. The Hall
current collector was electrically grounded.
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Experimental Results

The LGIT was initially started in single-
stage mode at 300 V with the electromagnets set
to approximately half of their design value. The
magnets were set to this low value in an attempt
to ease thruster startup, with the intent to
optimize the magnet settings after a stable
discharge was achieved. = The anode and
accelerator cathode flow rates were set to 15.0
and 6.0 sccm, respectively. The thruster was
ignited in this configuration and the resultant
discharge current was 3.9 A with the cathode
floating at 25.5 V below ground. The thruster
maintained a stable discharge for approximately
three minutes. Figure 13 shows the LGIT firing
for the first time. Unfortunately, before the
electromagnet settings were adjusted and
optimized, an electrical short between the anode
and screen extinguished the discharge.

In the three minutes that the discharge
was maintained, the thrust stand recorded a
constant thrust of approximately 20 mN. Given
the anode flow rate of 15.0 sccm, this constitutes
a specific impulse of approximately 1400
seconds. The calculated anode efficiency was
12%. The low efficiency is not surprising
considering that the LGIT was operating in a
single-stage mode rather than the two-stage
mode for which it was designed. Additionally,
the discharge current for a mass flow rate of only
15 scem is expected to be significantly less than
the 3.9 A measured. The anomalously high
current is most likely the result of the low
electromagnet setting. If the magnet settings
were to be increased to their design value a
significantly lower discharge current is expected.

Figure 13: The LGIT firing for the first time.
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Future Work

In the future, the way in which the
anode is isolated will be improved upon to
prevent the electrical shorts experienced during
these techniques. Additionally, a cathode fitting
the requirements of the ionization stage will be
acquired or built so that the LGIT can be
operated in two-stage mode. Once these changes
have been implemented, the thruster
performance will be measured and optimized at a
variety of different power levels. The host of
diagnostics available at PEPL will then be used
to characterize the thruster both internally and
externally.
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Note to Reader

Many of the figures in this paper were
originally created in color and may not be
reproduced well here. If the figures are difficult
to make out, the reader may wish to view color
versions of the figures at the PEPL website:
http://www.engin.umich.edu/dept/aero/spacelab/r
esearch/publications.
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