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Far-Field Plume Measurements of a Nested-Channel
Hall-Effect Thruster

Raymond Liang* and Alec D. Gallimore'
University of Michigan, Ann Arbor, M1, 48109, USA

Far-field plume measurements were performed on the X2 nested-channel Hall-effect thruster using an ar-
ray of diagnostics, including a nude Faraday probe, retarding potential analyzer, and ExB probe. Data from
these probes were used to calculate utilization efficiencies from existing efficiency models in order to investi-
gate various phenomena that contribute to the total efficiency of the X2. Comparisons of utilization efficiencies
show an increase in voltage utilization and a slight decrease in charge utilization when both channels oper-
ate simultaneously (nested-channel mode). Mass utilization, current utilization, and beam divergence were
approximately the same between operation of individual channels and operation of both channels. Given the
results of the far-field diagnostics, a nested-channel Hall effect thruster has been shown to operate much like
a conventional Hall thruster when both available channels are at the same discharge voltage. Small improve-
ments in performance in the nested-channel mode are likely due to reduced cathode-coupling voltage and
better acceleration of ions.

Nomenclature
A, = collector area ar, = left incidence angle
l,viqw = axial beam current agR = right incidence angle
I = beam current B = plume divergence half-angle
Iy = discharge current i = current utilization efficiency
My, = anode mass flow rate e = cathode efficiency
Tl = cathode mass flow rate N4 = divergence efficiency
1, = total mass flow rate M = mass utilization efficiency
N = number of nested channels NMmag = €lectromagnet efficiency
(0] = average charge of ions Ny = charge utilization efficiency
Py = discharge power ; = total efficiency
P, = total power 7y = voltage utilization efficiency
R = radial position 0 = angular position from thruster centerline
Rcr = channel centerline radius Ka = area correction factor
R; = distance to left side of channel KD = distance correction factor
Rg = distance to right side of channel KG = gap correction factor
T = thrust Q = ion species current fraction
V. = acceleration voltage
Ve = cathode coupling voltage
Vi = discharge voltage
Vmp = most-probable voltage
vV, = plasma potential
V4 = charge state

“Ph.D. Candidate, Aerospace Engineering, rayliang @umich.edu, and Student Member, AIAA.
f Arthur F. Thurnau Professor, Aerospace Engineering, alec.gallimore @umich.edu, and Fellow, AIAA.
DISTRIBUTION STATEMENT A. Approved for public release; distribution is unlimited.
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I. Introduction

THE Plasmadynamics and Electric Propulsion Laboratory (PEPL) at the University of Michigan, with the support
of the Air Force Research Laboratory, has developed and tested a laboratory-model nested-channel Hall-effect
thruster (NHT). Named the X2, the Hall thruster was developed to determine the capabilities of the nested-channel
configuration. The X2 features two concentric discharge channels with a shared internal cathode, as shown in Figure
1. Nesting is a relatively unexplored concept of clustering discharge channels of a Hall thruster. Available literature
shows mostly conceptual consideration for nested-channel configuration with only a single mention of a development
effort.!=3 Prior to the X2, the performance of a nested-channel Hall thruster has never been published, and the potential
advantages have never been evaluated. Additionally, the properties of the plume of a nested-channel Hall thruster have
never been determined and compared to those of traditional Hall thrusters.

Figure 1: X2 nested-channel Hall-effect thruster

The nested-channel configuration has a number of advantages that make it particularly suitable for high-power
electric propulsion. Studies have shown that nesting channels can lead to significant reductions in thruster mass and
footprint area.!** Additionally, the nested-channel configuration has the ability to change the exit area through the
selective activation of available channels, which provides an additional method of throttling and a means of efficiently
adapting to various levels of available spacecraft power. Multiple discharge channels also give a degree of system
redundancy and permit multiple design points for the overall thruster.

Figure 2: Comparison of thrusts from single-channel and nested-channel modes at constant background pressure

Operation of the X2 with each channel firing individually (single-channel mode) and two channels firing simulta-
neously (nested-channel mode) has already been demonstrated and preliminary performance measurements have been
reported. Slight improvements in performance in nested-channel mode were observed in previous measurements,
although the cause of the increased thrust was unknown. Facility effects were eliminated as a possibility after single-
channel operating conditions were conducted at the same background pressure as the corresponding nested-channel
condition, as shown in Figure 2. The nested-channel thrusts were still approximately 5% greater than the superposi-
tion single-channel thrusts when the applied magnetic fields and cathode flow fractions were held constant. Additional
measurements to further investigate the nested-channel mode of the X2 were natural and necessary.
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The purpose of this study is to investigate how the operating characteristics of the X2 change from single-channel
mode to nested-channel mode by utilizing a traditional array of far-field diagnostics, which include a nude Faraday
probe, retarding potential analyzer (RPA), and ExB probe. To the knowledge of the authors, measurements using these
diagnostics have never been taken and reported for a nested-channel Hall thruster.

Measurements from these probes are used to determine five utilization efficiencies that are part of existing effi-
ciency models for Hall thrusters.>® The five efficiencies are:

o Current utilization efficiency, 7,
e Divergence efficiency, 17,

o Charge utilization efficiency, 1,
e Voltage utilization efficiency, 7,
e Mass utilization efficiency, 7,,

The total efficiency, 7;, of a Hall thruster can be broken down into the utilization efficiencies by the following equation:
T2

= 2P,

ul = MpTalg T Imag (1
where the electromagnet efficiency, 77,4, is the ratio of the discharge power to the total power, Py/P;.

Current density profiles from a Faraday probe were used to calculate divergence efficiency, current utilization
efficiency, and mass utilization efficiency. The current fractions from the measured spectra of the EXB probe were
used to determine charge utilization efficiency and mass utilization efficiency. Measurements of the RPA and an
adjacent Langmuir probe (LP) were used to determined voltage utilization efficiency.

II. Methodology for Calculation of Parameters

A. Current Utilization

Iy
=2 2
Mo 1, 2
> I(6,R 0,R,Rcr,.Rer,) .
I, = 2nR? f ©.R) ch CLQ)Sln(G)dQ 3)
0o Ac+kg ka(B,R,Rcr,,Rer,)

np is the ratio of the beam current to the discharge current, as shown in Equation 2, and is a measure of how
much of the input current is carried by thrust-producing ions. Discharge current is directly measured using current
shunts. Beam current is calculated by hemispherical integration of the azimuthal distribution of ion current density as
measured by a Faraday probe. The full expression for 7, is shown in Equation 3. Corrections for the collection area
A, and the radial position R, as described by Brown and Gallimore, were implemented in this study to improve the
accuracy of the nude Faraday probe measurements.”-8

K¢ 1s the gap correction factor and accounts for ion current collection along the side-walls of the Faraday probe
collector. The area correction factor, k4, corrects for the cosine losses due to the annular geometry of the ion source.
The distance correction factor, «p, corrects for the error in radial distance R from the annular ion source, as R is
measured with respect to thruster centerline and not with respect to the channels. However, the original formulations
of k4 and kp were meant for a single-channel Hall thrusters. For use with the X2 in nested-channel mode, the correction
factors were modified to include both annular ion sources.

N
Al 4+ ag)ly
Ka = cos? [—Z'_I(QL'N ax) d’} 4)
2 Zi=] Id,-
. Rey;
—sin(f) — —+
apr =F0F tan~! g 5
v cos(6)

ayr, g, are angles of incidence from the left and right sides, respectively, of the ith of N total annuli in the plane
of actuation of the Faraday probe. For the X2, N is 2. The angles of incidence to each channel are weighted by the
corresponding discharge current I, so that k4 is biased toward its value for the channel that dominates /. If the current
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from one of two channels goes to zero, the single-channel x4 is recovered for the other channel. This allows k4 to be
remain valid regardless of X2’s operating mode. Discharge currents are used in the weighting instead of beam currents
because far-field Faraday probe measurements are unable to distinguish between the individual ion beams.

[P G ©
b= 230 Iy,
2
RLR?R" = \/[005(9)]2 +|~sin(0) 7 R%} X

kp was similarly modified to include both channels. The normalized distances Ry, g,/R are also weighted by the
corresponding discharge current, biasing the correction factor «p toward that of the dominant channel. For the X2 in
single-channel mode, the zero discharge current of one channel results in the recovery of original formulation «p as
applied to the active channel.

B. Divergence

Luviar |
na = [cos(B)] = (I—I) (8)
b
_ -1 quial
B = cos (_Ib ) 9)

5 I(6,R) kp(0,R,Rcr,, Rer, _
Lixia = 27R? f ©.R) kol L CL‘)cos(H)sm(H)dG (10)
0

A + kG ka(0,R,Rcr, . Rer,)

The parameter 17, describes the degree of collimation in the ion beam from the Hall thruster and is related to the
plume divergence half-angle 8 by Equation 8.° 8 is calculated by using the ratio of axial beam current, I, to total
beam current, I, as shown in Equation 9. I,,,;,, as expressed in Equation 10, is determined in a manner similar to the
calculation of I, with an addition factor to account for the orientation of the probe.

C. Charge Utilization

2
noQ
=1 V7,
P
i 7

Charge utilization efficiency 7,, as defined in Equation 11, describes the composition of the plume in terms of the
charge states of the ions. 7, is unity if all ions are singly-charged and, when less than unity, reflects “over-ionization”
due to the presence of multiply-charged ions.

The current fraction of the ith ion species, ;, is determined from an ExB probe trace by the methods outlined
by Shastry et al.” Specifically, the triangle method and simplified charge exchange model are used in this study to
calculate €;. Z; is the ion charge state. For the purposes of this study, values for Z; greater than 4 are not considered,
as quadruply-charged current fractions are already very small and on the order of the associated uncertainty.

Ny = (1)

D. Voltage Utilization

Vo Vmp—=V Ve
mo=—=——Lt =1 (12)
Vi Vi Va

Voltage utilization efficiency, 1,, is the fraction of the discharge voltage is used for acceleration of ions, as described
in Equation 12. The fraction of the discharge voltage not used for acceleration of ions is used to extract electrons from
the cathode, and the corresponding voltage is known as the cathode coupling voltage, V..

The accelerating voltage, V,,, is determined by methods outlined by Hofer.!® RPA traces are numerically differenti-
ated and the voltage corresponding to the maximum in the differentiated signal is known as the most-probable voltage,
Vinp. Using an adjacent Langmuir probe, the local plasma potential, Vp is determined by finding the voltage of the
characteristic “knee” in the I-V characteristic. As shown in Equation 12, the most-probable voltage is corrected by the
plasma potential to calculate the accelerating voltage.
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E. Mass Utilization

mxeld a Q,‘ mxelb
= e ;1 7 meQ (13)

Mass utilization efficiency is the fraction of the supplied propellant mass flow that is converted into ions, as
described in Equation 13. 7, is the only parameter that is not directly measured by a probe but uses FP and ExB
measurements to estimate mass flow. The mass flow of ions is calculated from the ion beam current, I, = I;1;, and
the mass-to-average charge ratio of ions, my,/eQ.

It should be noted that the definition of 7,, used in Equation 13 is from work performed by Brown et al and differs
from prior definitions in that the mass flow rate in the denominator is the total mass flow, r1,, instead of the anode mass
flow, 1i1,. However, the definition of 7, remains consistent, as the cathode efficiency, . = i1, /1, is absorbed into this
definition of n,,.

III. Experimental Apparatus

A. Nested-Channel Hall-Effect Thruster

The X2 NHT features two discharge channels with similar cross-sectional dimensions, magnetic field topologies, and
gas distributors. The radial magnetic field points radially inward across the inner channel and radially outward across
the outer channel. Testing of the X2 was conducted with an updated version of the internally-mounted LaBg hollow
cathode used for a 6-kW laboratory Hall thruster. At the beginning of every pumpdown, both channels of the X2 were
operated for a bake-out period of one hour.

Both anodes and the cathode had separate stainless steel propellant feed lines. MKS Model 1179A mass flow con-
trollers were used to regulate propellant flow through the outer anode and the cathode, and an MKS Model 1159B mass
flow controller was used for the inner anode. All three mass flow controllers were connected to an MKS Model 247C
4-channel readout. The manufacturer-specified accuracy of the mass flow controllers is 1% of full scale. Research
grade xenon at 99.999% purity was used throughout testing.

Electrical connections for the X2 were made such that each channel had a separate discharge power supply and the
common for both discharge circuits was connected to the shared internal cathode. This electrical configuration was
based on previous work performed at PEPL on clustered Hall thrusters with a shared hollow cathode.!!:'> The thruster
was electrically grounded to the facility ground during testing.

The inner channel discharge was powered by a Sorensen PRO 600-16T while the outer channel discharge was
powered by an American Reliance HPS 1000-100-K027. Power for the magnets were provided by three EMI EMS
60-10 power supplies and one EMI EMS 100-10. The two trim coils were powered by a Sorensen DCS 60-18E and
a DCS 600-1.7. Cathode keeper power was provided by an EMI EMS 600-1.6, and heater power was provided by a
Sorensen DCS 33-33.

B. Faraday Probe

The nude Faraday probe used in this study was a nested Faraday
probe based on work done by Brown and Gallimore.”-® The col-
lectors and guard ring are made from graphite and the ceramic
shell is composed of macor. Graphite was chosen for its low
secondary electron yield when bombarded with xenon, and both
graphite and macor were selected for their machinability. The cur-
rent collected by the inner and outer collectors were determined
independently by measuring the voltage across shunt resistors
with resistances of 107.1 Q and 107.4 Q, respectively. Both col-
lectors were biased to -30V+0.1V with respect to facility ground
by a Kikusui PAD 55-6L power supply. This voltage was found
to place the collectors well within ion saturation in the plume of
the X2.

The Faraday probe was swept at a radius of 1 m from the Figure 3: Nested Faraday probe
center of the exit plane of the X2, as illustrated in Figure 4. This
distance for R was chosen for its ubiquity in Hall thruster Faraday

Graphite: Guard Ring
Graphite: Collector 2
Graphite: Collector 1

5of 21

American Institute of Aeronautics and Astronautics



Figure 4: Faraday probe actuation

probe measurements. The coordinate system for the Faraday probe traces places the origin at the exit plane along
thruster centerline so 6 is zero along the thrust axis.

C. EXxB Probe

The ExB probe used in this study was designed by NASA
Glenn Research Center and is more thoroughly described
in previous work by Reid et al.'* The probe features a
150-mm test section with 75-mm entrance and exit col-
limators. Aperture diameters for the entrance orifice and
the collimating orifices were 1.6 mm. The internal mag-
netic field was created by sintered hard ferrite permanent
magnets, while the time-varying, internal electric field was
generated by two parallel conducting plates to which volt-
age was applied by a Keithley 2410 Sourcemeter. Ions
that passed through the test section were collected by a
combined cone-and-cylinder collector that has been spray
coated with tungsten to reduce secondary electron emis-
sion. Collected current was measured by a Keithley 6485
Picoammeter.

D. Retarding Potential Analyzer

The RPA used in this study was originally designed and
built by the Air Force Research Laboratory and is de-
scribed in further detail in separate documents by Reid and
Hofer.!%!* As shown in Figure 6, the grids and the col-
lector of the RPA are separated by macor spacers which
are housed within a macor sleeve and stainless steel shell.
In order to repel electrons, the electron repelling grid was
biased to -30V with respect to facility ground by an HP
Model 721A power supply. The voltage applied ion re-
tarding grid was swept by a Keithley 2410 Sourcemeter,
and the collected current was measured by a Keithley 6485 Picoammeter.

Figure 5: ExB probe schematic®
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A cylindrical Langmuir probe was placed adjacent to the RPA for the nec-
essary measurements of local plasma potential. The Langmuir probe was com-

Floating Grid—
posed of a 0.25-mm diameter tungsten wire that protruded 6.6 mm from a 1.5- Electron Repelling Grid—
mm diameter alumina tube. Ion Retarding Grid -

The ExB probe, RPA, and Langmuir probe were placed 2.1 m downstream m"*“‘”“
of the exit plane. The ExXB probe was protected by graphite plates in front and
on the plume side to prevent overheating of the probe body. The RPA was pro-
tected by a graphite shutter and the shadow of the ExB probe when the probe
array was not in use. Lateral actuation was provided by a 1.5-m linear trans-
lation stage, allowing the array of probes to be placed directly downstream of
the individual centerlines of the inner channel and outer channel. The lateral
position uncertainty was approximately +1 mm.

E. Vacuum Facility

Experiments on the X2 were performed in the Large Vacuum Test Facility
(LVTF) in PEPL at the University of Michigan. LVTF is a cylindrical vac-
uum chamber which measures 6 meters in diameter and 9 meters in length. Figure 6: Retarding potential ana-
Seven CVI model TM-1200 cryopumps with liquid nitrogen shrouds are used to lyzer (Not to Scale)
achieve a base pressure of 3 X 107 torr. The nominal pumping speed for xenon

is 245,000 I/s with all seven cryopumps operating. Pressure was measured using

a Varian UHV-24 nude ionization gauge connected to a Varian XGS-600 gauge

controller. Typical accuracy for a nude ionization gauge is approximately +20%

according to Varian.”

IV. Results

Table 1 shows the single-channel and nested-channel operating conditions during which far-field measurements
were taken. In order to learn more about how the two channels combine in nested-channel mode, the inner and
outer channels were operated individually under the same electromagnet settings and cathode flow fraction as the
corresponding nested-channel operating condition. The single-channel operating conditions are meant to closely ap-
proximate how each channel is operating during nested-channel mode, but the influence of the adjacent plasma will
naturally be missing. However, information about the interaction between channels can be gleaned from the differences
in characteristics of the single-channel modes and the nested-channel modes.

This set of operating conditions is centered at the condition with the highest thrust-to-power ratio, and discharge
voltage and mass flow rate were changed across this condition of interest. The discharge voltages applied to both
channels are always the same during this study, and the current densities of each channel are nearly equal. The
cathode flow fraction was kept constant at 10%, as this fraction was found to work well at lower flow rates and lower
discharge voltages.

A. Faraday Probe

The angular current density profiles measured by the Faraday probe are shown in Figures 7(a)-8(c). Measurements
from the inner and outer collectors were found to be nearly identical, so only the inner collector measurements are
presented here. All profiles in Figures 7(a)-8(c) include the gap and geometric corrections as previously described.

The X2 current density profiles exhibit expected characteristics for low-voltage operation. The plume is less
collimated at low discharge voltages, resulting in a more gradual falloff in current density from the core (0 deg) to the
wings (+90 deg). As discharge voltage increases, plume collimation improves, and more of the beam current is carried
near the core. The current density distributions are less sensitive to changes in propellant mass flow rate, as the profiles
at fixed discharge voltage are similar in geometry but vertically shifted due to differences in total beam current.

As expected, the outer channel appears to dominate the combined plume, as it carries over twice the mass flow
and current as the inner channel. However, the inner channel has some influence over the combined current density
profile. Most of the outer-channel profiles exhibit asymmetry about the thruster centerline at 0 deg, but the asymmetries
become less pronounced in the nested-channel profile. This appears to be a blending effect caused by the presence of
additional ions in the core of the plume.
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Table 1: X2 Operating Conditions

Discharge Voltage [V] | Anode Mass Flow Rate | Anode Mass Flow Rate
(Inner Channel) [mg/s] | (Outer Channel) [mg/s]
150 4.7 11.6
100 7.0 17.4
150 7.0 17.4
200 7.0 17.4
150 9.3 23.2
150 4.7 -
100 7.0 -
150 7.0 -
200 7.0 -
150 9.3 -
150 - 11.6
100 - 17.4
150 - 17.4
200 - 17.4
150 - 23.2

For reference, the superpositions of the single-channel current density profiles are included for comparison to the
nested-channel current density profiles. The superpositions of single-channel profiles could potentially be used as
approximations of the nested-channel profiles, but they are shown in Figures 7(a)-8(c) to consistently underestimate
current density in the core while overestimating in the wings.

The calculated current utilization efficiencies from the Faraday probe measurements are shown in Figures 9(a)
and 9(b). Overall, 7, increases from 100 V to 200 V and remains relatively constant with increasing flow rate at
150 V. Differences between single-channel and nested-channel values of 7, are small and practically negligible when
including the measurement uncertainty. The dominant source of uncertainty for 7, is the relative uncertainty in I,
which is 3% when available data allows for extrapolation of the current density profile to vacuum.'® Otherwise, based
on variations in /, with and without the vacuum extrapolation, the relative uncertainty in /, is approximately 5%. The
uncertainty in ;, is estimated to be + 0.1 A.

Divergence efficiency, as shown in Figures 10(a) and 10(b), also increases with discharge voltage and remains
relatively constant with flow rate. The uncertainty in divergence efficiency is relatively high because Faraday probe
traces were not taken at multiple radial distances for each of the 15 operating conditions. As a result, the relative
uncertainty in the ratio of I,y to I, increases from 5% to 10%.'6

B. EXxB Probe

EXB spectra for all operating conditions are shown in Figures 11(a) to 12(c). Each individual plot compares a single-
channel spectrum with a nested-channel spectrum using measurements that are most relevant to the single channel.
All plots regarding to the inner channel has the EXB probe directly downstream of the inner channel, while all plots
regarding the outer channel has the probe downstream of the outer channel.

The ExB spectra show expected trends with respect to discharge voltage and flow rate. Singly- and doubly-charged
ions dominate at 100V, and increasing discharge voltage results in increasing current fractions of multiply-charged
species. Increased flow rates also result in greater current fractions of multiply-charged species. Quadruply-charged
xenon remained largely undetectable until 200 V, where €4 was still approximately 0.01.

Comparisons between nested-channel and single-channel spectra reveal some additional details on nested-channel
operation. Firing both channels simultaneously inherently increases the total flow rate, so the current fractions of
multiply-charge species increase during nested-channel operation as they do with increasing flow rate during single-
channel operation. Relative the corresponding single-channel spectrum, most of the nested-channel spectrums are also
shifted to higher applied voltages. This shift in the peaks of all charge species suggests that the ions arriving from the
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(a) Current density profiles at 100V (b) Current density profiles at 150V

(c) Current density profiles at 200V

Figure 7: Single-channel and nested-channel current density profiles at fixed flow rate
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(a) Current density profiles at 50% nominal flow rate (b) Current density profiles at 75% nominal flow rate

(c) Current density profiles at 100% nominal flow rate

Figure 8: Single-channel and nested-channel current density profiles at fixed discharge voltage
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(a) Current utilization efficiency variation with voltage (b) Current utilization efficiency variation with mass flow rate

Figure 9: Current utilizations efficiencies

(a) Divergence efficiency variation with voltage (b) Divergence efficiency variation with mass flow rate

Figure 10: Divergence efficiencies
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thruster are moving faster during nested-channel operation.

(a) ExB probe spectra at 100V

(b) ExB probe spectra at 150V

(c) ExB probe spectra at 200V

Figure 11: Single-channel and nested-channel ExB probe spectra at fixed flow rate

Charge utilization efficiencies are shown in Figures 13(a) and 13(b). The calculated values for 7, are typical for
Hall thrusters and do not vary significantly with discharge voltage or flow rate. Due to the increase in multiply-
charged species in during nested-channel mode, 7¢ is typically lower with both channels active, but the drop is still
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(a) ExB probe spectra at 50% nominal flow rate

(b) ExB probe spectra at 75% nominal flow rate

(c) ExB probe spectra at 100% nominal flow rate

Figure 12: Single-channel and nested-channel ExB probe spectra at fixed discharge voltage
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small considering the relative values of 17,. Based on prior work with EXB analysis, the relative uncertainty for current
fractions is 3% for Q; and 20% for Q, and Q3.° When necessary, the 20% relative uncertainty was also applied to .

(a) Charge utilization efficiency variation with voltage (b) Charge utilization efficiency variation with mass flow rate

Figure 13: Charge utilization efficiencies

Mass utilization efficiencies, as based on Faraday probe and ExXB probe measurements, are shown in Figures
14(a) and 14(b). Generally, n,, increased with both discharge voltage and flow rate. Differences in 7,, between the
two operating modes do not appear to be very significant, especially when the compounded measurement error is
considered. To improve the uncertainty in 7,,, improved measurements of I, would be necessary.

(a) Mass utilization efficiency variation with voltage (b) Mass utilization efficiency variation with mass flow rate

Figure 14: Mass utilization efficiencies

C. RPA

Figures 15(a) to 16(c) show all RPA traces after processing in order to better indicate the calculated acceleration
voltage. The collected currents were numerically differentiated with respect to the voltage of ion retarding grid, and
the differentiated signal was subsequently smoothed to remove noise. Using the plasma potential measured by the
adjacent Langmuir probe, the differentiated RPA signal was shifted such that the peak was located at V,,. The RPA and
Langmuir probe were actuated in the same manner as the ExB, so all plots of RPA traces show measurement taken in
alignment with either the inner-channel centerline or outer-channel centerline.

The measured acceleration voltages predictably increased with discharge voltage and remained relatively insensi-
tive to flow rate. Unexpectedly, the differences in measured values of V, between operating modes show comparable
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(a) Corrected and differentiated RPA traces at 100V

(b) Corrected and differentiated RPA traces at 150V

(c) Corrected and differentiated RPA traces at 200V

Figure 15: Single-channel and nested-channel corrected and differentiated RPA traces at fixed flow rate
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(a) Corrected and differentiated RPA traces at 50% nominal flow rate

(b) Corrected and differentiated RPA traces at 75% nominal flow rate

(c) Corrected and differentiated RPA traces at 100% nominal flow rate

Figure 16: Single-channel and nested-channel corrected and differentiated RPA traces at fixed discharge voltage
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or higher acceleration with both channels active. The higher V,, was particularly pronounced for the inner channel
at the operating point of interest: 150V and 75% nominal flow rate. For the majority of operating conditions, the
difference in V, for the outer channel was relatively small.

The trends in voltage utilization, as shown in Figures 17(a) and 17(b), reflect the trends in V,. n, increases with
discharge voltage, remains relatively constant with flow rate, and increases with both channels active. The increase
in n, is greatest between the inner-channel and nested-channel operating conditions except at 100 V. Uncertainty in
71, is dominated by the uncertainty in acceleration voltage and in plasma potential. Based on the uncertainty of the
numerical methods and signal noise, the estimated uncertainty for V, ranged from 3 V to 5 V and the uncertainty for
V, was approximately 2 V. The uncertainty in V, is estimated at +£0.25 V.

(a) Voltage utilization efficiency variation with voltage (b) Voltage utilization efficiency variation with mass flow rate

Figure 17: Voltage utilization efficiencies

V. Discussion

The results of the far-field diagnostics show that the X2 NHT behaves in a similar manner as a typical Hall thruster
in the low-voltage, high thrust-to-power operating regime. The far-field Faraday probe measurements yield typical
low-voltage current density profiles, and the EXB and RPA measurements by themselves do not yield anything unique
when both channels are at the same discharge voltage. The values for all utilization efficiencies are within expected
ranges, and the trends with respect to discharge voltage and flow rate are typical as well.

The comparison between measured total efficiencies and calculated total efficiencies based on the existing models
are shown in Figures 18(a) and 18(b). The absolute difference between the measured and calculated total efficiencies
vary from 1% to 6%. Given the small difference, the results of the far-field measurements also show that existing
efficiency models can be applied to an NHT with only minor modifications to Faraday probe analysis.

The small gains in performance from the X2’s nested-channel operation, as illustrated in Figure 2, are most likely
due to the increased voltage utilization, and this phenomenon appears in the measurements of most of the probes
employed in this study. The higher acceleration voltages in nested-channel mode resulted in shifts in EXB mea-
surements, as seen previously in all ExB spectra. Additionally, cathode coupling voltages were calculated using the
far-field Langmuir probe measurements and are shown in Figures 19(a) and 19(b). The cathode-coupling voltages are
consistently lower in the nested-channel mode, implying that more of the discharge voltage is used to accelerate ions.

The increase in voltage utilization is one of the few unique features of the nested-channel mode, and its occurrence
shows that the two channels can interact in an advantageous manner. However, at present, the gains are relatively small
but may be exploitable with further study.

VI. Conclusion

Far-field plume measurements were performed on the X2 nested-channel Hall thruster using an array of diagnostics
in order to study how the individual channels combine during simultaneous operation. The diagnostics utilized during
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(a) Variation of total efficiencies with discharge voltage (b) Variation of total efficiencies with mass flow rate

Figure 18: Total efficiencies

(a) Variation of cathode coupling voltage with discharge voltage (b) Variation of cathode coupling voltage with mass flow rate

Figure 19: Cathode coupling voltages
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this study include a nude Faraday probe, retarding potential analyzer, and ExXB probe. Data from these probes were
used to calculate the following utilization efficiencies that contribute to the total efficiency of the thruster:

o Current utilization efficiency, 7,
¢ Divergence efficiency, n4

o Charge utilization efliciency, 1,
e Voltage utilization efficiency, 7,
e Mass utilization efficiency, n,,

Comparisons of utilization efficiencies during nested-channel against those of single-channel operation show an
increase in voltage utilization and a slight decrease in charge utilization. The increase in voltage utilization consistently
corresponded to a decrease in cathode-coupling voltage. Mass utilization, current utilization, and beam divergence
remained near the values measured during operation of individual channels.

A nested-channel Hall effect thruster has been shown to operate much like a conventional Hall thruster when all
available channels are at the same discharge voltage. Far-field diagnostics have been able to resolve small differences
between the two channels. One unique feature of the NHT is the improved ion acceleration with both channels active.
Subsequent investigation will possibly focus on the internal and very-near-field plasma potential distribution of the X2
in order to gain further understanding of this phenomenon.
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Appendix: Mixed-Voltage Operation

The majority of the operating conditions used during testing of the X2 match the discharge voltages and current
densities between the two channels. However, operation with mixed discharge voltages has been investigated with
a small number of additional conditions. No mixed-voltage condition has yielded a particularly unique performance
advantage, and, in most cases, these operating modes have comparable performance to matched-voltage conditions.
However, measurements from a far-field RPA and ExB have produced some unique spectra.

This appendix shows the results of RPA and ExXB measurements for the flow rate combination of 7.0 mg/s through
the inner channel and 17.4 mg/s through the outer channel. The discharge voltage applied to the inner was fixed at 150
V, and the outer channel discharge voltage was increased to 200 V and 300 V. The cathode flow fraction was fixed at
10%, and the electromagnets were tuned to maximize efficiency at each operating condition.

Figure 20 shows processed RPA measurements which include smoothing of the differentiated signal and voltage
correction for local plasma potential. The sweeps shown in Figure 20 were taken with the RPA aligned with the outer
channel centerline. Measurements during the mixed-voltage conditions how bimodal distributions with peaks near the
two applied discharge voltages. At a distance of 2.1 m, the RPA clearly collects ions from both channels. Current
collected from the inner channel has a weaker signal due to the lower total current of the inner channel and the probe’s
alignment. However, both peaks remain well-defined and the two acceleration voltages can be measured from RPA
traces taken during a single mixed-voltage condition.

Figure 21 shows the evolution of the EXB spectra as the outer discharge voltage is increased to 300V. The dominant
peaks in the spectra shift to higher voltages, as expected. A smaller peak is present at a voltage lower than the dominant
peak. As shown in Figure 22, this smaller peak corresponds to the singly-charged ion population from the inner
channel. Having fallen through a smaller potential drop, the inner channel ions register as a small population of slower
ions.
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Figure 20: RPA measurements for mixed-voltage operating conditions

Figure 21: ExXB measurements for mixed-voltage operating conditions
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Figure 22: Single-channel and nested-channel ExXB measurements for a mixed-voltage operating condition (150V inner
channel, 200 V outer channel, 7.0+17.4 mg/s)

Figure 22 also shows that multiply-charged species from the inner channel are not resolved in the nested-channel
spectrum, and therefore, quantifying species fractions becomes slightly more involved during mixed-voltage operating
conditions. The inner-channel signal is obscured by the higher signal provided by the outer channel, and in order to
determine the multiply-charge species fractions of the inner channel, single-channel measurements had to be taken.
However, it is possible that, if the discharge voltage difference were sufficiently large between the two channels, all
multiply-charged peaks from both channels would appear on an ExXB spectrum. This would require the singly-charged
ions from the outer channel to move faster than the triply-charged or quadruply-charged ions from the inner channel.
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Introduction

X2 was developed to
explore the capabillities
and to verify the
advantages of nested-
channel Hall thrusters

Both channels are
designed to be
comparable to each other

Cross-sectional
dimensions of discharge
channels are the same

Anode designs are also
identicall®]
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Magnetic Circuit

Magnetic circuit creates the
same magnetic field topology
In both channels

Each channel has two
magnets, much like a
conventional Hall thruster

Plasma lens topology used
based on past designs from
PEPL, AFRL, and NASA

Radial magnetic field direction
switches between channels
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Operating Conditions

Discharge Inner Mass Flow  Outer Mass Flow
Voltage [V] Rate [mg/s] Rate [mg/s]
100 7.0 17.4
150 4.7 11.6
50% Flow
150 7.0 17.4
150V 150 9.3 23.2
75% Flow
200 7.0 17.4
100% Flow 100 70 ]
Both 150 4.7 -
Channels 150 70 _
150 9.3 -
Outer
200 7.0 -
Channel
100 - 17.4
Inner 150 - 11.6
Channel 150 . 17.4
150 - 23.2
200 - 17.4
UNIVERSITY OF MICHIGAN

Distribution Statement A. Approved for
public release; distribution is unlimited.



Current Density Profiles at Constant
Flow Rate

Distribution Statement A. Approved for UNIVERSITY OF MICHIGAN

public release; distribution is unlimited.



Current Density Profiles at Constant
Discharge Voltage

Distribution Statement A. Approved for UNIVERSITY OF MICHIGAN

public release; distribution is unlimited.



ExB Spectra at Constant Flow Rate
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ExB Spectra at Constant Discharge
Voltage
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RPA Measurements at Constant Flow
Rate
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RPA Measurements at Constant
Discharge Voltage
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Current Utilization Efficiencies
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Charge Utilization Efficiencies
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Mass Utilization Efficiencies
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Voltage Utilization Efficiencies
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Cathode-Coupling Voltages
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Conclusions

e The X2 NHT operates much like a conventional Hall

thruster when both channels are at the same discharge
voltage

* Increased voltage utilization and a decreased charge
utilization in nested-channel mode

— Further investigation on increasing this effect

— Prompts more detailed measurements of the plasma potential
distribution

e Current utilization, divergence, and mass utilization
remain relatively constant between operating modes
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Mixed Voltage RPA Measurements
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Mixed Voltage ExB Spectra
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