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Langmuir probe plasma parameter data are presented over a two-dimensional array of
spatial locations in the discharge chamber of a 40-cm diameter ring-cusp NEXT ion
thruster. The discharge plasma structure is determined by the magnetic circuit, which
reduces the diffusion of electrons across magnetic field lines. Number density profiles exhibit
a highly collimated plume structure confined by the axial magnetic field near the discharge
cathode assembly (DCA). A maximum value of 2x10"* ¢cm™ is measured along centerline at
the keeper exit plane. A number density of ~5x10"' cm™ is observed outside of the discharge
cathode plume. Electron temperatures in the cathode plume range from 2 — 4 eV increasing
off-axis in the radial direction to 4 — 8 eV in the bulk discharge plasma. This increase is
explained by electron acceleration across the free-standing potential gradient, termed a
double layer, forming the transition between the discharge cathode plume and bulk
discharge plasma. Between the magnetic cusps, near the anode, the electron temperature
increases significantly. Only the high-energy electrons can cross the magnetic field lines to
occupy these regions resulting in an increased electron temperature. Shorting of the
discharge keeper to discharge cathode common, a condition of interest from ground-based
NSTAR testing, does not have an effect on the near plasma structure outside of the DCA
keeper sheath.

Nomenclature
A, = electrode surface area, m®
Ay = electrode sheath area, m’
B = magnetic field magnitude, Gauss
c = effective exhaust velocity, km/s
2 = gravity constant at sea level on earth, m/s’
I; = jon current to electrode, mA
I su = jon saturation current, mA
Iy, = specific impulse, s
J, = acceleration grid current, mA
Jp = beam current, A
Jae = discharge current, A
Jok = neutralizer keeper current, A
k = Boltzmann’s constant
K, = Knudsen number
M; = initial mass of spacecraft (including propellant), kg
M; = final mass of spacecraft (dry mass), kg
My, = mass of xenon ion, kg
m = propellant mass flow rate, kg/s
n = number density, cm™
N, = electron number density, cm”
n; = ion number density, cm”
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P, = Dbase pressure (air), Torr

P, = corrected pressure (xenon), Torr

P; = indicated pressure (xenon), Torr

Py = discharge chamber pressure, Torr

q = electron charge, C

R, = probe radius, m

T = thrust, N

T.v = electron temperature, eV

V. = acceleration grid voltage, V

v, = electrode bias voltage with respect to discharge cathode, V
Vekece = keeper to cathode common voltage, V
Vie = discharge voltage, V

Vg = coupling voltage, V

Vk = neutralizer keeper voltage, V

V, = screen grid voltage, V

Av = velocity increment, km/s

@ = local plasma potential, V

A = mean free path, m

Ap = Debye length, m

I. Introduction

HE motivation for high exhaust velocity propulsion technology investment is illustrated by the Rocket Equation

or Tsiolkovsky’s Equation. Named after famous mathematics teacher Konstantin Tsiolkovsky, who in 1903 first
published its derivation, the Rocket Equation identifies exhaust velocity as the important performance parameter in
rocket propulsion." The Rocket Equation illustrates that the fraction of the original vehicle mass that can be
accelerated through a given velocity increment, Av, is a negative exponential in the ratio of that velocity increment
to the effective exhaust velocity, c.

7 1
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As illustrated in Eq. 1, the effective exhaust velocity is related to the performance parameter specific impulse,
Isp, which is defined as the total impulse per unit weight of propellant, given by Eq. 2.
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Tsiolkovsky’s Equation, Eq. 1, establishes the need for an effective exhaust velocity that is comparable with the
mission Av if a significant fraction of the original mass is to be brought to the final velocity. Deep space missions
are prime examples of high-Av missions that benefit from high exhaust velocity, but this can also be true for north-
south station-keeping (NSSK) requirements in which long satellite lifetimes may require substantial Av’s to
overcome the solar radiation pressure drag and gravity gradients to maintain their orbit. It is clear that there are
many missions that can benefit from high exhaust velocity, or equivalently high specific impulse, technologies.

Ion thrusters are high-efficiency, high specific impulse (I,) propulsion systems that are being proposed as the
primary propulsion source for a variety of missions. lon thruster technology has enabled new missions that had not
been feasible using liquid propellant rocket technology. The NASA Solar Electric Propulsion Technology
Applications Readiness (NSTAR) 30-cm ion thruster was the first ion engine to be used for primary spacecraft
propulsion in the Deep Space One (DS1) mission, validating ion thruster technology maturity for space flight. With
a design lifetime of 8,000 hours, the NSTAR ion thruster accumulated 16,265 hours of operation in space and the
flight spare accumulated 30,352 hours of continuous operation in ground-based testing.*”

A key component of the NSTAR program is ground-based testing of engineering model thrusters (EM’s or
EMT’s) for extended periods of time. The first wear test of an engineering model 30-cm NSTAR thruster was the
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full-power (2.3-kW) 2000-hour wear test conducted at the NASA Glenn Research Center (GRC). The 2000-hour
test, which did not employ a discharge cathode keeper, revealed extensive erosion of the two discharge cathodes
used during the test.* Subsequent 1000-hour wear test and 8200-long duration test (LDT) employed a sacrificial
keeper electrode demonstrating reduced discharge cathode erosion at an acceptable level (~60 pum/khr).”” An
Extended Life Test (ELT) of the NSTAR DS1 flight spare thruster, conducted at the Jet Propulsion Laboratory
(JPL), revealed extensive keeper erosion that has yet to be fully explained. There is a lack of understanding of the
discharge cathode assembly (DCA) erosion phenomena in ring-cusp ion thrusters. Engineering solutions, such as
thicker keeper electrodes and more exotic keeper materials, may not be sufficient to achieve desired ion thruster
lifetimes for future missions requiring several tens of thousands of hours.*’ A detailed understanding of the
discharge plasma environment in ion thrusters will lead to better discharge designs and DCA erosion mitigation
methods.

The successful demonstration of the NSTAR ion engine provides an off-the-shelf 2.3-kW ion engine suitable for
discover class NASA missions. Several missions under consideration for the exploration of the Solar System have
identified higher-power, higher-throughput 5/10-kW ion propulsion systems as a requirement for feasible
missions.'® For larger flagship-type missions, specifically robotic exploration of the outer planets using 25-kW-class
solar-powered electric propulsion, NASA GRC has led a team to develop the next generation ion thruster. The 40-
cm xenon ion engine, termed NASA’s Evolutionary Xenon Ion Thruster (NEXT) was selected in 2002 for
technology development as part of the Next Generation Electric Propulsion Project (NGEP).'"!?

Several investigations have been underway to diagnose discharge cathode erosion in the 30-cm NSTAR ion
thruster involving Laser-Induced Fluorescence (LIF) measurements, measurement of energetic ions near the DCA,
and (concurrent with this investigation) electrostatic probing of the discharge chamber and discharge cathode.'*?°
High-resolution discharge plasma characterization of the near-DCA region of a 30-cm NSTAR thruster has been
accomplished utilizing a high-speed probe positioning system.*'** Mapping the internal plasma structure of the 30-
cm ion engine downstream of the DCA permitted the elimination of the potential hill theory as an explanation of the
DCA erosion and illustrated a free-standing double layer plasma potential structure. The double layer is aligned with
the axial magnetic field near the DCA and forms the transition between the low potential discharge cathode plume
and the high potential bulk discharge plasma.

In an attempt to diagnose DCA erosion issues, an investigation of the discharge plasma structure of a 40-cm
NEXT ion thruster has been initiated. To the author’s knowledge this is the only internal investigation on a NEXT
ion thruster to date. The purpose of this experiment is to obtain high spatial resolution plasma parameter
measurements in the discharge chamber of the 40-cm NEXT ion engine, focusing on the near-DCA region. A
secondary probe, located closer to the ion optics, offers additional valuable discharge chamber data. Determination
of the discharge plasma environment permits evaluation of the DCA erosion mechanisms and estimation of the
NEXT DCA erosion rate.”

II. 40-cm NEXT Ion Thruster

The NEXT ion engine follows the “derated” approach of the
NSTAR program to preserve the NSTAR design heritage. This design
approach maintains low beam current densities, low component
operating temperatures (most importantly the permanent magnets), and
reduces operating voltages that can accelerate wear mechanisms. To
maintain low beam current densities while increasing throughput, an
engine twice the beam area of the NSTAR thruster was designed.
Increasing the engine beam diameter from 28-cm (NSTAR) to 40-cm
(NEXT) doubles the beam extraction area. The higher beam area
provides higher-power capability while maintaining comparable current ,
densities, temperatures, and operating voltages. An input power of 4.7- \ B
kW on the NEXT engine operates at the same voltages and beam .
current density as 2.3-kW on the NSTAR engine. The NEXT engine Figure 1. NEXT 40-cm engineering
can therefore be expected to yield the same operating lifetime while model ion thruster, courtesy of NASA.
producing twice the thrust.
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A. NEXT Engine Design

The major components of the NEXT engine are designed based upon the NSTAR thruster. These include a non-
ferrous spun-form discharge chamber, comparable discharge and neutralizer hollow cathode designs, similar
electrical isolation techniques, analogous flake retention mesh, and dished two-grid ion-optics system.
Improvements beyond NSTAR include: improved beam flatness via magnetic field design, a compact propellant
isolator, increased beam voltage (up to 1800 V), and advanced ion optics design. The discharge and neutralizer
cathodes have increased dimensions to accommodate the elevated current required along with some minor
modifications. Performance testing of two engineering model thrusters and a laboratory model thruster exhibit peak
specific impulse and thrust efficiency ranges of 4060 — 4090 seconds and 0.68 — 0.69, respectively, at the 6.1 kW
power point.?® A 2000 hour wear test has been conducted on Engineering Model 1 (EM1) at a thruster input power
of 6.9 kW demonstrating specific impulse, thrust efficiency, and calculated thrust of 4110 s, 0.694, and 237 mN
respectively.”” A long-duration test of an EM thruster at NASA GRC has begun at the time of this publication and is
expected to exceed 8000 hours of operation. At this date, the construction of a prototype model thruster is ongoing.?®

B. Laboratory Model 4 (LM4) 40-cm NEXT Ion Thruster

The fourth-built, 40-cm laboratory model NEXT ion engine, referred to
as LM4, was designed, fabricated, and assembled at NASA GRC. The
engine design was modified with the intention of conducting electrostatic
probe measurements and future Laser-Induced Fluorescence (LIF)
measurements, inside the discharge chamber for normal engine operation
with beam extraction. The LM4 variant is functionally equivalent to the
NASA NEXT EM design with several incorporated features to facilitate
discharge plasma interrogation and LIF characterization. The principal
modifications between the LM4 and the EM thrusters include:

e Rotation of the gimbal and ion optics mounting by 45 degrees.

e Fabrication of a purely cylindrical plasma shield to facilitate access

to the discharge chamber and reduce the complexity of the Figure 2. Laboratory. model 4
discharge plasma containment design. (LM4) 40-cm NEXT ion thruster.

e Anode fabrication from welded stainless steel sheet opposed to the NEXT EM thruster spun stainless steel
anode.

e Incorporation of mechanical cathodes (employing machined Macor to isolate the cathode common, cathode
heater, and cathode keeper) for the LM4 as opposed to the brazed cathode assemblies of the NEXT EM
thrusters.

e Incorporation of a machined stainless steel optics mounting ring assembly instead of the ion optics stiffener
ring mounting assembly of the EM’s.

e Iso-mica optics spacer and macor tabs used to hold the grids in place and set the grid gap.

e  Modification of the high-voltage propellant isolator design.

e  Modification of the neutralizer mounting (at 45 degrees).

These design changes have a negligible effect on the operation of LM4 when compared to the 40-cm
Engineering Model thrusters (EM’s), as verified by magnetic field mappings and engine performance testing.”’

C. LM4 Engine Modifications

Following confirmation of comparable performance to the EM’s from characterization testing, the LM4 anode is
modified for electrostatic probe access to the discharge chamber via slots in the side of the anode, shown in Figure
3. Slots are cut into the anode side and top for probe access and alignment of the probe to the discharge cathode
assembly, respectively. Flanges are mounted to the slots permitting axial motion perpendicular to the flange opening
and allowing easy transition between probe interrogation hardware and future LIF windows. The LM4 modifications
and added hardware components are illustrated in Figure 3.
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Figure 3. LM4 discharge interrogation modifications. Schematic of the slots and mounting flanges on anode
(left). The discharge plasma containment hardware is illustrated on the right.

III. Experimental Apparatus

A. Vacuum Testing Facility

The LM4 discharge chamber investigations are conducted in the Plasmadynamics and Electric Propulsion
Laboratory (PEPL) cylindrical 6-m-diameter by 9-m-long stainless steel-clad Large Vacuum Test Facility (LVTF).
With seven cryopumps activated, surrounded by liquid nitrogen cooled baftles, the LVTF maximum pumping speed
is 240,000 1I/s on xenon (500,000 I/s on air). Pressure measurements, from a Varian model UHV-24 nude ion gauge
with a Varian UHV senTorr vacuum gauge controller mounted on the LVTF wall, are corrected for xenon using the
known base pressure on air, the indicated gauge pressure, and a correction factor of 2.87 for xenon according to,”

P -P
P="1—t.p. 3)
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The LVTF is operated with either four or seven cryopumps depending upon ion thruster operating condition.
With four cryopumps, the facility pumping speed is 140,000 1/s on xenon with a base pressure typically 4x10” Torr.
The LVTF can maintain a pressure in the low 10 Torr range during operation of the LM4 at low-to-mid power with
the four cryopumps activated. To reduce the ingested flow into the discharge chamber, the LM4 testing is conducted
with four cryopumps for low-to-mid power and with seven cryopumps for higher power. With seven cryopumps
activated, the LVTF base pressure is 2x10” Torr. At the LM4 highest power condition permissible, the corrected
background pressure is 2.8x10 Torr for a total xenon flow rate of 5 mg/s.

B. High-speed Probe Positioning System (HARP)

A linear motor assembly provides accurate direct linear motion of the probe with minimal discharge cathode
plume residence times. The HARP system, shown in Figure 4, is a three-phase Trilogy 210 brushless dc servo motor
consisting of a linear “U”-shaped magnet track and a “T”’-shaped coil moving on a set of linear tracks. The linear
encoder provides positioning resolution to 5 um.*' A Pacific Scientific SC950 digital, brushless servo drive controls
the motor. The HARP is a linear table with a 559 mm stroke length. The HARP is capable of moving small probes
at speeds above 250 cm/s with acceleration rates above 7 g’s. The entire HARP table is enclosed in a stainless steel
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shroud with a graphite outer skin. Residence times of the
probe inside the discharge cathode plume are kept under 100
msec to minimize probe heating and discharge plasma
perturbation. The HARP system was initially designed for
internal discharge channel electrostatic probe measurements
on Hall thrusters."**'*> The HARP system is minimally
modified for 30-cm NSTAR discharge chamber
characterization and the near DCA 40-cm NEXT discharge
plasma characterization.’** The primary modifications
include the probe mounting on-axis with the HARP and
optimization of the control variables to achieve the desired
sweep for trajectory given the HARP velocity and
acceleration requirements.

C. Axial Movement of Probe

Figure 4. High-speed Axial Reciprocating Probe
(HARP) positioning system.

A single-axis Aerotech ATS62150 linear ball screw translation table provides axial movement of the thruster
relative to the probe. The Aerotech table has a travel length of 1.5 m with an accuracy of +2.5 pm. A Renco RCM21
encoder provides precision measurement of the position of the thruster with a resolution of 5 um and a frequency
response of 200 kHz. The orientation of hardware and probes is illustrated in Figure 5. Two staggered electrostatic
probes are inserted into the LM4 discharge plasma in the radial direction. The upstream probe characterizes the
near-DCA region, while the downstream probe characterizes the near-optics region. The near-DCA mapping begins
~1.5 mm downstream of the discharge keeper face with an axial resolution of 1 mm. Each probe is activated
individually, with the dormant probe floating. When actuated, the probe extends to the thruster centerline then
returns to the starting location recessed inside the translating alumina tube. When not in use, the probes are recessed
in the guiding alumina tube protecting the probes and reducing probe perturbations on the LM4 thruster operation.
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Figure 5. LM4 and HARP orientation with the translating table permitting axial movement.
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IV. Langmuir Probe Diagnostic

Electrostatic probes have been extensively used to measure plasma parameters since their inception. Langmuir
probes, named after the pioneering work performed by Irving Langmuir and collaborators, are one of the oldest and
widely used probes in plasma characterization.”®"’ The single Langmuir probe consists of a single electrode
connected to an external electrical circuit allowing variation of the probe voltage, V, with respect to the local
plasma. Measurement of the probe bias voltage and collected current are plotted giving the current-voltage
characteristic (I-V curve). The ease at which the data is taken, by biasing the probe with respect to another electrode
(vacuum chamber, cathode common, anode, secondary electrode, etc...) and measuring the current to the probe, is
offset by the difficulty in interpreting the resulting current-voltage (I-V) characteristic curve. The interpretation of
the I-V curves is complicated by multiple regimes of operation, flowing plasma effects, and large magnetic fields.
Appropriate analysis of the resulting “cold” electrostatic probe current-voltage (I-V) characteristic accurately
provides multiple plasma parameters.

A. Theory of Operation

The single Langmuir probe theory is widely used and allows calculation of the fundamental local plasma
parameters of interest, namely the number density and electron temperature. Langmuir probes measure local plasma
parameters and are effectively shielded by the plasma particles when inserted into the plasma. Langmuir probe
theory is divided into different probe regimes based upon two non-dimensional parameters: the Knudsen number
(K,) and Debye length (Ap). The regime distinction between collisionless and continuum plasmas is related to the
Knudsen number. The Knudsen number, defined in Eq. 4, relates the mean free path of charged particles to the
probe radius. The mean free path of ions and electrons in the discharge chamber of ion engines is on the order of
meters. This is larger than the physical dimensions of the discharge chamber and is much larger than the fraction of
a millimeter sized probes used for this investigation. For K, >> 1, a collisionless analysis is appropriate.

K =2 )
Rp

The ratio of the Debye length, given in Eq. 5, to probe radius determines the sheath analysis used. The
electrostatic probes traverse two distinctly different plasmas inside the ion discharge resulting in two different sheath
regime analysis techniques. Realistic electrode sizes of the single Langmuir probe, for the expected electron
temperature (2 — 11 eV)*™** and number densities (10'° — 10'* cm™),'**® operate in the thin sheath regime near the
discharge cathode. Inside the ion engine, the number densities are expected to have a maximum on cathode
centerline and decrease by over two orders of magnitude with increasing radial distance from centerline driving an
ever-increasing Debye length. The sheath width that forms around the probe is proportional to the Debye length and
is therefore important to determine the probe operating regime. The relationship of the Debye length to electron

number density and temperature is illustrated in Eq. 5:**!
TeV
Ay =743~
< ©)

The rapid growth in the Debye length with increasing radial distance from cathode centerline dictates that at
some radial location inside the anode, the thin sheath criterion may not strictly apply. The Debye length is expected
to grow to the same order of magnitude as the electrode radius in the bulk discharge plasma, indicating operation in
the transition range between thin sheath and orbital motion limited (OML). In spatial locations near the anode,
number densities are low enough for a complete OML analysis to be applicable.

B. Langmuir Probe Electrode

Several Langmuir probes are used due to breakage of probes caused by mechanical malfunction or user input
error. All probes are slight variations on the basic probe design, illustrated in Figure 6. The basic design consists of
0.13 or 0.18-mm-diameter cylindrical tungsten electrode, with ~2 mm of exposed length. A large length to diameter
ratio minimizes end effects. The electrode is held inside a double-bore tube of 99.8% pure alumina epoxied to a
larger double-bore piece of 99.8% pure alumina. The ceramic probe material and tungsten filament are necessitated
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by the high-temperature discharge plasma environment. The total length of the probe is approximately 0.5 m. After
the probes are constructed, each is inspected under magnification to ensure cylindrical geometry. The probe tip
electrodes are measured with a digital caliper and double checked under magnification.

0.13 — 0.18 mm diameter

/ Tungsten wire

Ceramic epoxy Ceramic epoxy - - 1
/ 0.13 -.0.18/v 2 mm
mm dia A
AT T Tungsten
Double bore
Alumina 0.64 mm 25 mm
insulation tube dia Alumina
_ 4 —~ 4 mm dia _—
Alumina
L B L ~
Figure 6: Langmuir probe tip design illustrating the components and physical dimensions.
C. Langmuir Probe Circuit
When the probe is swept into
the discharge chamber, from a
low-density plasma near the
anode to a high-density discharge Probe
plasma plume, there is a rapid collected
increase in plasma potential up to cutrent
1500 V for LM4. Significant 262 O Q D210
errors in the measured current can SLP electrode A
occur due to any appreciable stray é 49 kO
capacitance in the circuit. As Discharge |Batte
such, careful attention is paid to Plasnia S fy::::
minimizing stray capacitance in upPly 2 .
the circuit design including the : 7kQ Probe bias
use of batteries to supply the bias voltage

voltage. A potentiometer attached ~ Discharge cathode common T 1C
to the battery output sets the
electrode bias voltage.

The Langmuir probe circuit is built around two Analog Devices AD210 wide bandwidth isolation amplifiers,
capable of handling up to 2500 volts of common mode voltage, providing an input impedance of 10'* Q, and a full-
power bandwidth of 20 kHz. The low-impedance output (1 Q maximum) is connected to a Tektronix TDS 3034B
digital oscilloscope that acquires the I-V data and saves it to a computer. Figure 7 illustrates the single Langmuir
probe circuit. All connections extending outside the vacuum chamber are made using high-voltage (5 kV) SHV
coaxial cables and feedthrus.

AD210

Figure 7: Single Langmuir probe circuit schematic.

D. Langmuir Probe Data Analysis

The scientific graphing package Igor is used to analyze the data. The data are read into Igor, which reassembles
the data into individual current-voltage (I-V) characteristics at discrete spatial locations in the two-dimensional grid
illustrated in Figure 8. For each operating condition, I-V curves are obtained with a spatial resolution of 1 mm in
both the axial and radial directions. The data collected for each operating condition incorporates 9,240 I-V traces for
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each of the two probe domains in the LM4. The data analysis gives plasma parameters for all of these characteristics
outputting contour images with a corresponding number of data points.
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Figure 8: Sample current-voltage characteristics (I-V curves) reconstructed at specific spatial locations in the
discharge chamber serving as the starting point for the Langmuir probe data analysis.

The relative sheath thickness compared to the probe radius is not known a priori; as a result, the data analysis
code uses a multiple regime approach in the number density calculation. The individual Langmuir probe
characteristics are analyzed, over the 2-D grid, assuming a purely Maxwellian electron population. The inverse slope
of the natural log of the electron current versus voltage gives the Maxwellian electron temperature.

Near the DCA, the number density is high and a thin sheath analysis is warranted. A traditional thin sheath
calculation is performed initially with the probe collection area equal to the electrode surface area. For a ratio of
probe electrode radius to Debye length of greater than or equal to 10, a thin sheath analysis is applicable. The ion
saturation current, the electron temperature, and the Bohm condition for ion velocity give the ion number density by
Eq. 6.°%***! The Bohm condition establishes that, for ion-attracting probes, electric fields in the quasi-neutral plasma
exterior to the sheath (a pre-sheath) accelerate ions such that they enter the sheath with a velocity of (kTo/M;)". The
Bohm velocity is the ion velocity necessary for a stable sheath. Assuming a quasi-neutral discharge plasma, the ion
number density equals the electron number density:

[i,sat MXQ
i hin = . (6)
0.614, g kT,

In Eq. 6, e is electron charge, My, is the mass of the xenon ion, k is Boltzmann’s constant, and A is the electrode
collection area that is initially considered to be the electrode surface area. The true collection area depends upon the
thickness of the sheath surrounding the probe. The actual sheath size is calculated based upon the measured plasma
parameters. The probe collection area is increased including the sheath, resulting in a new number density. This
iterative process continues until convergence. This procedure takes into account moderate departure from thin
sheath.

Far from the DCA, a thick sheath exists and an orbital-motion-limited analysis is applicable. In the OML regime,
ion orbits become important. Not all particles that enter the electrode sheath are collected. Particles can enter trapped
orbits or enter and then exit the sheath. For a ratio of probe electrode radius to Debye length of less than or equal to
3, the electron temperature is still determined from the inverse slope of the natural log of the electron repelling
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current versus bias voltage; however, the number density calculation must be made for an infinitely thick sheath. In
the OML regime, the number density for cylindrical probes is calculated from the slope of the ion current squared
versus bias voltage according to the following equation:*****

_ 2
o= A((]fz)/qubz)M“ - g
’ 14

Between the two regimes, in the transition regime, a weighted average (based upon the ratio of Debye length to
probe radius) is used to give smooth transition between the two regimes. The data analysis techniques used in this
investigation can be found in References ******. The large electron saturation currents near the DCA, which are not
achievable with the given setup, preclude a plasma potential estimation in the DCA plume. Plasma potential
mappingzs5 gf the discharge plasma have been performed utilizing a floating emissive probe diagnostic in the LM4
thruster.””

E. Magnetic Field Effects

The magnetic field can affect Langmuir probe results by altering the [-V characteristic. The primary effect of the
magnetic field is to confine electrons to spiral along the magnetic field lines and depress diffusion across the
magnetic field line. As a result sheath structures around probes are no longer symmetric and can become oblong.
The presence of a magnetic field has a negligible effect on the Langmuir probe measurements since the data analysis
infers ion number density from the ion saturation current and therefore is unaffected by the reduction in electron
saturation current caused by the presence of a magnetic field. The magnitude of the magnetic fields in ion thrusters
is typically not large enough to have an appreciable effect on ion collection. However, the magnetic field can lead to
electron energy distribution function (EEDF) anisotropy affecting the electron temperature measurement. Passoth
determined that EEDF anisotropy depends upon the ratio B/p,, where p, is the pressure in the containment vessel (in
this case the discharge chamber).* It has been shown experimentally that EEDF anisotropy is negligible for B/p, <
2.5x10° G/Torr.”

The LM4 thruster has a maximum magnetic field (B), in the bulk discharge and near-DCA regions, occurring
near the DCA along centerline. The maximum magnitude of the magnetic field in the near-DCA regions investigated
is on the order of 100 G and the pressures in the discharge chambers of the engines are estimated to be ~10™ Torr.
The LM4 measurements made near the cusps at the anode can reach magnetic field magnitudes on the order of a few
hundred G. The value of B/p, near the DCA is 1x10°, and for the worst case near the anode magnetic field cusps is
2x10°, therefore no substantial anisotropy in the EEDF is expected for the spatial locations interrogated.

The presence of the magnetic field results in a reduction of the electron saturation current, thereby affecting the
plasma potential calculation from the I-V curves. Typically, the knee of the electron retarding region (or the
maximum of the first derivative) is regarded as the local plasma potential. The magnetic field causes a shift in the
calculated plasma potential resulting in a decrease in the magnitude calculated compared to the true plasma
potential. This shift can be accounted for depending upon the orientation of the probe with the magnetic field, the
electron temperature, and the mean free path of an electron.”’ The electron saturation current near the DCA is very
large, sometimes several amps. The desire to minimize the discharge plasma perturbation, combined with the
limitations of the battery supply and electrical circuit (in order to obtain better resolution), result in [-V
characteristics that do not reach electron saturation. As a result, plasma potential calculations cannot be calculated
from Langmuir probe data. Floating emissive probe testing performed on the LM4 thruster gives the plasma
potentials for the same spatial domains.”>*

F. Error Analysis

Traditional estimates of the error in electrostatic probe measurements are 50% for electron number density and
20% for electron temperature.*” While these absolute errors are large, the relative error between two measurements
using identical setups is considerably smaller. Noise in measured electron temperatures near the anode is evident as
the signal to noise ratio is greatly reduced by the reduction in number densities (and hence probe currents) at these
spatial locations. Small DC offsets in the measured current, combined with the degraded signal-to-noise ratio,
enhance the high electron temperatures in the near-anode region Near-anode electron temperature data are therefore
given less confidence. A detailed investigation of the near anode plasma, with a modified circuit and a Langmuir
probe tailored for the densities in this region, would permit a more accurate determination of electron temperature.
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Number densities near the anode are relatively unaffected by the electron temperature fluctuations because the
OML calculation, applicable in this region, is only a function of the slope of the ion saturation current. Comparisons
of the data taken at equivalent thruster operating conditions indicate the excellent repeatability of the engine and
electrostatic probe setup. The number density and electron temperature data, taken during different facility pump
downs, illustrates comparable results for the near DCA and bulk discharge regions from two different probe tips.

G. Operating Conditions Investigated

The LM4 thruster Langmuir probe investigation is performed over a variety of thruster operating conditions
limited at high-power by the beam and discharge power supplies. The investigation covers a range of conditions
from low-to-mid power. In addition to the nominal operation with beam extraction, the thruster is operated with
discharge-only (no beam extraction) and with the discharge keeper shorted to discharge cathode common. The LM4
operating conditions are labeled as single Langmuir probe (SLP) nominal Thruster Operating Conditions (TOC
Levels), Discharge-only Levels (DL), and reference NEXT self-assigned Throttling Levels (TH Levels).

Table 1: Experiment LM4 single Langmuir probe (SLP) nominal Thruster Operating Conditions (TOC
Levels) , Discharge-only Level (DL), and reference NEXT self-assigned Throttling Levels (TH Levels).

Main | D.C. | Neut | Vck-

TH Vs Jb Va Ja Vdc | Jdc | Vnk | Jnk | Flow | Flow | Flow | cc Vi Pressure
|| Level \ [A] V] mA] | [V] [A] [VI | [A] |[sccm]]|[sccm]|[sccm]| [V] [V [Torr]
TTH 34 1567 3.10 [-210.0] 10.50 - 17.68] - |3.00] 4347 | 454 | 4.01 - - -
B|SLP TOC 34' | 1459] 3.10 [-210.1] 7.90 [23.84] 16.64]12.85| 3.00| 42.5 | 4.54 4.0 | 3.65]-11.72| 2.8E-06
g[SLPTOC 34’

8 |ck-cc shorted 1455 3.10 [-210.1] 7.68 | 23.86] 16.63]12.91| 3.00| 42.5 | 4.54 4.0 |0.00]-11.70| 2.8E-06

S|[SLP DL 34' - - - 0.08 | 20.77] 16.70]15.47| 3.00| 42.5 | 4.54 4.0 |5.61]-0.80| 2.8E-06

I [TH 20 1567 2.00 [-210.0| 6.80 - 14.12] - ]13.00] 25.79 | 3.87 | 2.50 - - -

' [sLP TOC 20" [1465] 2.01[-210.0] 9.15 [24.87]13.45[13.86[ 3.00| 245 | 3.87 2.5 ]0.76]-11.23] 3.2E-06
TH 32 1179 3.10 [-200.0| 10.50 - 18.63| - |3.00] 43.47 | 454 | 4.01 - - -

» |SLP TOC 32 | 1179] 3.10 [-200.0f 7.39 [24.15[17.30]12.74[ 3.00| 42.5 | 4.54 4.0 | 3.66|-11.51| 2.8E-06

2ITH 18 1179 2.00 [-200.0| 6.80 - 14.72] - |13.00] 25.79 | 3.87 | 2.50 - - -

§SLPTOC18 1179 2.01 [-200.0f 10.09 | 25.07] 13.69]13.85| 3.00| 25.0 | 3.87 2.5 |1.41]-11.45] 3.2E-06

g TH 8 1179 1.20 [-200.0| 4.10 - 8.83 - [3.00] 14.23 | 3.57 | 3.00 - - -

= SLPTOC8 1179/ 1.20[-200.0| 4.77 | 25.93| 8.67 |13.80] 3.00| 154 | 3.57 3.0 [2.87[-10.20| 2.4E-06

o |SLPTOC 8

! [ck-cc shorted 11791 1.20 |-200.1| 4.82 | 26.09| 8.68 [14.00{ 3.00| 154 | 3.57 3.0 [0.00(-10.50| 2.4E-06
SLP DL 8 - - - 3.20 | 23.26( 8.65 [19.70] 3.00| 154 [ 3.57 3.0 |7.47]-0.85] 2.2E-06

5|TH3 650 | 1.20 [-144.0| 4.10 - 9.54 - [3.00] 14.23 | 3.57 | 3.00 - - -

gSLP TOC 3 649 | 1.20 |-144.0] 4.69 | 26.36[ 9.28 [13.78] 3.00| 15.6 | 3.69 3.0 [3.97[-9.98| 2.4E-06

o |THO 275 [ 1.00 [-500.0f 3.40 - 7.99 - [3.00] 12.32 | 3.52 | 3.00 - - -

% SLP TOC Oa | 275 | 1.00 [-500.0| 3.45 | 26.15] 7.71 |14.34] 3.00] 13.9 | 3.59 3.0 [5.62(-10.28]| 2.2E-06

—|SLPTOCOb | 275 | 1.00 [-500.0f 16.82[26.32] 7.72 [14.85] 3.00| 13.3 | 3.59 3.0 |3.88(-10.31] 1.3E-06

V. Results

Detailed plasma parameter (number densities and electron temperatures) mappings are presented over a range of
operating conditions on the LM4 thruster. Each contour plot contains 9,240 data points for each of the two
interrogation regions (18,480 data points combined). The magnetic field streamlines, measured after the LM4
construction, are included in the parameter mappings to assist in their interpretation. Occasional radial streaks of
anomalous electron temperature or number density are results of engine recycle events (momentary shorting
between ion optic grids) during a radial sweep affecting the probe current collection.

A. Bulk Discharge Chamber Number Density Contours

A very distinct discharge cathode plume is evident from the number density contours in Figures 9 - 11. Inside the
discharge cathode plume, number densities near the cathode exit approach 2x10"* ¢cm™ along centerline. The number
densities decrease by an order of magnitude outside of the plume, at a distance on the order of the discharge keeper
radius. The bulk discharge plasma density mappings are very similar over the range of operating conditions
investigated with values ranging from 1x10'" to 1x10'? cm™ in the bulk discharge. The thruster conditions span the
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low power (V=275V, J,=1.00A) settings to medium power (V=1500V, J,=3.10A) settings. Just outside of the high-
density cathode plume, the number densities are ~5x10'" cm™, which is comparable to the value found in the 30-cm
NSTAR thruster investigation.”” This value is used, in conjunction with emissive probe plasma potential
measurements to calculate a NEXT engine DCA erosion rate.”?’

The contour shapes, for the various operating conditions, are all identical and closely follow the magnetic field
structure. Near the DCA, the magnetic field streamlines run almost entirely in the axial direction. This effectively
confines the electrons emitted from the DCA to a narrow plume. These electrons spiral around the magnetic field
lines resulting in ion creation in this narrow plume due to electron bombardment. The number densities near the
anode cusp regions are larger in magnitude than the inter-cups regions where electrons are prevented from reaching
due to the magnetic field.

Comparison of the number density contours in Figures 9 - 11 illustrates the following trends as the engine is
throttled to higher power. In general there no discernable change in discharge plasma number density, outside of the
DCA plume, as the thruster is operated at higher power levels. Slight variations are evident in the inter-cusp near-
anode number densities, but are difficult to correlate to engine operating condition. A very modest decrease in the
near-anode inter-cusp region is evident from low-power to medium-power settings. This may be due to the
preferential drift of the ions towards the screen grid as the screen voltage and accelerator grid voltage are increased
in magnitude. Essentially, the engine is more efficient at extraction of ions at the higher power setting. This is
consistent with the decrease in discharge losses (W/A) measured for the NEXT ion engine with increasing thruster
input power. This trend is attributed to the decreasing screen grid ion transparency associated with the decreasing
total voltage (i.e. the sum of the magnitudes of the screen and accelerator grid voltages).
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Figure 10: LM4 SLP TOC 8 (V,=1179V and J,, = 1.20A) number density staggered probe results.
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Figure 11: LM4 SLP Toc 34’ (V,=1459V and J,, = 3.10A) number density staggered probe results.

Previous 30-cm ion thruster testing indicated that shorting the discharge cathode keeper to discharge cathode
common had no effect outside of the keeper sheath.”*** This conclusion is supported by the LM4 results which
illustrate negligible differences in the plasma structure when the keeper is shorted to common. The lack of beam
extraction results in a slight decrease in number densities.

B. Bulk Discharge Electron Temperature Contours

Analysis of the single Langmuir probe results gives the electron temperature from the slope of the natural log of
the I-V curve in the electron retarding region. This analysis is independent of the thin-sheath, thick-sheath, or
transitional probe regime used. The electron temperature contours illustrate a discharge cathode plume where low
electron temperatures exist (2 — 4 eV). Outside of this plume, the electron temperature gradually increases by a few
volts to the bulk discharge electron temperatures of 4 to 7 eV. Near the anode, in the inter-cusp regions, the electron
temperature reaches much higher values (as high as 13 — 15 eV). The near-anode rise in electron temperature may be
enhanced by the reduced signal-to-noise ratio in this region. Sheath structures near the anode and/or the guiding
alumina tube may affect the rising electron temperature measured. The electron temperature assumes a Maxwellian
distribution, but from direct measurement of electron energy distribution functions the electron population was
found to be non-Maxwellian for regions of the spatial domain inside the discharge chamber.”*?

The electron temperature contours in the Figures 12 - 14 illustrate very little variation for the near-DCA probe as
the engine is throttled to higher power. There is often a slight discrepancy in the electron temperature between the
two interrogation regions, but is within the estimated error due to measurement with different probes. It is very
useful to consider two separate investigations to explain the observed electron temperature trends. Analysis of the
plasma potentials inside the LM4 discharge illustrate a free-standing double layer aligned with the axial magnetic
field near the DCA. The potential gradient structure, termed a double layer, accelerates electrons across the double
layer from the discharge cathode plume to the bulk plasma resulting in an increase in the electron temperature. This
is supported by analysis of the electron energy distribution functions inside the LM4 discharge chamber.”> The
elevated electron temperature through the double layer is quickly reduced as the higher energy electrons become
thermalized. The electron temperature increase near the anode has also been measured near the anode in the
discharge channel of Hall thrusters.*®

The extraction of a beam results in a slight increase in electron temperature, of one or two eV, when compared to
data taken without beam extraction. This may be partially due to the increase in discharge voltage associated with
beam extraction. The increase in the electron temperatures with beam extraction indicate the coupled nature of the
beam and discharge cathodes implying that beam extraction is needed to accurately represent flight-like thruster
operating conditions.
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C. Near-DCA Number Density Measurements
Examination of the near-DCA plasma structure, Figures 15 - 18, is most relevant to the discharge cathode

erosion phenomena. This highlights the subtle changes in the discharge cathode plume, the double layer transition,
and the overall discharge plasma environment near the DCA. The number density contours from the single
Langmuir probe are insensitive to the thruster operating condition in LM4. The axial magnetic field near the DCA
creates a distinct plume structure in which cross-field diffusion of electrons is reduced similar to the previous 30-cm
NSTAR results.”** However, there is a notable difference between the 30-cm NSTAR FMT2 and 40-cm NEXT
LM4 number density plumes. The number density profile for the LM4 exhibits a larger gradient in the axial
direction than the FMT2. The decrease in number density in the axial direction for LM4 operation is an order of
magnitude at an axial distance of approximately one keeper radius away from the DCA. The axial magnetic field of
the LM4 is less than half of the FMT2 thruster at the discharge cathode keeper plate. Therefore, the reduced field of
the LM4 does not smooth out the plasma structures in the axial direction the way the FMT2 thruster does. This may
significantly affect the DCA erosion mechanisms of the LM4 thruster compared to the FMT2. Number densities at
the DCA centerline are as high as 2x10"* e¢m™. Located radially outside the discharge cathode plume (outside the
double layer), the plasma number density for the LM4 is ~5x10'" cm™. This value is used to calculate a directed flux
of ions, which when combined with plasma potential data, LIF data, and double-to-single ion current ratio yield a

calculated NEXT DCA erosion rate.”>®
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Figure 15: LM4 near-DCA number density contours for SLP TOC 0a - V, =275V, J,, = 1.00A (left) and SLP
TOC 3 - V=649V, J, = 1.20A (right).
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D. Near-DCA Electron Temperature Measurements
Near-DCA electron temperatures illustrate a low electron temperature cathode plume with temperatures from 2 —

4 ¢V inside. Outside the plasma column, the electron temperatures increase up to 4 — 7 eV. The rise in electron
temperature is tied to the potential gradients across the boundary between the cathode plume and bulk discharge
plasma that accelerates electrons across the boundary thereby increasing their energy. The double layer potential
profile also decelerates the high-energy electrons that overcome the potential gradient when moving from the high-
potential main discharge plasma to the low-potential cathode plume. This effectively replenishes the low-energy
electrons in the discharge cathode plume confirmed in the analysis of the electron energy distribution functions.
Very little variation is observed in the near-DCA electron temperatures as the LM4 engine is throttled to higher

power in Figures 19 - 22.
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Figure 21: LM4 near-DCA electron temperature contours for SLP TOC 20’ - V= 1465V, J,, = 2.01A (left)

and SLP TOC 32 - V,=1179V, J,, = 3.10A (right).

17
American Institute of Aeronautics and Astronautics



1.8 Tolev] 18
1.6 8.0 16
— 7.5 -
El4 7.0 El.4
b= 6.5 =
£12 6.0 Z12
& &
5.5
F10 5o Elo
Zon 15 dg.
E 30 B
Hog . Mo.6
= 30 §
Eoa 25 Eoa
=] =]
z 2.0 Z
U2 1.5
10 L [ 1 [ 1 ]

Iy

=00 7106 08 1.0 12 14 16 18 20 ) 906 08 1.0 12 14 16 15 20

W Normalized Radial Position [ ] W Normalized Radial Position [ ]
Figure 22: LM4 near-DCA electron temperature contours for SLP TOC 34’ - V; = 1459V, J,, = 3.10A
nominal (left) and SLP DL 34’ without beam extraction (right).

VI. Discussion

It is evident that the plasma parameter mappings closely follow the magnetic field streamlines. The high-density
plume is established by an axial magnetic field near the DCA. As illustrated in plasma potential measurements, the
magnetic field that confines the electrons to a narrow plume establishes a free-standing double layer potential
gradient. The double layer gradient enhances radial electron motion to offset the magnetic field reduction of radial
diffusion by electrostatically accelerating electrons from the DCA plume towards the bulk discharge plasma. This
acceleration gives rise to an off-axis increase in electron temperature as electrons are accelerated across the double
layer. The double layer also acts to accelerate ions from the bulk discharge plasma towards the DCA giving rise to
DCA erosion as outlined in the floating emissive probe investigation on the LM4 thruster.”>* The inter-cusp
electron temperatures near the anode are extremely high. While this measurement is performed with a poor signal-
to-noise ratio it seems logical that only the very high-energy electrons will reach these regions, across magnetic field
lines, resulting in an elevated electron temperature.

It is possible that the double layer acceleration of electrons also contributes to ionization in the discharge
chamber. Specifically focusing on Figures 16 and 17, there is also an off-axis maximum in number density
downstream of the DCA. This may be due to radial acceleration of electrons across the double layer. From emissive
probe measurements, the potential across the double layer is approximately 7 volts.”* Tonization may take place in a
step-wise fashion leading to ionization even though the first ionization potential of xenon is 12.13 eV.

Throughout the LM4 investigation, the effects of beam extraction are determined by turning off the high voltage
power supplies. Equivalent mass flow rates and discharge currents maintain equivalent number density profiles with
and without a beam. The reduction in discharge voltage without a beam decreases the measured plasma potentials
inside the discharge chamber. The electron temperatures with beam extraction were slightly higher in magnitude
than the discharge-only values illustrated in Figure 22. Examination of the electron energy distribution functions
(EEDF’s) reveals more broad distributions as the reason for this electron temperature increase (higher-energy
electrons are created due to acceleration across the double layer potential gradient). From the LM4 equivalent mass
flow approach and the 30-cm NSTAR equivalent discharge voltage approach, it is evident that ion thrusters must be
operated at high-voltage to demonstrate equivalent electron temperatures, number densities, and plasma potentials
compared to flight conditions.?*?*3*%* All of the discharge plasma parameters are important in describing the
discharge plasma environment and therefore the DCA erosion mechanisms. The shorting of the LM4 discharge
cathode keeper to cathode common did not have an effect on the discharge plasma outside of the keeper sheath,
consistent with the 30-cm NSTAR investigation.
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VII. Conclusions

A method of mapping the discharge plasma parameters inside a 40-cm NEXT engine is demonstrated. Number
densities are presented for the low to mid-power operation of the LM4 thruster illustrating comparable results to the
NSTAR thruster. The number densities illustrate a clear plume structure peaked along centerline (up to 2x10' cm™).
The near-DCA centerline value was fairly constant at a value of 1 x10" — 2x10"* cm™over the operating conditions
investigated. Number densities illustrate negligible dependence upon thruster power level. A number density of
~5x10"" cm™ is observed corresponding to a location in the bulk discharge just outside the double layer. This value
is utilized to calculate the flux of particles towards the DCA and therefore calculate an erosion rate.

Electron temperatures are similar to those measured in the NSTAR thruster. The electron temperatures in the
discharge cathode plume are typically 2 — 4 eV and increase slightly off-axis to 4 — 7 eV. This increase is caused by
the acceleration of electrons across the double layer and is confirmed by the electron energy distribution
measurements. Outside the off-axis maximum, the electron temperature decreases as the accelerated ions are
thermalized. Near the anode wall high electron temperatures are measured. This may be due to sheath formation or
double sheath formation on the anode and/or the alumina guiding tube end. This apparent increase in electron
temperature near the anode may be enhanced by the decreased signal-to-noise ratio of the measured probe current at
these spatial locations.
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