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Abstract: This paper reports on the status of on-going research to characterize the
plume of a bismuth Hall thruster. Diagnostics for ion energy, multiply charged ion
fractions, and beam divergence are developed for a 2-6 kW device. The apparatus includes a
tungsten Faraday probe, a four-grid Retarding Potential Analyzer, and an ExB probe. The
effects of bismuth plating, including change in secondary electron emission of current
collectors and occlusion of RPA and ExB probe orifices and grids are examined. While data
was unavailable at the time of writing, methods and error analyses are presented.

Nomenclature
a = Acceleration parallel to the electric field (m/s?)
B = Magnetic field (T)
E = Electric field (N/c)
F = Net force on an ion (N)
J; = Ion Current Density (mA/cm?)
I = Measured Ion Current Density (mA/cm?)
/ = Distance between plates C2 and F (m)
L. = Distance between plates C1 and C2 (m)
m = Jon mass (kg)
Oc; = Orifice diameter of plate C1 (m)
Oc = Orifice diameter of plate C2 (m)
Or = Orifice diameter of plate F (m)
q = Charge of an ion (c)
t = Time required for travel from plate C2 to plate F (s)
v = Velocity (m/s)
Y = Velocity parallel to the probe axis (m/s)
v, = Optimal velocity (m/s)
vy = Velocity parallel to the electric field (m/s)
y = Displacement parallel to the electric field (m)
Y(<E>) = Secondary Electron Yield for ions of average energy <E> (electrons/ion)
1] = Ion entry angle (radians)
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I. Introduction

Bismuth shows significant promise as a propellant for high-power Hall thrusters.” The condensible nature that
makes bismuth economically attractive for ground testing presents problems with spacecraft interactions, however.
As bismuth may form an opaque, conductive coating on optics and dielectrics, determination of the plume
characteristics of a bismuth Hall thruster is critically important. The same deposition properties that make plume
characterization so important make the necessary probe diagnostics potentially more difficult. Any probe used to
investigate a bismuth thruster plume must be able to tolerate deposition of bismuth on electrode and insulator
surfaces.

The effect of a xenon Hall thruster plume on exposed spacecraft surfaces has been the subject of significant
research. Experiments performed by Randolph,’ Kusamoto,' and others utilized Faraday probes to measure the
beam divergence of thrusters and thus the off-axis angle at which spacecraft surface erosion becomes significant.
Measurements with a retarding potential analyzer (RPA) by Absalamov,’ King,® and others determined the energy
profile of the ions in the exhaust plume. ExB probe measurements taken by Kim’ and more recently by Hargus®
allowed further examination of the ion energy profile, as well as determination of the ratio of singly-charged to
multiply-charged ions. Studies by Kim’ and Domonkos'® have also focused on very near-field behavior of thrusters.
End-of-life behavior of thrusters has been studied by Pencil'' and others. Exotic probes have also been employed,
such as the parallel-plate electrostatic energy analyzer developed by Hofer and Haas,'? based on the Molecular
Beam Mass Spectrometer developed by King."> The purpose of these probe studies of the Hall thruster plume was
to determine the nature of spacecraft interaction and develop an understanding of the ionization and acceleration
processes in a Hall thruster.

A limitation to previous experimentation on xenon Hall thrusters, however, is that a bismuth Hall thruster may
be significantly different from a xenon Hall thruster, thus mandating that plume studies be performed to determine
the effect, if any, the conversion has on the plume and performance of the thruster. As the internal geometry of a
bismuth thruster may also be different, there may be differences in the plume characteristics from typical SPT- or
TAL-type thrusters. Studies of a thruster with internal geometry similar to a bismuth thruster during xenon
operation have shown the beam profile is very similar to conventional xenon thrusters.'* It is unknown how the ion
energy or the fraction of multiply charged ions will be different from a xenon Hall thruster.

The fraction of ions in each charge state is expected to be different for a bismuth thruster. Bismuth has a lower
secondary ionization energy than xenon, which indicates that if the discharge plasma conditions are otherwise
identical bismuth should produce more multiply charged ions than xenon. As multiply charged ions are a source of
inefficiency to a thruster, determination of the fraction of multiply charged ions is of significant importance to future
thruster designs.

Bismuth plating may also present difficulties to probe operation. Any plating of bismuth on probe dielectrics
will be disastrous to probe function, as it will nullify or reduce the insulating properties of these materials. Probe
surfaces dependent on secondary electron yield may also be affected, as the secondary electron yield of bismuth is
undoubtedly different than the tungsten, steel, or other materials typically used in probe construction. Occlusion of
orifices may also be a problem on probes that utilize grids or apertures. Of these potential issues of bismuth
deposition, only a change in secondary electron yield can be dealt with efficiently, as any change can be eliminated
through a mathematical adjustment to the data. Coatings on dielectrics and/or apertures or grids may be disastrous,
as either would severely limit the usefulness of the probe.

II. Goal of Research

The primary goal of the research presented here is to determine the characteristics of the plume of a bismuth
Hall thruster. Of primary interest are the beam divergence, ion energy, and multiply charged ion fractions. The
divergence of the thruster beam will be measured with a Faraday probe, while a Retarding Potential Analyzer (RPA)
will measure the ion energy, and an ExB probe will measure the ion energy and multiply-charged ion fractions.

A secondary goal of this research will be to determine the effect bismuth has on the operation of Faraday, RPA
and ExB probes. As bismuth is prone to plating of surfaces inside the test facility, it is expected that it will play a
role in the function of the probes as conductive and dielectric surfaces become coated with bismuth. Occlusion of
orifices in an ExB probe and the grids in an RPA will also be examined.
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III. Theoretical Basis
A. Faraday Probe

A Faraday probe consists of a flat electrode, which is optionally surrounded by a guard electrode. The purpose
of the guard electrode is to ensure the potential profile at the face of the probe is as flat as possible, preventing ions
from being deflected to the side of the probe face by an off-axis electric field. The probe and guard electrode are
typically biased several volts below the floating potential, such that the probe will only collect ions and repel
electrons. Faraday probes are typically made of tungsten, as it has a very low secondary electron yield, reducing the
potential error in measurements.

Calculation of the ion current density from a Faraday probe requires dividing the collected current by the face
area of the probe, and modifying the resultant current density to reflect the secondary electron yield. The secondary
electron yield is accounted for through the equation:'’

Ji=dp = WEW,,. (1)

The value of yis inherent to the probe material, and may change if the probe becomes coated with bismuth.
B. Retarding Potential Analyzer

An RPA is a gridded probe that uses electric fields to act as an energy filter."” Typical RPAs contain two to
four grids, as in Figure 1. The first grid, at the entrance of the probe, either is allowed to float or is grounded. This
serves to shield the plasma from the potentials inside the probe, and minimizes the disturbance to the plasma. The
second grid is biased negative relative to the plasma potential. This serves as an electron repeller; ensuring only
ions enter the probe. The third grid is an ion repeller. This grid has a variable, strongly positive potential applied to
it. By adjusting the potential on this grid, ions of energies below the grid voltage are repelled and prevented from
being detected. A fourth grid may be added after the ion repeller, which is biased negative to prevent secondary
electrons from the current collector from escaping. The collector can be biased negative to serve as an ion attractor,
but can also be grounded. Two-grid RPAs utilize only the electron repeller and ion repeller grids, and rely on
knowledge of the secondary electron emission characteristics of the collector in place of the secondary electron
suppression grid.
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Figure 1: Diagram of RPA and potential structure within the probe. V;is the floating potential of the
plasma.
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As an RPA is purely electrostatic in nature, it cannot differentiate between singly charged and multiply charged
ions. The current measurements of an RPA are not dependent on ion energy, but rather the energy per unit charge
on the ion. Thus a singly-charged ion with 300 eV of energy and a doubly-charged ion of 600 eV of energy will be
filtered by the probe identically, preventing any differentiation of the charge state of ions. The benefit of an RPA is
the probe does not require calibration. Ions are accepted or rejected based only on their energy and the potential
applied to the ion repeller grid.

C. ExB Probe

An ExB probe utilizes perpendicular electric and magnetic fields to filter ions based on velocity. The magnetic
field acts to divert ions away from an orifice, while the electric field provides an opposing force to push the ions
back to their original path. The net force on an incident ion is given by:

F=q|pxB)+E|. 2)

Where F if the force experienced by an ion, g is the charge of the ion, ¥ is the velocity of the ion, B is the magnetic
field in the probe, and E is the electric field in the probe. The velocity for which an ion will experience no net

electromagnetic force is:

VO:

3

U:U|D'Jl

This relation allows ions of a specific velocity to pass through the probe on a straight-line trajectory, as the magnetic
Lorenz force will be equal and opposite to the applied electric force. Ions of other velocities will not be able to pass,
as they will either be diverted too much by the magnetic field, or not enough to counteract the electric force. A
more complete explanation of the construction and theory of an ExB probe is presented elsewhere.'®

In an ideal probe, only ions with velocity v, will pass through the probe and be detected. This is not possible,

however, as the entry and exit orifices of the filter are of a finite size, and an ion that enters the probe with a velocity
at an angle to the probe axis may be deflected back into line with ions that enter parallel to the axis, as shown in
Figure 2.
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Figure 2: Schematic view of ExB probe. Plate C1 is the front plate of the probe, C2 is the filter entry or
collimator exit plate, and F is the filter exit plate.

Both the velocity and position of a non-optimal ion must be considered to determine if it will be detected by the
probe. The position is important because an ion that may be deflected just enough not to pass if it were on axis may
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be deflected into the exit orifice of the filter and be detected. Velocity is important because an ion that is slightly
faster or slower than the optimal velocity may not be deflected enough to prevent its detection. There are three

components of velocity; parallel to the probe axis, parallel to E, and parallel to B. The velocity parallel to the
probe axis is most important in determining if the ion will be detected; it is much larger than the other components
and thus has much more of an effect on the magnetic force experienced than either of the other velocity components.

In order to determine the off-axis angle and position with which an ion can enter the filter section of the ExB
probe, the orifice size and spacing in the collimator section must be taken into account, as ions of only a small entry
angle and off-axis distance can enter the filter. The largest distance off-axis the ion can enter is one-half the
diameter of the orifice in plate C2; larger off-axis distances will impact plate C2 and never enter the filter. The
largest entry angle allowed is determined by an ion entering at one side of the orifice in plate C1 and traveling
unobstructed to the other side of the orifice in plate C2. The angle is given by the equation:

6 = arctan| M 4)
21,

where O,; is the diameter of the orifice in plate C1, O,, is the diameter of the orifice in plate C2, and /. is the
distance between plates C1 and C2.

Ions with components of velocity parallel to B will be detected only if that velocity component is small enough

that the ion would pass through the filter if no electric or magnetic field were present, since velocity parallel to B is
unaffected by either the electric or magnetic field. Thus the filter acts as a very large collimator, allowing ions with
extremely small off-axis angles to pass, as the allowable angle (given no obstruction from the orifice in plate C2)
will be the found by 8 = arctan((O¢y + Op )/ 21.), where OF is the diameter of the orifice in plate F.

Tons with components of velocity parallel to £ are much harder to account for. Velocity along E can be
changed by the fields in the filter, thus an ion with a total velocity different from v, may be able to pass through the

filter and be detected. In order to determine the range of ion velocities that allow such a trajectory, the acceleration
of an ion under a nonzero sum of electromagnetic forces must be examined. For the purposes of this analysis, only
the component of velocity parallel to the axis of the probe will be used to calculate magnetic force, as this
component is nearly unaffected by either E or B, and is much larger than the other components of velocity given a
small entry angle. As the component of velocity used to calculate the magnetic force is unaffected by that force, it
can be assumed that the magnetic force is constant. Since the electric force does not change, the total acceleration
can be assumed constant. Due to the combination of the assumed-constant acceleration due to the magnetic field
and the constant acceleration due to the electric field, equation (2) can be combined with the general equation for the
motion of a particle under constant acceleration:

1 2
y:Eat +vpt (5)
to give:
2
t
y=q—(le+E)+vpt. ©)
2m

where y is the off-axis distance, m is the mass of the ion, v; is the component of velocity parallel to the axis of the
probe, v, is the component of velocity parallel to the electric field, and # is time. The components of velocity are
calculated using the maximum possible entry angle, as calculated in equation (4). As the displacement of the ion at
the end of the filter is of greatest importance, ¢ becomes the time required for the ion to traverse the filter section,
which is expressed as the length of the filter divided by the velocity parallel to the probe axis. Thus, a substitution
can be made into equation (6) to produce:

2 2 vl
:ql_BJrLb;jLL.
2mv; 2mvi vy

()
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The equation can be further simplified by replacing the velocity components with expressions based on the total
velocity:

2 2 .
y= ql”B N ql°E N vl sin(6) . (@)
2mvcos(@)  2my? cos?() Vveos()
This change in variables removes the velocity dependence from the third term of the equation, which can now be
trivially rearranged to:

2meos>(0)(y —1 tan(@))v> — gl*Beos(@)v — ql>E =0 . )

The value of y to use in this equation is the total distance an ion can travel parallel to the electric field, assuming it
enters at one side of the orifice in plate C2 and exits at the other side of the orifice in plate F. By substituting the
average of the orifice sizes in plates C2 and F for y, equation (9) becomes a quadratic equation for v. Since &can be
positive or negative, maximum and minimum possible velocities can be calculated by changing the polarity of
6. The maximum and minimum velocities are not necessarily the same distance from the optimal velocity, and must
be calculated separately.

Measurement of ion energy by an ExB probe requires calibration. Magnetic and electric fields are difficult to
measure with enough precision to make energy measurements, thus calibration by other means is necessary.
Typically the measurements of an ExB probe are correlated with those from an RPA or other electrostatic energy
analyzer. A single-point calibration may be obtained by matching the peak of the distribution generated by an RPA
with the energy of the singly charged ion peak in an ExB probe. As the filtering effect is linear with increasing
velocity, a zero applied electric field will allow ions of zero energy to pass; thus the two point requirement for a
linear fit is met, and ion energy measurements can be taken with the probe.

IV. Experimental Apparatus
A. Thruster

To allow for the controlled flow of bismuth propellant to the discharge of a Hall thruster, a method has been
developed which utilizes the waste heat of the thruster to maintain the anode at sufficient temperatures for bismuth
evaporation.'”  Thermal control of anode temperature is accomplished through the use of inert shim electrodes,
which allow thermal control through control of discharge current attachment. Shifting current from anode to shims
will cool the anode due to the reliance on the discharge current for heating. The discharge current is shifted by
reducing the shim voltage below the voltage on the main anode. Control of the anode temperature will control the
evaporation rate of bismuth through a change in vapor pressure, which will thus control the propellant mass flow
into the thruster.

The bismuth thruster to be used for the experiments reported here consists of the magnetic circuit of an Aerojet
BPT-2000 thruster'®, with the single anode replaced with a dual-mode anode and shim electrodes.'” The dual-mode
anode is divided into two chambers: the lower chamber is connected to a xenon flow control system and allows
operation and warm-up on xenon while bismuth vapors are allowed to escape through a diffuser plate on the front
face of the anode. This allows the thruster to be started without external heat, and thus ensures the thruster can
maintain the absolute temperatures required for bismuth operation. A cross-section of such a thruster is shown in
Figure 3.
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Figure 3: Cross Section of segmented-electrode Hall thruster

B. Facility

Experiments with xenon as propellant were performed' in Isp Lab’s xenon Test Facility (XTF), shown in
Figure 4. The facility is comprised of a 2-m-diameter by 4-m-long vacuum tank. Rough pumping is accomplished by
a two-stage rotary oil-sealed vacuum pump with a Roots blower, capable of pumping at 400 cfm. High vacuum is
achieved through dual 48-inch-diameter cryopumps, capable of pumping 120,000 liters per second on nitrogen.

< 4 m >

Cryopump

-

2’m Thrust
Stand

Motion Table

Cryopump

Figure 4: xenon Testing Facility

Bismuth experiments are performed in the bismuth testing facility (BTF), as shown in Figure 5. The facility
consists of a 2-m-diameter, 4-m-long cylindrical vacuum tank. Rough pumping is accomplished through a two-
stage mechanical pump, capable of 400 cfm. High vacuum is achieved through the use of three Leybold MAG-2000
turbomolecular pumps, with a combined throughput of 6,000 I/s, and providing a base pressure below 10 Torr.
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Figure 5: Diagram of the Bismuth Testing Facility
C. Faraday Probe

The Faraday probe consists of a 2.4-mm-diameter tungsten collector, enclosed in an alumina sheath with an
outer diameter of 4.75 mm. A steel guard ring with a diameter of 10 mm is included to reduce edge effects on the
potential structure in front of the probe face. Both the probe and guard ring are biased to the same potential, in the
ion saturation regime below the floating potential. The probe is swept across the face of the thruster at a constant
radius, using the exit plane of the thruster as zero point. Motion of the probe will be accomplished by use of a
motion table capable two-dimensional horizontal motion as well as rotation about the vertical axis. Sweeps are
performed at radii of 250 and 500 mm. Secondary electron yields will be estimated from experimental data.*
Average ion energies used in determination of the secondary electron yield will be based on the RPA measurements.

D. RPA

The RPA utilizes a four-grid design, with a 12.7-mm-diameter collector area. The grids are made of stainless
steel, and have open area fractions of roughly 34%, with hole sizes on the order of 0.1 mm. The entry or shield grid
will be either grounded or held at the plasma potential as measured by a Langmuir probe. The current collector will
consist of a stainless steel disc.

E. ExB Probe

The ExB probe has a 5 cm collimator (distance between plates C1 and C2), and 23 cm filter (distance between
plates C2 and F). The orifices in plates C1 and C2 are 1.6 mm in diameter. The orifice in plate F is 0.8 mm in
diameter. All of the orifices have 90-degree chamfers on their downstream sides, to prevent ions from hitting the
interiors of the orifices and unnecessarily reducing the measured current. The magnetic field is supplied by six 5
cm x 7.6 cm x 1.3 cm grade 8 ceramic magnets, arrayed at the top and bottom of the probe, which provide an
approximately 0.15 T field in the filter as measured by a magnetic field probe at the centerline of the filter. The
magnets are separated by Teflon spacers, which also hold and insulate the electrode plates from the structure of the
probe. The current is read by a K and M Electronics model 7550m channel electron multiplier. The multiplier will
be operated at supply voltages up to —2350 V, which correlates to a gain of up to 10°. The casing of the probe as
well as the three orifice plates are fabricated of magnetic stainless steel, to direct and focus the magnetic field while
preventing oxidation as is typical of magnetic iron or mild steels. The magnetic field outside the filter section of the
probe is less than one gauss. The output current of the electron multiplier will be converted to a voltage signal via a
IM Ohm resistor and displayed on an oscilloscope. Tuning of the electrodes and thus the electric field in the probe
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will be performed by two power supplies controlled by a function generator. The electrodes will be swept through a
roughly 120-volt difference at a rate of 2 Hz, which with the estimated magnetic field corresponds to an ion with
nearly 2,700 eV of energy, well above the 2,400 eV expected of a quadruply-charged ion accelerated through a 600
V potential.

Application of the error analysis from section (III) yields an estimate of the uncertainty in ion velocity and
energy measurements. Errors in energy measurements are plotted in Figure 6.
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Figure 6: Error in Energy Measurements from the ExB probe

For an incident ion with 300 eV of energy, the error is estimated to be 13.8% (41.3 V) at the upper bound and
—9.9% (-29.6 eV) at the lower bound. These errors are quite large, and will make measurement of ion energy
difficult. Reducing the error could be accomplished by addition of a drift tube and fourth orifice plate behind plate
F, which would require ions not only be in a position to pass through plate F, but also have velocity such that they
would pass through both plate F and the fourth plate. Accuracy could also be increased by reducing the diameter of
one or more orifices.

V. Results

Experimental results were not available at the time of the paper deadline. Results will be orally presented at the
2005 IEPC.
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