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The ability of a magnetically-filtered Faraday probe (MFFP) to obtain the ion current
density profile of a Hall thruster is investigated. The MFFP is designed to eliminate the
collection of low energy, charge-exchange (CEX) ions by using a variable magnetic field as
an ion filter. In this study, a MFFP, boxed Faraday probe (BFP), and nude Faraday probe
are used to measure the ion current density profile of a 5 kW Hall thruster operated over the
range of 300-500 V and 5-10 mg/s. The probes are evaluated in the University of Michigan
Large Vacuum Test Facility at operating pressures within the range of 3.3x10° Torr to
8.4x10°° Torr on xenon in order to study the ability of the Faraday probe designs to filter out
CEX ions. Detailed examination of the results shows that the nude probe measures a greater
ion current density profile than both the MFFP and BFP over the range of angular positions
investigated for each operating condition. Because all other parameters are identical, the
differences between the current density profiles obtained by each probe are attributed to the
ion filtering systems employed. Analysis of the results shows that the MFFP provides the
best agreement with flight-test data and between operating pressures.

Nomenclature
B = magnetic field flux density
D = probe diameter
E = ion energy
Iy = ion beam current
Ia = discharge current
Lot = integrated ion beam current, calculated by integrating j,(6)
Liote = corrected integrated ion beam current, calculated by integrating j(6)
j(©) = initial ion current density, calculated using beam attenuation
jA0) = ion current density measured at downstream position z
L = magnetic field filtering length
m = ion mass
n, = facility background number density
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Py = Dbase pressure

P. = corrected pressure
P; = indicated pressure
q = ion charge
I = Larmor radius
% = ion velocity
z = downstream distance from thruster exit plane
MNa = anode efficiency
s = current utilization efficiency
Nm = mass utilization efficiency
Mg = charge utilization efficiency
u = voltage utilization efficiency
See = charge exchange collision cross-section
0 = angular position

I. Introduction

As the available spacecraft power increases, the trend in Hall effect thruster (HET) development also continues
towards elevated power levels. Over the past decade government agencies and U.S. industry have devoted resources
toward the development of high-power HETs. This effort is most notably characterized by on-going activities for
qualifying the BPT-4000 (3.0 and 4.5 kW),"* a 1000 hour test of the P&W T-220 (10 kW), and testing of the T-
220HT (6-20 kW).>* The NASA Glenn Research Center (GRC) has operated a nominal 50 kW thruster over a range
of 9-72 kW on both xenon and krypton propellants.”® With the advent of nuclear fission reactors for space
applications under project Prometheus, the use of 50-100 kW thrusters will become an even more distinct
possibility.” By increasing HET power, the need for chemical rockets to perform orbit-raising and stationkeeping
maneuvers on satellites and deep space probes may be eliminated.

Considering the cost of improving facility pumping speed ($1-$4 1/s)® and the fact that most facilities already
contain a considerable number of cryosurfaces, it is unlikely that improvements in facility pumping speed will occur
in the near future. Because high-power HET plume test data are vitally important to understanding the interaction of
the plume with spacecraft surfaces and instrumentation, there is a growing need in the United States to develop the
methodologies and diagnostics to obtain these measurements at increased facility pressures where CEX collisions
greatly affect the data. As a result, the University of Michigan has launched an investigation seeking to understand
facility effects introduced by elevated backpressures more fundamentally. This investigation has included the
characterization of the performance of the PS5 HET at different pumping speeds,” an evaluation of a collimated
Faraday probe’s ability to filter out CEX ions while measuring the ion current density at elevated backpressures,"
characterization of the Large Vacuum Test Facility (LVTF) backpressure during thruster cold-flow and hot-flow
operation,'"'? and the investigation of plasma properties near a nude Faraday probe during HET plume
characterization."

This paper investigates three types of Faraday probe plume diagnostics: a nude Faraday probe, a magnetically-
filtered Faraday probe (MFFP), and a boxed Faraday probe (BFP). Both the MFFP and BFP utilize ion filtration to
eliminate the collection of facility induced CEX ions. By filtering CEX ions the ion current density profiles at
different facility backpressures should be nearly identical. The purpose of this work is to aid in the development of
plume characterization techniques for obtaining the true ion current density profile of a HET regardless of the
facility pumping speed. This paper briefly explains the shortcomings of nude Faraday probes, describes the
diagnostics and experimental apparatus, shows the experimental data, and provides an explanation of the results.

II. Faraday Probes

Several numerical codes have been developed for determining the impact of a HET plume on a spacecraft.
Inputs for these codes are typically the ion energy and ion current density distributions. Ion energy distributions are
usually obtained with electrostatic energy analyzers as a function of the angle with respect to the thruster centerline
while the ion current density distribution is typically obtained using a nude Faraday probe. Due to facility effects,
nude Faraday probe results can be significantly different depending on the facility geometry and background
pressures. This makes the comparison of current density profiles taken in different facilities, which inevitably have
different pumping speeds and background pressures, questionable.
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At elevated backpressure, facility effects are primarily driven by resonant CEX collisions in which a “fast”
moving plume ion exchanges an electron with a “slow” moving background neutral. The result of this process is a
“slow” moving positively charged ion and a “fast” neutral. A nude Faraday probe is incapable of distinguishing
between “slow” moving CEX ions and “fast” moving plume ions and thus both add to the measured current density.
There are also many CEX ions created at or near the thruster exit plane and subsequently accelerated to significant
velocity. These ions are part of the thruster plume and need to be included in any numerical sputtering model. It is
only desirable to obtain the ion current density profile that would be present if CEX collisions between plume ions
and the facility background gas were not present, i.e., the true ion current density profile. de Grys, ef al., suggest that
CEX ions due primarily to facility effects are below a typical material threshold and have energies less than 20 eV."

Previous methods for obtaining the true ion current density profile have had varying degrees of success and have
included using a second Faraday cup pointed away from the thruster,” a retarding potential analyzer (RPA) to
screen out CEX ions,'® a gridded Faraday probe, and a biased collimator to filter CEX ions before they reach a
Faraday probe.'®'* Each of these techniques has its own advantages, but there is still another possible approach to
obtaining the true ion current density profile. By utilizing a magnetic field, low energy ions can affectively be turned
so that their trajectories do not intersect the ion collecting surface. In this way the magnetic field acts as an ion filter,
allowing only ions above a given energy threshold to be collected. In the following section a simple ion trajectory
model yields a first-order approximation of the flux density of the magnetic field required and the distance over
which it should be applied.

III. Ion Filtration Devices
A. Magnetic Filter

Consider the setup shown in Fig. 1 where a magnetic
field with length, L, is placed in front of a nude Faraday

probe with diameter, D. The magnetic field is uniform <“— D —> Faraday

and directed out of the page with flux density, B. An ion B-field out Ij/ Probe

with energy, E, (or velocity, v) entering on the probe of page Low Energy
centerline and traveling toward the probe will turn @ fon Trajectory,

4 . X Not Collected
because of the perpendicular magnetic field. The ion oroteee

follows an arc path of a circle with radius equal to the

Larmor radius defined by Eqn. 1," P
Energetic Ion
= ﬂ (1) Trajectory, Limiting Case,
L qB Collected Ion intersects

collector edge

where m is the mass of the ion and q is its charge. By
setting the length, diameter, and magnetic field it is  Figure 1: First order ion trajectory model for
possible to determine the energy of an ion whose  approximating the required distance and

trajectory intersects the outer edge of the collection magnetic field to filter low-energy, CEX ions.
surface. This relation is given by Eqn. 2.

2
2 2 |
@B2(D L J
E[eV] = {_ = 2 Solenoid 4 \
y
2m { 4 D . Permanent
T k Magnets
. . . NE )
The energy of the ions to be filtered is approximately 20 X
eV, and the diameter of the collector of the probe is  Iron Plate Y Faraday Probe
fixed at 2.31 cm. If we assume singly-charged xenon
ions, a relation between the flux density, B, of the \ i:“ Spacer

magnetic field and the distance over which it should be
applied, L, can be determined. These results provide a . .
baseline from which the magnetic field design and Figure2: Solid model of the magnetic (filter.
modeling is initiated using the magnetostatic code Particles enter along the z-axis, directed into the page.

MagNet 6.0
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Since the magnetic filter is to be placed
on an arm that rotates through the thruster | Faraday Probe Collector

plume, weight is a significant design B (Gauss)
consideration. It is also desirable to adjust the 1.6 m700-750
flux density of the magnetic field. This 12 0650700
provides the capability of changing the Distance toward = = oo
filtered ion energy threshold so that more or 0.g Probe, zdir. (in.) m550-600
fewer ions are allowed to reach the collection m500-550
electrode. After multiple design iterations, the 0450-500
device in Fig. 2 is selected as the magnetic | | ‘ ! | 0 [1400-450
filter. Note that the Faraday probe is -1 07505025 0 025 05 075 m350-400
positioned behind the filter so that ions must Width, x-dir. (in.) [300-350

first pass through the magnetic field before

colliding with the probe. Figure 3: Experimentally measured magnetic field with a

The magnetic filter contains a cylindrical - ggjengid current of +5 Amps. Ions enter between points (-0.5,

solenoid connected to two iron plates to form gy 414 (0.5, 0). The probe collector is located between points
a “C” shape. Permanent samarium cobalt (:0.5, 2) and (0.5,2)

magnets are connected to the iron plates via a

cylindrical iron spacer and are held in place

by their own magnetic force. The spacers are found to aid in turning the flux from the horizontal direction in the iron
plates to the required vertical direction. The solenoid can operate between +5 A, with +5 A increasing the flux
density and -5 A reducing it. This yields a magnetic field with a flux density range of approximately 500-750 Gauss
in the center of the filter. A two-dimensional magnetic field map taken in the x-z plane is shown in Fig. 3.

An approximate ion energy filtration range is obtained by taking the line average of the magnetic field over the
distance through which an ion experiences it. The average value can then be used in the trajectory model described
above to obtain an estimation of the ion filtration range. This method yields a range of approximately 8 — 30 eV
when the solenoid current is varied from -5 to +5 A.

A Faraday probe, identical to the JPL Faraday probe described in Ref. 18, is positioned behind the filter to
collect ions that pass through the magnetic field. A graphite faceplate is attached to the front of the filter and two
aluminum side panels are also attached. The faceplate has a 2.54 cm (1 in.) diameter hole machined directly
upstream of the probe to allow ions to enter. The distance from the faceplate hole to the probe is 5.85 cm. The side
panels prevent stray ions from entering from the sides and being turned into the probe. In the back, the area between
the probe and the filter is covered with graph-foil to prevent ions from entering from behind the filter and being
collected by the probe. These measures attempt to ensure that ions only enter through the faceplate hole. This setup
is referred to as the magnetically-filtered Faraday probe (MFFP).

B. Box
It is important to note that the MFFP is essentially a collimated Faraday probe with a magnetic field inside the
collimator. Thus there are two forms of ion filtration that are being utilized: a geometric collimator and a magnetic
field. In order to analyze which filtration method is contributing to changes in the measured ion current density, a
boxed Faraday probe is also tested. The box does not contain magnetics and is simply a 4-sided aluminum shell with
a graphite faceplate. Like the MFFP, a Faraday probe is positioned behind the box. The open area between the probe
and the box is covered with graph-foil, and the device is as
similar to the MFFP as possible. This setup is referred to as 1.20
the boxed Faraday probe (BFP).

Both the MFFP and BFP utilize a geometric collimator
as an ion filtration device, so collimated probe theory is
required to compare those data sets with the nude Faraday
probe. Collimated probe theory allows the comparison of 1.05
data taken with a collimated and an uncollimated probe by
utilizing a theoretical scaling factor based on the viewing T T T T T T T T

. . 100 80 60 -40 -20 0 20 40 60 80 100
angle (or geometry) of the probe. The scaling factor is the Angular Position (Degrees)
ratio between the ion current density that would be collected
by an uncollimated probe divided by the current collected
by a collimated probe. A detailed discussion of this theory is
presented elsewhere'™'* and will not be repeated here.

1.15 4

1.10 4

Scale Factor

1.00

Figure 4: The scaling factor is used to correct
the collimated probe data. It is calculated
based on the procedure outlined in Ref. 10.
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However, a plot of the scaling factor calculated using the method outlined in Ref. 10 is provided in Fig. 4. All data
reported here for the MFFP and BFP have been multiplied by the scaling factor.

IV. [Experimental Apparatus

A. Vacuum Facility
The University of Michigan LVTF is used for all

thruster station 1

the Faraday probe experiments. The LVTF is a earast stan
stainless-steel vacuum chamber with a diameter of 6 m five fost hatch reentrant crvopas (1
and a length of 9 m. A schematic of the vacuum mechanical pump |4]

chamber is shown in Fig. 5. Four 400 CFM mechanical \ plower (2) fon gange

pumps and two 2,000 CFM blowers evacuate the
chamber to a moderate vacuum (30 — 100 Torr). In
order to reach high vacuum, the facility employs seven
CVI TM-1200 re-entrant cryopumps, each of which is
surrounded by an LN, baffle. The cryopump system can

nude lon gauge

be operated with any number of pumps in use. With all B prabe tapie
seven pumps operating, the facility pumping speed is Chenster station 2
240,000 1/s on xenon with a base pressure of 2.5x10” (theta toble mownt) retracting endcap

Torr. For the experiments described here, four and
seven cryopumps are operated with average thruster  Figure 5: Schematic of the LVTF (not to scale).
anode flowrates of 5.25 mg/s and 10.46 mg/s, both with

a cathode flowrate of 0.92 mg/s. Table 1 shows the

operating pressures for the LVTF using 4 and 7 pumps ~ Table 1: LVTF background pressures for the
with the above anode flowrates. various flowrates and pumping speeds investigated.

The chamber pressure is monitored using two hot-

S iy Nominal Anode | Cathode Pressure
cathode 10n1z§t10n gauges, as shown in Fig. 5. The first Pumping Speed Flow Flow (Torr-Xe)
gauge, a Varian model 571 gauge with an HPS model (U/s) (mg/s) (mg/s)

919 Hot Cathode Controller, is connected to the 120.000 55 092 5 6E-06
chamber by a 25-cm-long by 3.48-cm-inner- diameter ’ ) i ’
tube. The second is a Varian model UHV-24 nude 140,000 10.46 0.92 8.4E-06
gauge with a Varian UHV senTorr Vacuum Gauge 240,000 5.25 0.92 3 3E-06
Controller. Pressure me?asurements from the gauges are 240,000 10.46 0.92 5 0E-06
corrected for xenon using the known base pressure on
air and a correction factor of 2.87 for xenon according
to the following equation'’
P, -P,
Pc 787 + Pb (3)

where P, is the corrected pressure on xenon, Py, is the base pressure, and P; is the indicated pressure when xenon is
flowing into the vacuum chamber. Corrected pressure for the nude ion gauge is reported as the background pressure
in the chamber. A recent investigation of the pressure inside the LVTF during HET cold-flow operation has shown
that the nude gauge provides better agreement with the true pressure of the facility.""

B. Hall Thruster

All experiments reported here are performed on the University of Michigan/AFRL P5 Hall thruster. The PS5 is a
laboratory-model Hall thruster with a nominal power rating of 5 kW. A more detailed description of the PS5 can be
found in Ref. 20. The thruster is mounted at thruster station 1, as shown in Fig. 5. This position places the thruster
near the centerline of the chamber, and allows the plume to freely expand approximately 7 meters downstream along
the chamber axis.

A lanthanum hexaboride (LaBg) laboratory-model hollow cathode is located at the 2 o’clock position on the
thruster. The cathode orifice is located approximately 30 mm downstream and 25 mm radially away from the outer
front pole piece.
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High-purity (99.999% pure) xenon propellant is supplied to the Hall thruster from compressed bottles through
stainless-steel feedlines. The anode and cathode propellant flowrates are metered by MKS 1179JA mass flow
controllers. Calibration of the flow controllers is accomplished using a custom apparatus that measures the gas
pressure and temperature inside a known volume. The mass flow controllers have an accuracy of 1% full scale.

C. Faraday Probe Table 2: Dimensions of the nude JPL
The MFFP, BFP, and

Faraday probe.
nude Faraday probe are Guard
investigated Ring Dimension
simultaneously. The Part Name [cm (in.)]
Faraday probes used for Nude JPL Collector
the MFFP and BFP are Collector Outer Diameter 2.31(0.91)
identical to the‘ nude Gap Thickness 0.23 (0.09)
Flaltraday I;f()be' Filgurfe h6 Nude JPL Guard Ring
shows a photograph ot the ;
JPL  probe. Table 2 TFigure 6: Photograph of the nude Outer.D1ameter 2.540 (1.000)
presents the relevant JPL Faraday probe. Thickness 0.074 (0.029)

dimensions. Each probe
has a 2.31 cm (0.91 in.) diameter collection electrode enclosed within
a guard ring. A spray-coating of tungsten over the aluminum collector
> . MFEP BFP
helps to minimize secondary-electron emission. In order to create a
nude probe n

flat, uniform sheath over the collection electrode, both the collector
and guard ring are designed to be biased to a negative potential below
facility ground as shown in Fig. 7.

D. Data Acquisition System

The probes are attached to a rotating arm, positioned 100 + 0.05 106.3 @ 107 Q 1073 Q
cm downstream of the thruster, and aligned with the center of the P5
exit plane. Rotation of the probes is accomplished using a Parker @ %})
Daedal 20600RT rotary table, which is driven by an Empire

Magnetics VSU23 stepper motor. The entire setup is mounted
approximately 0.75 m above the thruster to a steel platform that allows
the rotary table to be easily adjusted so that the axis of rotation is
directly over the thruster exit plane. A National Instruments NuDrive
4SX-411 powers the stepper motor. Control of the table is provided by
a National Instruments PCI-7344 stepper controller through a
LabView 6 interface. An angular coordinate system is set up such that
the thruster centerline is considered zero degrees. Facing downstream
from the thruster exit plane and rotating counterclockwise is considered the positive direction. With the MFFP
positioned on centerline the BFP and nude Faraday probe are located at -14.85° and 29.8°, respectively. This setup
allows the arm to be rotated = 130°, which ensures each probe is rotated at least + 100° through the thruster plume.

A 22-bit Agilent Data Logger head unit with a 20-channel multiplexer is used to acquire the data. The same
LabView interface is used to both control the rotary table and acquire the data. The Data Logger was used to
measure the voltage drop across three current shunts. Ion current density is calculated by dividing the measured
voltage by the known probe area and the shunt resistance. Measurements from all three probes are taken in 1°
increments.

20V

Hi- ]

Figure 7: Electrical setup of the nude
probe, MFFP, and BFP.

V. Experimental Results

Prior use of nude JPL probes at PEPL has indicated that a bias voltage of -20 V below ground is sufficient for
the collector to enter ion saturation without substantial sheath growth.' Since both the MFFP and BFP are new
diagnostics, a bias voltage study is done. Figure 8 presents the results with the MFFP at 0 degrees and at 70 degrees.
The probes are biased between 0 V and -50 V while recording the collected current. Similar results are obtained with
the MFFP at other angular orientations and thruster operating conditions. Based on these results the collector and
guard ring of all three probes are biased to -20 V. Reported data are taken with the collector and guard ring of all the
JPL Faraday probes biased at this potential.
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In order to verify that collected data are independent of the data acquisition system, several variations are made
before and during testing. The shunt resistances used to convert data from voltage to current are verified using a
Fluke multimeter. Voltage data collected by the Data Logger are also verified using a Fluke multimeter. The rotary
table is motionless while the Data Logger acquires data and the arm is found to have negligible vibration during data
acquisition. Data taken with the probes rotating in the clockwise or counterclockwise direction are essentially
identical. These measures attempt to ensure that the data obtained are independent of the data acquisition system.

Table 3 presents the investigated thruster operating conditions. The thruster is operated at discharge voltages of
300 V and 500 V with discharge currents of 5 A and 10 A, at background pressures within the range of 3.3x10° Torr
to 8.4x10° Torr on xenon. In the discussion that follows, all data reported for the BFP and MFFP have been
multiplied by the collimator scaling factor.

Figures 9 — 12 show ion current density profiles for the nude probe, MFFP, and BFP at the operating conditions
investigated. The nude probe, BFP, and MFFP measure similar plume profiles and similar trends are seen in all the
current density profiles at all thruster operating conditions. The nude probe consistently measures a larger current
density at each angular position, and this trend becomes increasingly noticeable farther from centerline.

On centerline the nude probe measures current densities that are on average 17% and 32% larger than the BFP
and MFFP (+5A solenoid current), respectively. At a -5 A solenoid current, the MFFP measures approximately the
same centerline current density as the BFP. However, when the MFFP is operated at +5 A the percent difference
increases to 11% and the MFFP always measures a smaller current density.

Figures 13 and 14 show the effect of changing the solenoid current on the measured current density profile at
off-centerline angular positions. The BFP consistently measures a larger current density than the MFFP, regardless
of the solenoid current and facility pressure. For the MFFP, increasing the solenoid current causes a decrease in the
measured current density. The differences become increasingly apparent as the angular position from centerline
increases. Changing the facility pressure has little effect on these trends. Because all other parameters are identical,
the differences between the current density profiles obtained by each probe must be due to the ion filtering systems
employed. The points of interest in each of these figures and the data collected will be discussed in subsequent
sections of this paper.

700 —— MFFP(-54) 0 Deg 80 —+ MFFP (-5A) 70 Deg
& —=-BFP-15Deg s 70 = BFP55Deg
Exo —+— Nude-30Deg £, —+Nude 40 Deg
§ 400 S 50
& % % 40
2w % %01
> 10 —— - fg
5650 45-40-35-30-25-20-15-10 -5 0 55 -50 45 40 35-30 2520 -15-10 5 0
Vbias (V) Vbias (V)
Figure 8: Effect of varying the probe bias on the collected current.
Table 3: PS operating conditions.
Anode | Cathode Probe
# of Flow Flow Pressure Bias wrt
Pumps | Vy(V) | I4(A) | (mg/s) | (mg/s) | Tic(A) [ (A) | Ve, (V) | (Torr-Xe) | Grd (V)
4 300 4.80 5.25 0.92 2.25 1.08 -17.3 5.6E-06 -20
4 300 9.78 10.46 0.92 4.00 2.00 -23.3 8.4E-06 -20
4 500 5.38 5.25 0.92 3.52 1.51 -15.8 5.6E-06 -20
4 500 9.80 10.46 0.92 5.00 2.01 -27.4 8.4E-06 -20
7 300 4.78 5.25 0.92 2.22 1.05 -16.4 3.3E-06 -20
7 300 9.44 10.46 0.92 4.00 2.00 -20.3 5.0E-06 -20
7 500 5.18 5.25 0.92 3.52 1.50 -16.6 3.3E-06 -20
7 500 9.52 10.46 0.92 5.01 2.00 -21.3 5.0E-06 -20
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Figure 9: Ion current density versus position for
the nude probe, MFFP (+5 A), and BFP at
facility pressures of 5.6x10° Torr and 3.3x10°°
Torr on xenon. (Thruster operating at 500 V,
5.38 A and 5.18 A, respectively)
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Figure 11:  Ion current density versus position
for the nude probe, MFFP (+5 A), and BFP at
facility pressures of 5.6x10° Torr and 3.3x10°°
Torr on xenon. (Thruster operating at 300 V,
4.80 A and 4.78 A, respectively)
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Figure 13: Comparison of off-centerline
current density profiles for the nude probe,
BFP, and MFFP. Operating conditions are 500
V, 9.52 A at a facility pressure of 5.0x10° Torr
on xenon.
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Figure 10: Ion current density versus position
for the nude probe, MFFP (+5 A), and BFP at
facility pressures of 8.4x10° Torr and 5.0x10°®
Torr on xenon. (Thruster operating at 500 V,
9.80 A and 9.52 A, respectively)
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Figure 12:  Ion current density versus position
for the nude probe, MFFP (+5 A), and BFP at
facility pressures of 8.4x10° Torr and 5.0x10°°
Torr on xenon. (Thruster operating at 300 V,
9.78 A and 9.44 A, respectively)
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Figure 14: Comparison of off-centerline
current density profiles for the nude probe,
BFP, and MFFP. Operating conditions are 500
V, 9.80 A at a facility pressure of 8.4x10° Torr
on xenon.
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Figure 15: Integrated ion beam current as a
function of facility pressure for the nude probe,
BFP, and MFFP. Thruster operating conditions
are 500 V and 5.38 A or 9.80 A.
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Figure 17: Plume divergence angle as a

function of facility pressure for the nude probe,
BFP, and MFFP. Thruster operating conditions
are 300 V and 4.80 A or 9.78 A.
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Figure 16: Integrated ion beam current as a
function of facility pressure for the nude probe,
BFP, and MFFP. Thruster operating conditions
are 300 V and 4.80 A or 9.78 A.
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Figure 18: Plume divergence angle as a

function of facility pressure for the nude probe,
BFP, and MFFP. Thruster operating conditions
are S00 V and 5.38 A or 9.80 A.

VI. Discussion

Figures 15 and 16 are plots of the integrated ion beam current versus the facility background pressure. Integrated
ion beam current is calculated using Eqn. 4,

%

I, =2nz> J‘jz (0)sin 040 )
0

where z is the probe distance from the thruster and j,(0) is the ion current density measured at the angular position,
0. Due to the asymmetry of the current density profile, two integrated ion beam current values are calculated, one for
the positive and one for the negative side of the current density profile. The average of the two integrated ion beam
current values is reported as the integrated ion beam current. Increasing the facility pressure causes the integrated
ion beam current measured by the nude probe to increase, but for the BFP and MFFP the integrated ion beam current
decreases with increasing pressure. This trend is expected because at higher facility pressures more beam ions are
converted to filtered CEX ions. The nude probe integrated ion beam current increases an average of 0.9% when the
facility pressures increases. Integrated ion beam current measurements for the BFP showed an average decrease of
5% as the facility pressure increased. At -5 A, 0 A, and +5 A the MFFP decreased an average of 2.7%, 6.4%, and
6.3%, respectively.

Figures 17 and 18 examine the changes in the 90% plume divergence angle as a function of the facility
pressure. Divergence angles calculated using the BFP and MFFP consistently decreased as the facility pressure
increased. The nude probe did not display the same trend for each thruster operating condition. For the 500 V, 5 A
case an increase in facility pressure caused an increase in the divergence angle, but for the 300 V, 5 A condition it
caused a decrease in divergence angle. Similar results for nude probes have also been reported by Walker.'®
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Previous explanations of the increased current density measured by nude probes consider the biased probe as a
point source potential sink for slow, CEX ions.”> Slow CEX ions are drawn toward the probe because it is biased -20
V below ground, and thus are collected. More recent results suggest that a minimal electric field exists near the
Faraday probe and that CEX ions reach the probe due to their random flux, not because of the -20 V bias." In this
experiment the nude probe collects the largest random flux of CEX ion current because it lacks any type of filtering
capability. CEX ions with an angular orientation of 0 degrees up to possibly 90 degrees with respect to the collector
normal may be collected by the nude probe. The BFP only collects ions that enter through the face plate hole and
intersect with the probe collector. In this case ions approaching from angles outside the acceptance angle of the BFP
collide with the box and do not register current. This significantly reduces the number of particles that are allowed to
contribute to the current density. The same filtering technique used for the BFP is also present for the MFFP,
however, it also utilizes a magnetic field, which further reduces the number of ions allowed to be collected. The ions
that are within the acceptance angle of the probe are also subjected to a magnetic field, which causes them to change
their trajectory depending on their energy (or velocity). In this way the BFP and MFFP are filtering CEX ions.
Trends associated with the integrated ion beam current may be explained by considering the beam attenuation due to
CEX collisions.

As the plume expands, ions necessarily have collisions with neutral particles that are present due to the plume
and also due to the background pressure of the facility. At a higher facility pressure fewer ions are capable of
traversing the distance to the probe without suffering a CEX collision. The decrease in the beam current density due
to CEX collisions is known as attenuation or weakening of the beam. Beam attenuation may not be apparent with a
nude probe because at higher pressures it records more CEX ions, thus negating evidence of the attenuation effect of
beam ions. Because the BFP and MFFP are filtering CEX ions, attenuation may explain why these probes measure a
lower integrated ion beam current at higher facility pressures. A first order estimation of the beam attenuation due to
CEX collisions is obtained by considering the ion continuity equation in one dimension. The ratio of the ion current
density at some downstream position to the initial ion current density is obtained by integrating over the pathlength,
z. The result is Eqn. 5,7

'j(e) = eXD(-1,0 e 2) 5)

where j,(0) is the ion current density at downstream position z and angular position 0, j(0) is the initial ion current
density at position 0, n, is the neutral background number density, and S is the CEX collision cross-section.
Facility induced CEX ions are most noticeable at large off-axis angles where the pressure is approximately equal to
the facility background pressure, therefore the neutral background number density is based on the facility
background pressure. The beam attenuation for the pressures investigated is given in Table 4. These calculations are
evaluated at 100 cm downstream of the thruster and assume a neutral temperature of 300 K and a CEX collision
cross-section of 55 A%?* These values will provide an order of magnitude estimation of the beam attenuation.

At the 5 A operating condition the beam attenuation decreases by approximately 3% when going from 4 to 7
pumps (5.6x10° Torr to 3.3x10° Torr). This change is 6%, at the 10 A operating condition. Calculation of the initial
ion current density and the subsequent corrected integrated ion beam current provides a better comparison of each of
the probes. The procedure for this comparison is accomplished by dividing the experimental data at each angular
location by the corresponding beam attenuation, which yields the initial ion current density at that position. The
corrected integrated ion beam current is then obtained by using equation 6 and integrating over the initial ion current
density.

%
2 (. .
Ligte =21z J.J(Q)SIII 6d6 (6)  Table4: Beam attenuation due to CEX collisions over a
0 100 cm path length.
This allows the integrated ion beam current, I, Operating Condition | Pressure (Torr-Xe) | Attenuation
obtained by integrating the experimentally measured 5A:300V,500V 3.3E-06 0.94
ion current density profile, j,, to be compared with 5A:300V, 500V 5.6E-06 0.91
the corrected integrated ion beam current, Iy, 10 A: 300 V, 500 V 5.0E-06 0.92
obtained by integrating the initial ion current density 10 A: 300 V. 500 V 8.4E-06 0.86

profile, j.
When the 4 and 7 pump (5.6x10° Torr, 8.4x10°
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Table 5: Comparison of the integrated ion beam current and corrected integrated ion beam current
percent difference between the 4 and 7 pump data.

4 Pump (5.6E-06 Torr) to 4 Pump (8.4E-06 Torr) to
7 Pump (3.3E-06 Torr) 7 Pump (5.0E-06 Torr)
300V,5A 500V,5 A 300V, 10 A 500V, 10 A
Itot Itot,c Itot Itot,c Itot Itot,c Itot Itot,c
Percent Percent Percent Percent Percent Percent Percent Percent
Diff. (%) | Diff. (%) | Diff. (%) | Diff. (%) | Diff. (%) | Diff. (%) | Diff. (%) | Diff. (%)
Nude 0.4 3.6 0.4 3.6 2.0 8.4 0.8 7.3
BFP -4.7 -1.3 -9.0 -5.6 -3.0 3.7 -3.6 3.2
MFFP (-5 A) -3.1 0.2 -2.3 0.9 -2.8 3.9 -2.7 4.0
MFFP (0 A) -3.3 0.0 -10.1 -6.6 -4.3 2.5 -8.0 3.1
MFFP (+5 A) -3.8 -0.4 -11.0 -7.4 -4.7 2.2 -6.0 1.0

Torr and 3.3x10° Torr, 5.0x10° Torr) corrected integrated ion beam current data for the MFFP, BFP, and nude
probe are compared, changes in the trends associated with this data become apparent. These trends are quantified
utilizing a percent difference calculated by dividing the difference between the 4 and 7 pump integrated ion beam
current by the 4 pump integrated ion beam current. A positive percent difference means the 4 pump integrated beam
current is larger than the 7 pump, and a negative percent difference means the opposite. All of the thruster operating
conditions except for the 500 V, 5 A condition show the same general trend for the corrected integrated ion beam
current. The largest percent difference is obtained by the nude probe, followed by the BFP, and then the MFFP.
When the thruster is operated at 500 V, 5 A the corrected integrated ion beam current data no longer follow the same
trend. Most notably the BFP, MFFP (0 A), and MFFP (+5 A) record a larger percent difference for both Iy and L.
An explanation for this difference has not yet been determined. Based on the three other operating conditions, the
MFFP at +5 A shows the best corrected integrated ion beam current agreement between facility pressures. Table 5
summarizes these results.

The current density profiles associated with the MFFP are also more consistent with data obtained from Russian
Express Satellites. Current density profiles obtained on-orbit do not exhibit the increased current densities at off-axis
angles as often seen in ground test data.”> Compared to the nude probe and BFP, the MFFP provides a profile more
consistent with flight test data because it measures a lower current density at angles off centerline and shows the
characteristic r* dependence.

In order to further investigate the ability of the MFFP to eliminate CEX ions due to the facility background gas,
the three probes are positioned behind the thruster. The solenoid current of the MFFP is varied while measuring the
collected ion current. If facility induced CEX ions are within the 8 — 30 eV filtering range of the MFFP, a decrease
in the measured current should be apparent as the solenoid current is increased past the CEX ion energy threshold.
Unfortunately this trend is not seen, and the MFFP records ion current densities on the order of 10* mA-cm™ at all
solenoid current values. These densities are several orders of magnitude lower than on centerline and 1 order of
magnitude lower than those measured at 100z. Behind the thruster, the BFP records approximately double the ion
current of the MFFP and the nude probe measures an ion current that is an order of magnitude larger than the MFFP.
The ion current recorded by the nude probe suggests that there are ions behind the thruster, but because both the
BFP and MFFP utilize a collimator the majority of ions are unable to reach the probe. Because the MFFP ion current
is so small, any change in the ion current is too low to resolve and a solenoid current that creates a magnetic field
that eliminates facility induced CEX ions is unable to be determined.

The ability of each probe to obtain the correct ion beam current can be analyzed by comparing the corrected
integrated ion beam current to discharge current ratio with the PS5 current utilization efficiency. The current
utilization efficiency, my, , is defined as the ratio of the ion beam current to the discharge current, I;/I5. An estimation

of the current utilization efficiency for the P5 can be obtained by considering the following equation for the anode
efficiency.

Na :nbnvnqnm (7)

N, Is the anode efficiency, n is the charge utilization efficiency, n,, is the mass utilization efficiency, and 1, is

the voltage utilization efficiency. In order to determine the current utilization efficiency, values for the other four

11
American Institute of Aeronautics and Astronautics



efficiencies must be obtained. The P5 anode efficiency has been reported by Hofer.”® Gulczinski has reported ion
energy data for the P5 which suggest that the voltage utilization efficiency is approximately 90%.%” The charge
utilization efficiency and mass utilization efficiency are calculated using far-field ion species fraction data provided
by Gulczinski®’ and the Hall thruster performance model for a multiply-charged plasma recently developed by
Hofer.”® Unfortunately ion species fraction data are not available for the 300 V 10 A operating condition therefore
the current utilization at this condition cannot be obtained. The results are summarized in Table 6.

Ideally a Faraday probe should have an integrated ion beam current to discharge current ratio equal to the current
utilization efficiency. Comparison of the calculated current utilization efficiency for the P5 and the Iy, /14 for each
probe is shown in Table 7. The nude probe performs worst and consistently over-predicts the ion beam current.
Depending on the operating condition, either the BFP or MFFP provides the best agreement with the estimated
current utilization efficiency.

Table 6: Approximation of the P5 current utilization efficiency based on the charge, mass,
voltage, and anode efficiencies.

Voltage Charge Mass Current
Operating Anode Utilization Utilization Utilization Utilization
Condition Efficiency Efficiency Efficiency Efficiency Efficiency
300V,5A 0.47 0.9 0.98 0.76 0.70
500 V,5A 0.50 0.9 0.96 0.72 0.80
500V, 10 A 0.56 0.9 0.99 0.88 0.72

Table 7: Comparison of L /I4 for the nude probe, BFP, and MFFP and the estimated I,,/1, for the
PS at the investigated operating conditions.

Nude MFFP MFFP MFFP
Pressure # of probe BFP (-5A) (0 A) (+5 A) | Estimated
(Torr-Xe) | Pumps | V4(V) | I (A) Tioe/1a Tioto/1a Tioto/1a Lot/ 1d | A P5 1,/14
5.6E-06 4 300 4.8 0.94 0.72 0.66 0.59 0.56 0.70
5.6E-06 4 500 5.38 0.87 0.66 0.62 0.57 0.55 0.80
8.4E-06 4 500 9.8 1.03 0.78 0.73 0.65 0.64 0.72
3.3E-06 7 300 4.78 0.91 0.73 0.66 0.60 0.57 0.70
3.3E-06 7 500 5.18 0.87 0.73 0.64 0.63 0.61 0.80
5.0E-06 7 500 9.52 0.99 0.77 0.72 0.68 0.65 0.72
VII. Conclusions

Measured integrated ion beam current for the BFP and MFFP decreases with increasing facility pressure, but for
the nude probe the integrated ion beam current increases with increasing pressure. These trends are attributed to the
ion filtration apparatus utilized by the BFP and MFFP. Because a higher pressure results in the production of more
CEX ions, filtration of these ions by the BFP and MFFP result in a lower current density and subsequent integrated
ion beam current. Application of the beam attenuation equation to the current density profiles results in a corrected
integrated ion beam current. Analysis of the results based on the corrected integrated ion beam current show the
MFFP operated at a +5 A solenoid current provides the best agreement between the facility pressures. The MFFP
also provides a current density profile with a lower current density at large off-axis positions. This result is more
consistent with on-orbit data.” Comparison of Iy, /I with the P5 current utilization efficiency shows that either the
BFP or MFFP provides the best agreement depending on the thruster operating conditions. Further study of the
MFFP and its ability to filter facility induced CEX ions is required.
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