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data from tests of NEXT as well as the NSTAR ion thruster and then used to assess the
time to failure in space due to screen grid erosion and electron backstreaming caused
by accelerator grid aperture erosion. Screen grid erosion was found to be important
only at the lowest throttle levels, and was conservatively estimated to lead to failure
after processing over 900 kg of xenon. The first failure mode at high power levels was
found to be electron backstreaming due to accelerator grid hole wall erosion, which
would occur after processing over 700 kg of propellant.
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Introduction

NASA’s Evolutionary Xenon Thruster (NEXT) and the associated power processing unit,
propellant management assembly, and gimbal were developed to support ambitious
future deep space and commercial missions. NEXT employs two-grid, outward-dished
ion optics and can be throttled from 0.5-6.9 kW input power to accommodate variations
in solar array output with solar range. It produces thrust values from 25-237 mN and
specific impulses from 1300-4150 seconds. Throttling is accomplished by varying beam
voltage and current over 40 discrete throttle levels (TLs) [1], as displayed in Fig. 1. The
NEXT ion propulsion system is being demonstrated on the Double Asteroid Redirect
Test (DART) mission, which was launched in 2021. [2]

Grid structural failure and electron backstreaming due to sputter erosion are key
potential failure modes. The modeling of these processes described in this paper is being
used in conjunction with wear testing to establish engine service life, in accordance with
NASA recommendations for life qualification [3, 4]. We employed the Jet Propulsion
Laboratory’s CEX2D and CEX3D codes, which are two- and three-dimensional models
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Fig. 1 NEXT throttling envelope in terms of beam voltage and current. 40 discrete throttle levels allow
operation over an input power range of 0.5 to 6.9 kW. Throttle levels (TLs) 1, 5, 12, 37, and 40 shown in red are
the focus of the erosion simulations

of individual ion beamlets that simulate the primary ions, the neutral gas flow from the
engine and the ambient neutral gas, charge exchange reactions between primary ions
and neutrals, and the sputter erosion of the grids by thruster and charge exchange ions.
The specific objectives of the work reported here were to validate the codes and use
them to predict erosion for in-space conditions. The primary focus was on the five throt-
tle points shown in red in Fig. 1, which represent extremes in currents or voltages that
can result in worst case erosion rates. We report the results for screen grid erosion and
electron backstreaming due to accelerator grid aperture wall erosion. Modeling of the
erosion in the pits and grooves pattern that forms on the downstream face of the accel-
erator grid was reported in an earlier paper [5]. The results presented here are determin-
istic predictions of time to failure in space, based on nominal code input parameters. A
preliminary probabilistic analysis of electron backstreaming failure that incorporates the
variability in some of the input parameters is discussed in [6].

A key part of the testing that complements the modeling work reported here was the
NEXT Long-Duration Test (LDT). The test article was a modified version of an engi-
neering model (designated EM3) which incorporated prototype-model (PM) ion optics
and a graphite discharge cathode keeper electrode. More detailed descriptions of the
hardware and the vacuum facility can be found elsewhere [7—-12]. The thruster was oper-
ated over a range of throttle levels representative of candidate mission profiles [13] for
the first 29,000 hours and then at full power for a total of 51,184 hours [14]. The operat-
ing conditions, which match the five throttle levels highlighted in Fig. 1, are summarized
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Table 1 Operating conditions for the next long duration test segments

Throttle Thruster Beam Current Segment Cumulative Segment Cumulative  Backsputter
Level Power and Voltage Duration Duration Throughput Throughput Rate

(TL) (kw) (hrs) (hrs) (kg) (kg) (um/kh)

40 6.9 3.52A,1800V 13,042 13,042 264.7 264.7 2.8

37 4.7 352A, 1179V 6478 19,520 1326 397.3 12

5 1.1 120A, 679V 341 22,931 26.7 424.0 02

1 0.5 1.00 A, 275V 3,198 26,129 234 4474 0.1

12 24 120A, 1800V 3,111 29,240 24.5. 471.9 1.0

40 6.9 352A,1800V 21,944 51,184 446.3 918.2 2.8

in Table 1. A total of 918 kg of propellant was processed, demonstrating a total impulse
of 35.5 MN-s.

The NEXT LDT was conducted in a vacuum facility at the NASA Glenn Research
Center (GRC) which incorporates a graphite beam target to minimize backsputter-
ing. Despite this, carbon backsputter rates of up to 2.8 um/kh were measured in the
LDT, as shown in Table 1. As a result, carbon deposits up to 70% of the accelerator
grid thickness accumulated on the ion optics, making interpretation of the erosion
difficult. The CEX2D and CEX3D models were also used to determine how carbon
deposition during the test influenced the wear rates and determine which results
could be reliably used to help validate the models.

The CEX2D and CEX3D codes

CEX2D [3, 15, 16] models an axisymmetric beamlet and charge exchange ions in
cylindrical coordinates. It is used primarily to model screen grid and accelerator
hole wall erosion, processes which are well represented by an axisymmetric approxi-
mation. CEX3D [5, 17] uses Cartesian coordinates and simulates a triangular wedge
spanning 1/12 of the beamlet as shown in Fig. 2. This is the minimum domain neces-
sary to capture the 3D beamlet properties, taking advantage of the hexagonal sym-
metry of the grid hole pattern [18]. CEX3D is used to model the inherently three
dimensional pits and grooves erosion on the downstream face of the accelerator grid
and certain aspects of accelerator hole wall erosion, such as the effect of carbon dep-
osition on net erosion rate. The computational mesh in CEX3D is made up of 30-60-
90 triangular prisms with constant transverse dimensions dx and dy. The mesh in
CEX2D consists of rectilinear elements with constant radial dimensions dr. Both
codes use variable axial mesh spacing dz, with progressively larger mesh volumes in
the region downstream of the grids where the ion density is low.

The codes consist of separate modules that solve for the primary beam ion tra-
jectories, the neutral gas density distribution, charge exchange ion formation and
motion, and sputter erosion, as outlined in Fig. 3. The beam and neutral gas mod-
els provide the inputs needed for the charge exchange ion model, and grid erosion
due to discharge plasma ions, beamlet ions, and charge exchange ions is calculated.
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Fig. 2 The computational domain of CEX3D is a triangular prism representing 1/12 of an aperture in the
hexagonal pattern

. Geometry i i 5
Primary ion [ screen grid Screen grid
@ cramber Pressure beargl(let — @0 — erosion model structural
@ , Beamiet Current or mode failure model
Upstream lon Density
) Upstream Neutral N - Accelerator Electron
Density | Flowing gas CEXion model grid hole wall backstreaming
@ Grid Potentials model erosion model failure model
. Plasma Potentials Ambient gas Pits and Accelerator
. Electron Temperatures model grooves grid structural
) erosion model failure model
. Double lon Fraction
. Sputter Yield Model » .
Parameters Electron Backstreaming Carbon Deposition Erosion Data
Patterns
Screen Grid Transparency
' Input Parameters Ja/Jb vs Pressure and
@ Vvalidation Data DSMC Simulation in Space

Fig. 3 Schematic of the CEX2D and CEX3D codes. The boxes represent individual code modules, the green
circles indicate input parameters, and the blue circles show where experimental data can be compared to
module outputs for validation

CEX2D can simulate time-dependent erosion [16] in which the particle trajectories

and potential are updated as the grid geometry changes.

lon beamlet model

Both codes use a “flux tube” approximation [18, 19] for the beam ion solution. Macro-
particles are pushed through a static potential with charge density assigned to each
mesh node in proportion to the time each macroparticle spends in its vicinity, then
the potential solution is updated and the process is repeated until convergence.
The beam ion macroparticles enter the domain at the upstream boundary with uni-
form number density and axially directed Bohm velocity. The more mobile electrons
are assumed to follow a Boltzmann density distribution as a function of the local
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potential. Plasma density is specified on the upstream boundary and the electron den-
sity is assumed to be zero between the downstream face of the screen grid and the
axial location of the potential minimum. Uniform electron temperatures are specified
for the upstream and downstream plasmas. A linearized version of Poisson’s equa-
tion [5] is solved with constant (Dirichlet) boundary conditions at the upstream and
downstream edges of the domain, and zero derivative (Neumann) boundary condi-
tions at the symmetry boundaries. Macroparticles that contact the grids or cross the
upstream or downstream boundaries are removed from the simulation, while those
incident on other boundaries are specularly reflected, simulating an ion from an adja-
cent beamlet (or from another part of the same beamlet in the case of CEX3D) enter-
ing the domain while the original ion exits.

Neutral gas models

The neutral gas density due to flow through the grids is modeled by treating the down-
stream boundary of the accelerator grid hole as a disk-shaped particle sink on the
upstream side and as an effusive particle source on the downstream side [5, 20]. The
flow rate is equal to the thermal flux at the specified upstream neutral density (with a
gas temperature based on the discharge chamber wall temperature) scaled by a Claus-
ing factor calculated using a Monte Carlo simulation for an approximate grid geometry.
The velocity distribution is represented by a drifting Maxwellian with a mean velocity
obtained from the Clausing factor calculation. We set the gas temperature downstream
of the grids to be 2/3 of the discharge chamber gas temperature based on typical results
from the higher fidelity 3D Monte Carlo simulation described below, which shows gas
cooling due to expansion.

The contribution to the neutral density due to ambient gas in ground test facilities is
calculated from the measured pressure and modeled using two distribution functions;
one for the population flowing toward the grids and one for the population reflected
from the accelerator grid. The population flowing toward the grids is assumed to have
a 300 K half-Maxwellian velocity distribution in the axial direction and 300 K full Max-
wellian distribution in the other two directions, with density equal to half of the back-
ground neutral density. All of the incident neutrals are assumed to scatter off of the
accelerator grid after full accommodation, with a half-Maxwellian velocity distribu-
tion at the grid temperature in the axial direction and a full Maxwellian distribution at
this temperature in the other two directions. The density of the outflowing background
population is chosen to make the flux of gas toward and away from the thruster equal
(i.e., ingestion of some incident gas through the grids into the discharge chamber is
neglected). In the NEXT and NSTAR tests the pressure was measured using an ioniza-
tion gauge located next to the thruster at a radius of 0.5 m [21]. Although the pressure
varies throughout the test chamber, this measurement is the best available characteriza-
tion of the near-field pressure which influences grid erosion.

Charge exchange ion model

In CEX2D and CEX3D the charge exchange ion birth rate per unit volume is calcu-
lated from the beam ion density, the neutral gas density, the charge exchange reaction
cross sections, and the beam ion velocity. The beam ion density and neutral gas density
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distributions are treated as static because only a small fraction of beam ions and neutrals
undergo charge exchange reactions as they transit the simulation domain. The charge
exchange cross sections for the symmetric processes Xe*+Xe — Xe + Xe"" (n = 1 or
2) are calculated using formulas developed by Miller [22] from measured cross sections,
and the energy and velocity of beam ions are calculated from the beamlet potential solu-
tion using energy conservation [5].

CEX2D pushes charge exchange ion macroparticles through a static beamlet potential
distribution. Neglecting the space charge due to charge exchange ions has little impact
on hole wall erosion, because beam ion contributions to the potential dominate in the
non-neutral region very near the accelerator grid where the ions that impact the hole
walls are born. On the other hand, charge exchange ions that cause pits and grooves ero-
sion can be born far downstream (several cm) of the grid, and the perturbations to the
potential in this region caused by their space charge, while small («10 V), can have an
important effect on both the total flux and spatial distribution of charge exchange ions
striking the accelerator grid. Therefore, CEX3D employs a full particle-in-cell (PIC) [23]
model for the charge exchange ions and self-consistently calculates the potential due to
the total space charge [5].

In CEX2D the initial velocity of each charge exchange ion is assumed to be equal to
the mean velocity of the neutral gas flow downstream of the grids. Because of the large
potential gradients near the grids, the trajectories of charge exchange ions that strike the
accelerator grid hole wall are not particularly sensitive to the assumed initial velocity.
However, the trajectories of charge exchange ions created far downstream that impact
in the pits and grooves pattern are more sensitive to the initial velocity. CEX3D there-
fore incorporates a more detailed model that randomly selects the charge exchange ion
velocity component in each direction from a distribution that accounts for both the
finite temperature of the gas and the non-zero momentum transfer in charge exchange
collisions [24—26]. The code includes velocity rescaling for the slow charge exchange
ions to allow larger time steps, as described in detail by Chaplin [5].

Grid erosion model

When an ion macroparticle strikes a grid, it is removed from the computation and the
sputtered grid mass is calculated using the semi-empirical formula for yield at normal
incidence developed by Eckstein [27]. The variation in yield with ion angle-of-incidence
is calculated using the Wei formula [28]. CEX2D corrects the grid erosion rates for the
presence of doubly-charged ions [5, 16]. This correction is required to accurately calcu-
late the screen grid erosion rate from incident discharge chamber ions, due to the very
strong energy dependence of the sputtering yield at low energies [29] and the relatively
high double ion content of the discharge plasma. The double ion content of the charge
exchange ions which strike the downstream face of the accelerator grid is lower because
of the difference in charge exchange cross sections for double and single beam ions.
These ions also bombard the grid at higher energies, so the difference in yield for double
and single ions is not as high. As a result, the error in the pits and grooves erosion rate
is negligible and double ions are not accounted for in CEX3D. For example, assuming a
ratio of double-to-single ion current of 10% and a single ion energy of 250 eV, which are
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typical values for these parameters, the error in treating all of the current as single ions
is less than 4%.

In order to follow the time evolution of the grid geometry, CEX2D keeps track of
the mass on each mesh node, which is reduced each time there is a sputtering event.
Nodes within the grid are fixed at the grid potential until their mass reaches zero,
at which time they are re-classified as free space nodes and the potential is updated
according to Poisson’s equation. Because the potential is not updated until a cell is
completely removed, sudden jumps of a few volts in the calculated electron back-
streaming limits can occur. As the grid shape evolves in time, the direction of the
surface normal at each location, which is required for the sputtering calculation, is
approximated by the vector from the local center of mass to the center of the surface
edge [30].

A significant fraction of the ions sputtered from the accelerator grid aperture wall
will be redeposited elsewhere on the wall, reducing the net erosion rate. Simulations
show that most of the ions strike the wall with close to normal incidence because
of the potential structure in the aperture. Measurements of the differential sputter
yield for xenon on molybdenum demonstrate that the sputtered atom flux is strongly
peaked at an angle of 60 degrees from the surface normal for normally incident ions
at energies ranging from 75 to 750 eV [31, 32]. This behavior is exploited to estimate
an average value for the redeposited fraction by approximating the accelerator grid
hole as a perfect cylinder, assuming sputtering occurs uniformly over the surface, and
assuming all sputtered atoms are emitted at an angle of 60 degrees. For the NSTAR
and NEXT aperture geometry this approach yields a redeposited fraction of 0.4,
so the mass loss rate of the accelerator grid is reduced by this amount in CEX2D.
CEX3D does not account for redeposition; time-dependent pits-and-grooves erosion
and redeposition are simulated in a separate code with inputs from CEX3D.

Electron backstreaming model

Electron backstreaming occurs when the magnitude of the negative potential inside the
accelerator grid holes becomes small enough that a non-negligible current of plume
electrons can flow upstream through the grids. Electron backstreaming reduces the
thruster’s electrical efficiency and can produce unacceptably high heat loads in the dis-
charge chamber, thus ending the useful life of the engine. CEX2D calculates the elec-
tron backstreaming current by integrating the electron flux over a surface defined by the
minimum potential inside the accelerator grid hole as a function of radius [15].

In order to calculate the electron backstreaming limit Vggs, CEX2D reduces the magni-
tude of the accelerator grid voltage in one volt steps until electron backstreaming occurs.
In this work, Vggs for a single beamlet is defined to be the accelerator grid voltage V, at
which the electron backstreaming current is 1% of the beamlet current. Changing this
threshold to 0.1% or 10% would only change the calculated electron backstreaming limit
by a few volts because of the exponential dependence of the electron backstreaming cur-
rent on potential. This exponential growth of electron backstreaming current with V,
also implies that once the electron backstreaming current threshold has been exceeded
for beamlets at some radial location on the grid, the accelerator grid voltage will need to
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be increased only slightly for the electron backstreaming threshold for the entire beam
to be exceeded. Therefore, for these simulations we make the approximation that the
most negative electron backstreaming limit calculated for any single beamlet on the grid
is equal to the overall electron backstreaming limit for the thruster.

Code verification

The simulation input parameters and the code algorithms were tested to verify that
the physics models described above were properly implemented. For example, a
revised calculation correcting for the effect of grid curvature on the axial potential
gradient in the beam was verified by showing that the results obtained with beam ions
alone matched the analytical result of a Boltzmann relation dependence on ion den-
sity [5]. Parametric studies verified that the choices for the following parameters were
not affecting the results:

+ Mesh resolution

+ Beam ion and charge exchange ion macroparticle size (i.e., the number of macro-
particles in the calculations)

« Particle pushing time step

+ Simulation domain length

+ CEX3D PIC simulation runtime (verifying that the potential solution and the
accelerator grid current reached a steady state)

+ Threshold for rescaling PIC ion velocity [5]

Model validation

As part of this work we compared predicted screen grid and accelerator grid hole wall
erosion rates with erosion measurements to validate the primary code outputs, as well
as measurements of intermediate quantities to validate individual code modules, as
shown in Fig. 3. These included measurements of electron backstreaming voltage and
screen grid transparency, which test the primary ion model, and carbon deposition
patterns from ground testing, which test the charge exchange ion models. Some com-
ponents, such as the neutral gas model, are difficult to validate because there are no
detailed measurements. In this case we used a higher fidelity direct simulation Monte
Carlo (DSMC) code to validate the model used in the ion optics codes.

The validation data were from four tests of two different thrusters—the 8200 hour
test of an engineering model NSTAR thruster (the NSTAR LDT), the 30,352 hour
Extended Life Test (ELT) of the Deep Space 1 flight spare NSTAR engine, a 2000 hour
test of a laboratory model (LM) NEXT thruster, and the 51,184 hour NEXT LDT. The
data sets consisted of beginning-of-life (BOL) screen grid transparency and electron
backstreaming voltage measurements over a range of throttle levels, variations in
electron backstreaming voltage during the wear tests, and in situ and post-test meas-
urements of screen grid and accelerator grid aperture erosion patterns.
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Fig.4 Cross section of screen grid showing cusped geometry and idealized code geometry which
approximates the cusp shape
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Fig. 5 Electron backstreaming voltage predicted by CEX2D simulations for the NSTAR LDT test conditions,
beginning-of-life aperture geometry, and a range of hot grid gaps. These results show that the measured
backstreaming voltage can be a sensitive indicator of the hot gap

Input parameters for the validation cases

The validation also included a critical assessment of the input parameters’ pedigree.
Key input parameters shown on the left in Fig. 3 include the optics geometry, the
thruster component potentials, discharge chamber and beam plasma properties, and
neutral gas properties. The sources of data used to define these parameters are sum-
marized in Appendix A Sources of data for model inputs.

The codes approximate the cusped geometry of the grids as shown in Fig. 4. Grid
thickness and aperture diameters were based on pre-test measurements where available,
post-test measurements if they were considered a reliable estimate of the initial condi-
tions, or the design specification. The radius of curvature of the dished grids and the
beam diameter in all simulations were based on the manufacturing specification. Details
of pre- and post-test measurements for these tests are available in the references listed in
Appendix A Sources of data for model inputs.
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The grid gap when the grids are hot is a key geometric parameter, particularly for electron
backstreaming calculations, and is one of the most difficult to measure. For the NSTAR
cases we performed a parametric study the effect of grid gap on BOL electron backstream-
ing voltage for the NSTAR LDT, as shown in Fig. 5. The backstreaming voltage is a sensi-
tive indicator of grid gap, and the value for the hot gap that produced the best agreement
with the measured backstreaming voltage at BOL (0.45 mm) also reproduced the measured
changes in backstreaming voltage over the course of the test, as shown in Accelerator grid
erosion and electron backstreaming model validation section. This value is somewhat larger
than that measured in an NSTAR LM thruster at full power by monitoring the motion of
a ceramic pin that was attached to the center screen grid aperture and protruded through
the accelerator grid aperture [33]. The grid gap inferred from the NSTAR LDT BOL back-
streaming voltage was also used in the ELT simulations for the first test segment and yielded
good agreement with the data. For subsequent test segments a slightly smaller gap matched
the data well, which is consistent with post-test measurements showing a cold gap which
was smaller than the pre-test cold gap [34]. The hot grid gap in the NEXT simulations was
based on optical measurements obtained during the LDT [35].

The beam and accelerator grid voltages in the simulations were set equal to those measured in
the wear tests. The discharge voltage was based on either average values for a given test segment
(NSTAR) or the BOL values (NEXT tests). The beamlet current, which is a model input for
CEX2D, was based on Faraday probe measurements in the plume near the grids. The measured
beam current densities were extrapolated back to the grid surface and converted to individual
beamlet currents [14, 15, 36—38]. CEX3D requires the upstream plasma density as an input. In
the simulations for these cases the plasma density corresponding to a given beamlet current in
CEX2D was used and the output of CEX3D was checked to verify that it produced the desired
beamlet current. The upstream plasma potential was assumed to be equal to the sum of the
beam voltage and the discharge potential. Emissive probe measurements in NSTAR and NEXT
thrusters showed that the plasma potential near the grids was within +1 V of this sum [39, 40].
The upstream electron temperature was assumed to be 5 eV for all simulations. Langmuir probe
measurements in an NSTAR LM thruster yielded temperatures of 3 - 5 eV [39] and 4 - 6 eV in a
NEXT LM thruster [40]. Sensitivity tests showed that code results were not particularly sensitive
to the upstream temperature. The screen grid erosion is strongly influenced by the double ion
content of the plasma, however. In all cases the double-to-single ion current ratio was based on
ExB probe measurements conducted on LM or EM thrusters [15, 41, 42].

The downstream plasma potential input was based on emissive probe measurements in
the near-field plume, which generally yielded values of 13 -15 V relative to neutralizer cath-
ode common [36, 41, 43]. For the NSTAR cases we used a downstream electron tempera-
ture of 1.8 eV based on measurements from the plasma diagnostics package on the Deep
Space 1 mission [44]. For the NEXT cases we used 2 eV, assuming that it would be similar to
the NSTAR electron temperature.

The average neutral density 79 in the discharge chamber is calculated by equating the free
molecular flow through the grids to the neutral flow calculated from the beam current Jj,
and discharge propellant utilization efficiency n,4. This yields

- 4]19 (1 - nud)
0 = S A bk ’ W
thAghaKe Ny
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where 3, = /8T Jm is the thermal velocity, k is Boltzmann’s constant, T is the gas
temperature, m is the xenon atom mass, Ay is the active grid area, ¢, is the accelerator
grid transparency to neutrals, K = 0.5 is the Clausing factor for flow through the grids,
and e is the electron charge. The average neutral density was used for all simulations.
As shown in section Accelerator grid erosion and electron backstreaming model valida-
tion, the assumption of a uniform upstream neutral density produces good agreement
with data, but this parameter should be considered relatively uncertain compared to
other input parameters. It is a reasonable approximation for the NEXT thruster, which
has a relatively flat beam profile. In the NSTAR thruster, however, the magnetic field
design results in a high density of primary electrons on the thruster centerline which
could deplete the neutral gas along the axis by ionization. The actual distribution of neu-
tral density across the grid face is not well known. Spectroscopic measurements in an
NSTAR LM thruster suggest that the density on centerline is on the order of 2.25 times
lower than the average density near the grids [45]. However, estimates of the mass loss
per hole from the NSTAR LDT accelerator grid based on detailed measurements of the
erosion pattern [41] do not show a suppression of erosion compared to the beamlet cur-
rent on the centerline that would be expected if the neutral density was lower than aver-
age there (Fig. 6).

The contribution to neutral gas densities from residual xenon gas in the vacuum test
facility is based on measured pressure. As noted in section Neutral Gas Models, the
chamber pressure in these tests was measured close to the thruster, so it is representa-
tive of the local environment. The ambient neutral gas populations treated in the codes
are assumed to have velocities determined by thermal accommodation with the dis-
charge chamber, the accelerator grid, or the vacuum chamber wall. The vacuum cham-
ber was assumed to be room temperature, and the component temperatures were based
on NSTAR and NEXT thermal characterization tests [46, 47].

One of the most important inputs is the set of parameters used to model the sputter
yield dependence on ion energy and incidence angle. The parameters we used are based
on the curve fits to data for xenon ions on molybdenum by Yim [29]. The data for sputter
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Fig. 6 The accelerator grid radial mass loss distribution compared to the beamlet current density distribution
for the NSTAR LDT. The grid erosion scales roughly with current density and does not appear to be depressed
in the center due to lower neutral density
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Fig. 7 Curve fits to sputter yield data for xenon on molybdenum, reproduced from Yim [29]. The solid line
represents the maximum likelihood estimate and the dashed lines represent the 50% likelihood curves. The
annotations indicate the energy ranges of most importance for the modeling reported here

yield at normal incidence as a function of energy from Yim’s review are shown in Fig. 7.
The single and double ions that impact the screen grid have energies on the order of 25
and 50 eV, respectively. As shown in Fig. 7, there are very little data in this region and the
uncertainties are very large. For the screen grid erosion calculations we used the maxi-
mum likelihood curve fit (the solid line). The charge exchange ions striking the accel-
erator grid have minimum energies on the order of one hundred to several hundred eV.
There are more data in this range, but the values are scattered. We found that the lower
50% likelihood curve (the lower dashed boundary) produced the best agreement with
data for the NSTAR and NEXT tests. The maximum likelihood values for the parameters
in the Wei angular dependence model were used for all simulations.

Neutral gas model validation

There are no detailed data that can be used to validate the neutral flow model because it
is extremely difficult to directly measure the neutral gas flow through the grids. Instead,
we used the high fidelity Direct Simulation Monte Carlo (DSMC) Analysis Code (DAC)
to compare with our algorithm. This state-of-the-art tool developed by NASA is used
to simulate a broad range of rarified gas dynamics problems and has been extensively
validated against other DSMC codes as well as data [48]. We modeled the neutral flow
through four holes in a 3D simulation with DAC using the NEXT beginning of life

aperture geometry as a test case. The upstream parameters and the grid temperatures
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CEX2D Neutral Model

DSMC Model

Fig. 8 The neutral density for a single aperture as a function of radial and axial position. The CEX2D neutral
model results are plotted above the aperture centerline and the results from the more accurate DSMC
computation are plotted below the centerline. The features in the DSMC results near the grids are an artifact
of the grid resolution and how solid surfaces are modeled

matched those used in CEX3D. The results of the DAC simulation and the CEX3D
results are compared in Fig. 8. The contour levels are set to the same values and show the
same qualitative behavior. In certain regions such as the exit plane of the accelerator grid
aperture the results differ by as much as 20%. Comparisons between grid erosion simu-
lations using the DSMC and CEX2D neutral distributions show that these differences
have negligible impact on the results because very few charge exchange ions created in
these regions impact the grids.

Screen grid erosion model validation
The screen grid erosion model was validated using screen grid transparency measure-
ments and erosion data from the NSTAR and NEXT wear tests. The grid transparency
comparisons test the validity of the upstream plasma and primary beam ion models,
while the erosion comparisons test the distribution of ion fluxes on the webbing and the
sputtering model.

The screen grid transparency ¢; is the fraction of total ion current that is extracted into
the beam,

Ib

¢s = A (2)

where J, is the beam current and Js is the screen grid current. CEX2D was used to calcu-
late the average grid transparency for a range of beamlet currents at several NEXT throt-
tle levels. The transparency calculated for the peak beamlet current was within 1% of the
average transparency, so simulations for the peak beamlet current over a much broader
range of throttle levels were run. The left-hand plot in Fig. 9 compares the calculated
transparencies to the values measured at the beginning of the NEXT LDT. The right-
hand plot displays the measured screen grid currents and the simulated values scaled
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Fig. 9 Measured and calculated screen grid transparency (left) and corresponding screen grid currents (right)
for points spanning the NEXT throttle table. The uncertainties in the current and transparency measurements
are £ 1% and 1.5%, respectively. The code reproduces the measured values to within about 5%

=
Fig. 10 Upstream surface of the screen grid from the NSTAR LDT showing the erosion pattern after 8200
hours of operation. Erosion is highest near the hole edge and lowest in the center of the webbing, leaving a
hexagonal ridge between apertures

with the total beam current. The code reproduces the measured screen grid currents to
within about +5% over a large range.

Erosion on the upstream surface of the screen grid is typically highest at the hole edge
and lowest in the center of the webbing, leaving a ridge between apertures as shown in
a scanning electron microscope (SEM) image of a section of the screen grid from the
NSTAR LDT in Fig. 10.

The ridge height varies between the thinnest part of the webbing and the region
between any three holes, and the hole edge thickness is slightly different from one side
of the aperture to the other because the beamlets are off-center slightly. The CEX2D
code will not capture the three dimensional variations in grid thickness, but it should
produce a reasonable estimate of the average erosion profile. Figure 11 shows measured
edge and ridge erosion as a function of grid radius compared to CEX2D predictions.
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Fig. 11 Comparisons of calculated screen grid erosion and post-test measurements from the NSTAR LDT
(left) and the NEXT LDT (right) show that the code tends to overpredict the erosion rate. The uncertainty in
the measurements is +3%
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Fig. 12 Comparisons of calculated electron backstreaming voltages and measurements from the beginning
of the NEXT LDT (left) show that the code reproduces measured values to within about £15V. The difference
in measured and calculated backstreaming voltage as a function of perveance fraction plotted on the right
indicates that the discrepancy scales with perveance. Numbers next to the points are the throttle levels. The
uncertainty in the electron backstreaming voltage measurements is £2.5V

The data marked “ID” represent measurements on the side of the aperture closest to the
grid center, while those labelled “OD” are on the opposite side of the aperture. For the
NSTAR case shown in the left panel, the code results agree well with measured edge ero-
sion at large grid radii, but overpredict erosion in the center by about 50%. The ridge ero-
sion rate is overpredicted by a factor of 2 - 3 over the entire grid. The errors in calculated
screen grid currents are small, so these discrepancies indicate small model errors in the
ion current distribution around the hole (resulting in slightly more uniform erosion) and
suggest a lower sputter yield than the value used in the model or errors in yield as a
function of incidence angle. This would not be surprising, given the large uncertainties
in yield near threshold. The NEXT case in the right panel shows a similar overprediction
by a factor of 2 - 3 over most of the grid, with worse agreement at the grid edges. These
results suggest that the double ion fraction may have been lower at the beam edges in
this test than the measurements from the EM thruster [42]. In general, however, these
comparisons show that the rates predicted by CEX2D are conservative.

Accelerator grid erosion and electron backstreaming model validation

The screen grid transparency comparisons described above test the validity of the pri-
mary ion beamlet model and show very good agreement. In this section, we compare
measurements of electron backstreaming voltage with CEX2D predictions, which tests
the beamlet model, potential solver, and electron backstreaming algorithm. In addition,
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we compare the code results with measurements of hole erosion and how the elec-
tron backstreaming voltage changes with time as a result, which validates the charge
exchange ion generation, trajectory tracking, and sputtering models.

The electron backstreaming voltages measured over a large range of throttle lev-
els at the beginning of the NEXT LDT are plotted on the left side of Fig. 12 with the
corresponding CEX2D predictions. The code results agree with the measurements to
within £15 V over the entire range. The plot on the right in Fig. 12 shows that, with
the exception of the two lowest voltage throttle points, the difference between the

measurements and calculations is correlated with the perveance fraction,

P = Jbeamlet _ Jbeamlet
Jbeamlet,max As@sjmax

3)

where Jbeamlet is the beamlet current, /heamlet max = As@sjmax is the beamlet current at the
perveance limit, based on the screen grid area associated with a single aperture A, trans-
parency ¢s, and space charge-limited current density jmax = 4.75 x 1072 (V}, — V)32 /12,
The space charge-limited current depends on the beam voltage V}, the accelerator grid
voltage V,, and the effective grid gap /. = [(/; + £)2 + d52/4]1/ 2 where lg is the actual
grid gap,  is the screen grid thickness, and d; is the screen grid aperture diameter. This
correlation suggests that the discrepancy is due to small modeling errors in the structure
of the primary ion beamlet, which lead to predictions of less negative voltage required
to prevent backstreaming at the highest perveance fraction conditions and more nega-
tive voltage at the lower perveance fraction points. The code predictions are therefore
not conservative for high perveance fractions, so additional margin should be applied. In
principle, this correlation could be used to correct the code outputs, yielding agreement
to within about +5 V, but this was not done in this study.

The time-dependent erosion simulation qualitatively reproduces the erosion profile
measured in the NSTAR LDT, as shown in Fig. 13. The left image shows the outline
of the grid cross section from CEX2D, while the photo on the right displays an actual
cross section of the center hole from the test. The code accurately predicts that the

Grid Webbing

Axial Position

CEX2D Simulation Aperture Wall Erosion

NSTAR LDT Accelerator Grid Cross Section

Radial Position
Fig. 13 Accelerator grid geometry after 8200 hours of operation predicted by CEX2D (left) and the actual
erosion geometry at the center aperture revealed by cross sectioning the grid from the NSTAR LDT. The
simulation accurately captures the shape of the erosion profile
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Fig. 15 Calculated center aperture erosion for the NSTAR ELT (left) is about 5% lower than measured values.
Measured and predicted electron backstreaming voltages agree to within +10-15V (right) . The uncertainty
in the electron backstreaming voltage measurements is 2.5V

erosion peaks in the middle of the aperture wall and that the hole edges are slightly
chamfered. The hole wall erosion was simulated for five radial locations on the grid
using the average upstream neutral density and sputter yields corresponding to the
lower 50% likelihood curve. The final aperture diameter is compared to post-test pre-
cision pin and SEM measurements in the left plot in Fig 14. The agreement is excel-
lent in this case, and we found that these assumptions also reproduced measurements
from the NSTAR ELT, the NEXT 2000 hour test, and the NEXT LDT.

The electron backstreaming voltage measured during the NSTAR LDT is shown in the
right plot in Fig. 14. As the hole diameter increases due to erosion, more negative volt-
age is required to prevent electron backstreaming. The hot grid gap was not known for
this test, but a series of simulations run with the initial grid geometry and varying grid
gaps showed that a hot gap of 0.45 mm matched the backstreaming limit measured at
the beginning of the test. This gap was then held fixed in time-dependent erosion simu-
lations that produced the erosion data in Fig. 13 and the left plot in Fig. 14. The calcu-
lated backstreaming voltages displayed in the right plot agree with the measurements to
within £5 V.

The minimum center aperture diameter measured in the NSTAR ELT [34] are com-
pared with simulations on the left in Fig. 15. The calculated hole diameters are about 5%
lower than measured values. We assumed the same initial hot grid gap of 0.45 mm, which
matched the backstreaming voltage well in segment 1, as shown on the right. However,
we found that 0.4 mm matched segments 2, 3, and 4 better (there are no backstreaming
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data for segment 5 because it was run at the lowest power and the perveance limit was
reached before backstreaming occurred). This change in hot gap is consistent with post-
test measurements, which showed a change in the cold grid gap due to residual stresses
in grids [34]. The backstreaming voltages calculated with the 0.4 mm grid gap agree well
with measurements at the beginning of segment 6, but they diverge toward the end of
that segment. This suggests that further changes in the hot grid gap occurred, although
the predictions are still within about 10—15 V of the measurements. These comparisons
show that CEX2D reproduces accelerator grid hole erosion quite accurately and predicts
the electron backstreaming voltage for a given geometry to within about £ 15 V over a

wide range of operating conditions.

The effect of backsputtered carbon on accelerator grid erosion in the next LDT

Carbon deposits on the accelerator grid in the NEXT LDT cloud the interpretation of
hole erosion data. One objective of this study was to use the codes to determine whether
the conditions in each test segment would lead to net erosion or net carbon deposition.
These predictions were compared with images of the center aperture from each segment
to help validate the models. The segments that experienced net erosion were then mod-
eled to predict the hole wall erosion, which was compared with optical erosion meas-
urements. CEX3D was used to model the flux, energy, and incidence angle of charge
exchange ions that strike the aperture wall in order to capture any three dimensional
effects. An example of the code outputs for throttle level TL37 using the beginning of
test grid geometry is shown in Fig. 16. The plot in Fig. 16a displays the impingement
current density as a function of axial position and azimuthal angle over the 30 degree
segment modeled by CEX3D. As Fig. 2 shows, the edges of this segment are symmetry
boundaries, so this pattern is repeated around the aperture. In this case the current den-
sity peaks near the downstream end of the aperture and is relatively uniform azimuth-
ally. Figure 16b shows the mean ion energy, which peaks further upstream at about 500
eV. Ions that impact this area are formed in the interelectrode gap where the local poten-
tial is about 300 V and are then accelerated into the grid, which is at -210 V.

To determine whether these fluxes and energies are sufficient to prevent net deposi-
tion of carbon, we used a model of carbon film growth on molybdenum [49]. In steady
state, a dynamic equilibrium between the rate of carbon deposition and removal by
sputtering will determine the surface coverage of carbon. For sufficiently high fluxes of
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Fig. 16 Impingement current density, mean ion energy, and ratio of current density to the transition current
density as a function of position on the hole wall at TL37. These are the parameters needed to determine
whether the hole walls will experience net erosion or net carbon deposition
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energetic xenon ions compared to the carbon backsputter rate, the equilibrium surface
coverage will be negligible and will not influence the erosion rate. For ion current densi-
ties below a certain threshold at a given energy, however, multiple layers of carbon will
start to form and it becomes much more difficult to remove them by sputtering. Under
these conditions net deposition will occur and the underlying substrate will be protected
from erosion. The threshold current density at which the transition from net erosion to
net deposition occurs is given by

ja,trans = % (4)
where e is the electron charge, yc is the backsputtered carbon flux, Sc is the sticking
coefficient for carbon on carbon (taken to be equal to unity) and Y is the sputter yield,
dependent on energy E and angle 6, for carbon from bulk carbon [49]. To determine the
transition current density we used backsputter rates measured during the NEXT LDT
with a quartz crystal microbalance and the mean sputter yield based on the maximum
likelihood fits to data from Yim [29]. The ratio of ion current density to the transition
current density for TL37 at beginning of life is plotted in Fig. 16c. Values above one indi-
cate that the current density and energy are high enough to prevent net deposition. In
this case, most of the aperture wall will experience net erosion; only the upstream end
has current densities near the transition value. Because this calculation does not depend
on the sputter yield of xenon incident on molybdenum (as comparisons of predicted and

z(m)

z (m)

Fig. 17 (a) Predicted ratio of current density to transition current density for the NEXT LDT beginning-of-life
geometry at TL40. (b) image of the center hole midway through the first segment. (c) Predicted current
density ratio for TL40 with end-of-test geometry. (d) image of the center hole at the end of the test
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measured erosion do), it provides an additional check of the charge exchange ion gen-
eration and trajectory models.

Calculations like these were made for the throttle levels tested in the NEXT LDT
using the beginning of life grid geometry and an approximation of the end of life geom-
etry, which incorporated larger aperture diameters and a thicker accelerator grid with
dimensions based on the average of post-test measurements of the carbon deposits. An
example of the analysis is shown in Fig. 17, which compares calculated current ratios
and photos of the center aperture from the middle of the first segment at TL40 and the
end of the test, after the last segment at TL40. At the beginning of the test the current
density distribution and energies are sufficient to prevent net deposition over at least the
downstream half of the aperture wall, and the photograph shows no evidence of carbon
deposition in this part of the aperture. At the end of the test though, the current density
distribution has shifted downstream as a result of the geometry changes and net erosion
occurs only at the very end of the aperture and on the walls of the carbon deposits. This
is consistent with the photograph, which shows thick deposits on the aperture walls. In
these analyses we also varied the carbon sputter yield over the range of the 50% likeli-
hood fit from Yim’s analysis of sputter yield data [29] and found the same qualitative
trends, so the conclusions are robust to uncertainty in this parameter.

The results of the analyses for all of the test segments are summarized in Fig. 18. The
photographs of the center aperture show the evolution of the carbon deposits on the
hole wall. At 6,114 hours there was still net erosion, as shown in the first photo. How-
ever, by the end of the segment the hole enlargement resulted in a reduction in charge
exchange ion current density and energy and a much lower erosion rate. In addition,
growth of downstream carbon deposits shifted the impingement current distribution
further downstream, resulting in net erosion only at the downstream end of the aperture.

Segment 1 Segment 2 3 4 Segment 6
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Fig. 18 Predictions of aperture diameter agree well with measurements for the NEXT LDT. The photos
indicate conditions of net erosion or net deposition. Check marks indicate that the simulations agreed with
the observations
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This appears to be consistent with the photograph at 13,033 hours, although this conclu-
sion is based on somewhat subjective interpretations of the light and dark zones on the
photos. Interpretation of the photographs became increasing more difficult as the test
progressed due to deteriorating lighting conditions and rougher surfaces.

The modeling indicates that segments 2 through 5 should have experienced net ero-
sion at a very low rate or net deposition, although also at a low rate. The impingement
current densities and energies at these throttled conditions were lower, but the carbon
backsputter rates were also lower. The photographs from these test segments appear to
show metal surfaces or thin carbon deposits, which is consistent with the modeling. The
grid geometry in the final TL40 test segment was considerably different from the initial
geometry—the holes were larger due to wall erosion and the grid was effectively thicker
because of the carbon deposits on the downstream surface. As a result of these changes,
the simulations show that the hole walls did not suffer significant high energy ion bom-
bardment and experienced net deposition over most of the axial extent, as shown in
Fig. 17. However, without the effective thickening of the grid due to carbon deposition
and its effect on the current distribution, the aperture would have continued to erode in
the final test segment.

The measured and calculated hole diameters are plotted above the photos in Fig. 18.
The CEX2D code accurately captures the erosion over the first test segment and the fact
that there is essentially no erosion during the next four segments due to the initial hole
enlargement and the growth of carbon films on the downstream surface. The agreement
between the erosion measurements and predictions and the observations of net depo-
sition at some operating points provide further confidence in the charge exchange ion
models and the erosion models.

Assessment of next life in space

After validating the codes over a range of conditions, we used them to assess the lifetime
and throughput limitations for NEXT operated in space at throttle points TL1, 5, 12, 37,
and 40 (shown in red in Fig. 1). These points span the throttle range and were chosen to
identify the dominant failure modes at different current and voltage conditions. Screen
grid failure and electron backstreaming are important in different parts of the throttling
range. Screen grid erosion is not a dominant failure mode for the higher throttle levels,
but appears to be the first failure mode for the lowest throttle levels. In contrast, electron
backstreaming is not important for the lower levels, but is the first failure mode at the
highest throttle levels. For actual applications, the codes can be used to simulate the ero-

sion for specific throttling profiles to determine mission failure risk.

Input parameters

For these simulations the grid thicknesses, beam radius, and grid radius of curvature
were based on the nominal specification, while the aperture geometries were based on
pre- and post-test measurements of the grids used in the NEXT LDT. The hot grid gap
was the same used in the NEXT LDT simulations, which were based on Herman’s opti-
cal measurements [35]. The beam and accelerator grid voltages were set equal to the
nominal throttle table values.
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The discharge voltages were based on measurements from the PM1R thruster [42]. For
throttle levels TL37 and TL40, these voltages were very similar to those measured in the
LDT, but for the lower throttle levels the discharge voltage was 1 to 1.5 V higher than
in the LDT. The discharge voltage was treated as constant in time. However, it is often
observed to increase in time during wear tests, largely due to accelerator grid aperture
erosion, cathode orifice erosion, and minor changes in thermal characteristics [50-52].
In the NEXT LDT the discharge voltage increased by 1 to 2 V, depending on the throt-
tle level. These differences are unimportant for accelerator grid aperture erosion, but
can have a significant impact on screen grid erosion, where the ion impact energies are
close to the sputtering threshold and the yield is a steep function of energy. As shown in
Fig. 19, the yield for single ions increases 23% per volt and that for double ions increases
16% per volt in the range of 23 - 28 V. The throttle levels most susceptible to screen
erosion don’t have much accelerator grid aperture or cathode orifice erosion, so the dis-
charge voltage is not likely to increase much during extended operation at a low throttle
level. However, missions with extended operation at high power (which experience sig-
nificant hole erosion) followed by low power operation at an elevated discharge voltage
may suffer greater screen grid erosion than predicted here. These cases should be inves-
tigated in more detail for particular throttling profiles.

The beamlet currents and double ion current fractions in these simulations were based
on Faraday probe and ExB probe measurements, respectively, in the beam of the PM1R
thruster [42]. For the upstream and downstream plasma potential and electron tem-
perature and the neutral gas parameters we used the same values as in the NEXT LDT
simulations. The ambient pressure was set to zero to simulate space conditions. For the
sputter yields we used the maximum likelihood estimates from Yim’s fits to data [29] for
the screen grid erosion and the lower boundary of the 50% likelihood estimate for the
hole wall erosion.
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Fig. 19 Sensitivity of screen grid sputter yield to upstream plasma potential for double and single ions.
Increased discharge voltage (due to cathode wear or accelerator grid aperture enlargement, for instance) can
significantly increase screen grid wear rates
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Screen grid failure

At some point, thinning of the screen grid due to erosion will cause a structural failure.
Prior to that, however, screen grid thinning will likely reduce the strength of the grid
enough that it will deflect under the electrostatic load between the grids, resulting in a
smaller grid gap. A structural analysis of the screen grid deflection due to electrostatic
forces as a function of screen grid thickness shows minimal displacement down to about
25% of the original thickness, so that was used as the failure criterion. Screen grids have
experienced significant erosion in wear tests without actual failure [53], so this failure
criterion is likely conservative.

The predicted screen grid erosion for the lowest power level (TL1) is plotted in Fig. 20.
The images on the left are the screen grid cross sections at four different times. The grid
thickness as a function of time and radial position is shown on the right. About 50%
of the grid remains after 150,000 hours and 1000 kg. However, it is unlikely that the
thruster would be operated this long at this low power operating point. In addition, the
comparisons with NSTAR and NEXT data presented above show that the model tends
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Fig. 21 Predicted screen grid erosion as a function of time and throughput for operation in space at TL12 is
similar to that observed at TL1
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Fig. 22 Predicted screen grid erosion as a function of time and throughput for operation in space at TL5,
where it is the dominant failure mode
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Fig. 23 Predicted screen grid erosion as a function of time and throughput for operation in space at TL40.
For the higher power levels, screen grid erosion rates are relatively low and electron backstreaming is the
dominant failure mode

to overestimate the screen erosion, so these results are likely conservative. The results
for TL12, plotted in Fig. 21, are similar.

The worst case condition is TL5. The results for this low power condition plotted in
Fig. 22 show that it reaches a thickness of 25% after about 122,000 hours, after process-
ing 900 kg of xenon. In this case, low voltage operation leads to poor transparency, as
shown in Fig. 9. Even though the beam current is over three times lower, the screen grid
current is nearly as high as at full power. The rate at which propellant is processed is
proportional to the beam current, so at this operating point the amount of screen grid
erosion experienced per kg of propellant consumed is much larger. This is exacerbated
by the fact that the discharge voltage at TL5 is about three volts higher than at TL40.

The screen erosion for operation at the peak power (TL40) is shown in Fig. 23. Even
after 50,000 hours of operation, in which over 1000 kg of propellant is consumed, the
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Fig. 24 Predicted accelerator grid erosion profiles and backstreaming voltage for operation in space at TL5
show that failure due to backstreaming is not a significant risk. The error bar represents the +15V uncertainty
in the predicted backstreaming voltage
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Fig. 25 Predicted accelerator grid aperture erosion for operation in space at TL12 is low and electron
backstreaming voltage is essentially constant
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Fig. 26 Predicted accelerator grid erosion for operation in space at TL37 is significant and backstreaming
voltage margin decreases. At 50 kh and 1000 kg throughput, however, there is still margin even considering
415V uncertainty in the predicted values
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Fig. 27 Predicted erosion and backstreaming voltage as a function of time and throughput at TL40. With the
+15V model uncertainty, failure could occur after about 35 kh and 700 kg of throughput

grid has lost only about 25% of its original thickness. In this case, screen erosion is not
the dominant failure mode. The results for TL37 are similar to those for TL40.

Electron backstreaming

Failure in this case is taken to be the point at which the nominal accelerator grid voltage
can no longer prevent electron backstreaming for the eroded geometry. Accelerator grid
erosion profiles and electron backstreaming voltage as a function of time and through-
put compared to the nominal grid voltage are shown in Figs. 24 and 25 for throttle levels
5 and 12. The low throttle levels exhibit very low erosion rates, so electron backstream-
ing is not a credible failure mode.

Figure 26 shows the accelerator grid cross sections at several times and the resulting
change in the electron backstreaming voltage as a function of time at TL37. The model
predicts minimal erosion of the upstream hole edge, the formation of a notch in the hole
wall due to charge exchange ion focusing into that region, and chamfering of the down-
stream hole edge. CEX2D does not accurately model the inherently three-dimensional
pits and grooves erosion pattern that forms on the downstream surface, so the down-
stream features should be ignored. The nominal accelerator grid voltage at TL37 is -200
V, so even after 50,000 hours and more than 1000 kg of xenon throughput, the accelera-
tor grid still has about 25 V margin. Even with the uncertainty of 15 V in predicted
voltages compared to measurements that was found in comparisons with NSTAR and
NEXT ground test data, the engine should not experience failure due to backstreaming
in this period.
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The predicted erosion profiles and change in the backstreaming limit over time for
TL40 are shown in Fig. 27. In this case, the nominal accelerator grid voltage is -210
V, so the model predicts failure after greater than 50,000 hours and over 1000 kg of
xenon throughput. However, with the 15 V model uncertainty, failure could occur at
as low as 700 kg throughput. The thruster life could be extended by increasing the mag-
nitude of the accelerator grid voltage at some point during the mission to provide more
margin against backstreaming. This comes at the expense of increased erosion rates,
but significant gains in throughput can be achieved with modest changes in accelerator
grid voltage.

Summary and conclusions

The ion optics erosion codes CEX2D and CEX3D were employed to assess the
lifetime limits of NEXT in space due to screen grid and accelerator grid aperture
erosion over a range of operating conditions that span the throttle table. The code
inputs for the deterministic analysis were nominal values based primarily on meas-
urements from high fidelity hardware that are representative of what would be
expected in flight operation. The input parameters with the greatest uncertainty
are the neutral density distribution upstream of the grids, which is a primary driver
of charge exchange ion formation and strongly influences accelerator grid erosion,
the sputter yield variation with energy and incidence angle, which affects erosion of
both grids, and the hot grid gap, which influences the ion focusing. The neutral den-
sity was assumed to be uniform and equal to an average value that is consistent with
the total neutral flow from the engine. The sputter yield in the range of energies rel-
evant for accelerator grid erosion was assumed to be at the low end of experimental
measurements. For screen grid sputtering at energies near threshold we assumed the
nominal yield based on sparse measurements in this energy range. Measurements
of the hot grid gap in NEXT were used for those simulations, but in some validation
cases we had to infer the grid gap by matching electron backstreaming voltage at
beginning of life or downstream accelerator grid erosion patterns. As noted in Input
Parameters for the Validation Cases section, measured backstreaming voltage is a
sensitive indicator of grid gap. These choices represent our current best estimates of
the nominal input parameter values and led to good agreement with measured accel-
erator grid erosion and conservative values of screen grid erosion for two different
thrusters and a wide range of operating conditions.

The screen grid erosion models were validated by measurements of screen grid
transparency and grid erosion rates in wear tests of NSTAR engines and NEXT.
Comparisons of measured and calculated screen grid current showed good agree-
ment, demonstrating that the models of the primary ion impingement are accurate.
However, the calculated values of screen grid erosion were generally two to three
times higher than measured values, suggesting that the actual sputter yield near
threshold is lower than current data and semi-empirical curve fits would suggest.
The accelerator grid erosion models were validated with measurements of electron
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backstreaming voltage and aperture enlargement in NSTAR and NEXT wear tests.
The calculated electron backstreaming voltage for well-characterized beginning
of life grid geometries agreed with measurements to within 4+ 15 V and the differ-
ence was correlated with the perveance fraction, suggesting some model error in the
charge density or potential calculation. The agreement between measured and cal-
culated grid erosion and backstreaming voltage as a function of time was excellent
for both NSTAR and NEXT.

The codes were also used to assess the impact that accelerator grid carbon deposits
had on the aperture erosion rates in the NEXT LDT. Using a model that predicts the
current density at which the transition between net erosion and net deposition occurs,
we predicted the conditions under which carbon should accumulate on the aperture
walls. These predictions agreed well with observations, providing another demon-
stration that the models accurately reproduce the flux and energy of charge exchange
ions striking the hole walls. Combining these results with predictions of aperture ero-
sion, we concluded that the carbon deposits prevented erosion that otherwise would
have occurred in the final test segment at full power. However, the calculated erosion
agreed well with the observed aperture enlargement from the first segment, which
experienced net carbon deposition only at the very end. The subsequent low power
operating points from the throttle profile test suffered little or no carbon deposition,
but were not subject to significant aperture erosion anyway. Although the wear char-
acteristics of some portions of the NEXT LDT were not representative of operation in
space due to carbon backsputtering, it still provided a wealth of data that helped vali-
date the erosion models.

The validated codes were then used to predict the time to failure in space due to screen
grid failure or electron backstreaming. We found that screen grid erosion was only
important at low throttle levels, leading to failure after processing 900 kg of propellant
at TL5, or over 1000 kg at TL1 and 12. As noted above, the code tends to overpredict
screen grid erosion rates by a factor of two to three, so these results are likely quite con-
servative. In addition, it is unlikely that this amount of propellant would be processed at
these low throttle levels. This erosion could also be mitigated to a large extent by operat-
ing at conditions with better transparency and at flow rates that reduce the discharge
voltage by a volt or two.

Accelerator grid erosion ultimately leading to electron backstreaming was found
to be the dominant failure mode at high power levels. Electron backstreaming would
occur after processing more than 1000 kg of xenon at TL37 and after about 700 kg for
TL40, even with margin added to accommodate the £ 15 V error in calculated back-
streaming voltage. The simulations of accelerator grid structural failure due to erosion
in the pits and grooves pattern on the downstream grid face [5] yielded predicted time
to failure that was greater than that for electron backstreaming. These simulations
were more difficult to validate, but generally predicted higher erosion rates than those
observed, so these results are likely conservative. Therefore, backstreaming due to hole
wall erosion is the first failure mechanism. If necessary, electron backstreaming at a
given operating point could be delayed by increasing the accelerator grid voltage dur-

ing the mission.
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Appendix A Sources of data for model inputs

The codes require the parameters listed in the first column of Table 2 as inputs. These
are organized under the categories of optics geometry, the potentials applied to the
thruster components, plasma properties in the discharge chamber and the beam, and
the neutral gas properties. The sources of data used to define these parameters for
each of the tests used in model validation are summarized in the table.
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