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For the NASA-funded Joint AdvaNced PropUlsion InStitute (JANUS) program, a re-
duced order model (ROM) based on the angular coefficient (view factor) method was
developed to provide a framework for simulating the neutral density in vacuum chambers
during ground-based electric propulsion (EP) systems testing. The time complexity of the
developed ROM requires runtimes on order of minutes compared to several hours or more
needed to run particle-based kinetic numerical methods thus enabling rapid optimization of
the vacuum chamber internal structural design to reduce and minimize desired quantities
of the interest (Qol). Incoming molecular flux to thruster exit plane, as the Qol of this
study, is the main mechanism affecting the life and performance of the thrusters during
ground-based testing. To demonstrate the utility of this modeling approach, a first-order
optimization of the beam converger spatial configuration shows nearly 30% reduction in
flux to thruster, opening the possibility of further reduction via optimizing other chamber
internal structural design such as beam dump.

Nomenclature
K, = Knudsen number
A = mean free path of the gas molecules (m)
l = characteristic scale of the system (m)
Nm = mass utilization efficiency
s = jon beam mass flow rate (mg/s)
Mg = anode mass flow rate (mg/s)
Ty receiveda = flux received by surface i (1/(m2 s))
T emittea = flux emitted from surface 4 (1/(m2 s))
T qdsorbea = flux adsorbed by surface 4 (1/(m2 s))
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d4; = differential surface (m)

n; = normal vector to surface 7

r = unit vector from dA; to dA;

; = sticking coefficient of surface 4

P = probability distribution function

v = particle speed (m/s)

m = particle mass (kg)

kp = Boltzmann constant, 1.38 x 10723 (J/K)
T = temperature (K)

I. Motivation and Background

The Joint AdvaNced PropUlsion InStitute (JANUS) is a NASA-funded project to investigate the chal-
lenges of high-power (~100 kW) electric propulsion (EP) systems. The mission for JANUS is to predict
the in-space lifetime and performance of high-power EP devices via predictive engineering models (PEMs)
developed through the probabilistic assessment of ground-based test facility experimental measurements
combined with physics-based modeling? The central focus of PEM development is to quantify the impact
and uncertainty of facility effects on thruster performance and to extrapolate from in-facility tests to in-space
operation.

Vacuum facility design is known to have significant impact on experimental results during ground-based
thruster testing® The finite background particle density in a vacuum chamber can modify experimental
plume characteristics and therefore the estimated performance of Hall and ion thrusters, obfuscating com-
parisons to in-space performance; one such important facility effect is interaction of high-energy plume
particles with the neutral background particles through charge exchange collisions (CEX)# Other particle
effects within a ground-based chamber include sputtering of particles from facility surfaces and the transport
of those particles back to the thruster face; efforts are more precisely quantifying these sputterants and
reducing their presence through the improvement of facility surface design are in progress® but the total
particle flux to the thruster is still both non-zero and causes variation in thruster operation both between
facilities and between ground-based testing and in-space operation. These inconsistencies may significantly
impact mission planning, design, and ultimately realized performance of the EP devices. As such, successful
extrapolation from ground to space environments depends on high-fidelity mathematical models that can
estimate the neutral and ions density within the vacuum chambers®

This work is aimed to develop a reduced order model (ROM) in order to rapidly simulate the neutral
density profile in vacuum chambers during ground-based EP testing. While a vast majority of available
models presented in the literature rely on computationally expensive direct simulation Monte-Carlo (DSMC)
methods,” we demonstrate that the angular coefficient (view factor) method is an indispensable tool to rapidly
simulate the three-dimensional (3D) neutral particle transport within the geometrically-complex vacuum
chambers used for EP testing. In DSMC methods, the trajectories of randomized particles are computed for
solving the Boltzmann equation, generating a result that is inherently subjected to statistical uncertainty.
Unlike the DSMC, a ROM based on the angular coefficient method does not require randomization and has
significantly reduced computational load when modeling complex geometries and variable boundary value
problems. The simulation time for the developed 3D ROM model is on the order of minutes compared with
several hours or more needed to run particle tracing codes.

As emphasized in the JANUS vision,® the demand for EP thrusters with higher power and consequently
increased propellant flow continues to grow. As the primary driver of facility effects, the presence of back-
ground neutrals in the chamber escalates with higher propellant flow which in turn influences the ground test
results; specifically, the most direct impacts of an increase in facility neutral density are artificial increases
in thrust and efficiency through neutral ingestion into the discharge region Ingestion is based on particle
flux to the open surface of the thruster face %1 in simplified analyses, particle flux is generally assumed to
be the standard one-sided flux as determined by neutral density near the thruster surface. Standards based
on current experimental data have been developed with recommended maximum particle densities for given
thruster tests (< 3 x 107° Torr);22 to maintain the background pressure below the recommended value while
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increasing propellant flow rates, vacuum chambers with enhanced pumping capacity are required. To achieve
improved pumping capability, several approaches can be implemented, including: (1) increasing the facility
pumping surface, which is often reported as the total additive capability of mechanical and cryogenic pump-
ing systems; (2) improving pumping configuration through strategic placement of the pumps; (3) reducing
the conductance losses; and (4) optimizing the chamber internal design.

In this study, we focus on optimizing chamber design as a cost effective approach to reduce the background
pressure and, more specifically, molecular flux directed towards the thruster. We particularly define the
incoming molecular flux to the thruster exit plane as the objective function of the optimization process due
to its prominence in influencing the life and performance of thrusters during ground-based testing*? The
incoming molecular flux to the thruster contributes to neutral ingestion and charge-exchange ion creation; the
former contributing to uncertainty in perceived thruster performance and the latter to electron backstreaming
through accelerated grid erosion 13

The fast ROM model enables optimization of the vacuum chamber internal structural design to reduce
and minimize the quantity of interest (Qol), incoming molecular flux to the thruster exit plane, through
fast iteration over changes in the design parameters. It is important to note that previously, the design
optimization of industrial-scale vacuum chambers was a cumbersome and time-consuming task; our method
enables the achievement of these ambitious goals with significantly reduced computational investment. In
this work, 2D and 3D ROMs were developed to simulate the neutral density within the Vacuum Test
Facility 2 (VTF-2) at the High-Power Electric Propulsion Laboratory (HPEPL) at the Georgia Institute
of Technology during operation of an H9 Hall effect thruster. Model parameters were obtained from past
experimental results in similar facilities, and experimental ion gauge pressures were used for validation of
ROM.

II. Methodology

A. Assumptions

The employed approach is based on the angular coefficient method (described in the next section) with
several simplifying assumptions summarized here. First, we assume that many of the dominant processes in
EP vacuum facilities are nearly collisionless and therefore can be approximated via view factor modeling; this
implies that the Knudsen number is significantly greater than one and that particles collide with chamber
surfaces more frequently than each other: K, = A/l > 1 where A is the mean free path of the gas molecules
and [ is the characteristic scale of the system (chamber).

The second assumption is that the background flow is in thermodynamic equilibrium: cathode and anode
mass flow rates as well as all the chamber surface temperatures including the chamber wall and pump surfaces
are in steady state. As a result, one can assume that the sticking coefficients of the pumps remain unchanged
during the experiment.

The cryosail and cryoshroud temperatures were monitored during the experiment; regardless of their local
positions in chamber, they remained below 20K during measurement collection and operation; therefore, one
can assume that all the cryosails have the same sticking coefficient for the entire duration of the experiment.

The next assumption is that both reflection and emission of neutrals from all chamber surfaces including
the beam target plates are completely diffuse scattering, where particles take on a new velocity characterized
by the temperature of the wall. This is often referred to as total accommodation assumption. Specular and
diffuse reflection represent two extreme cases that encompass all real surface reflection conditions. Previous
findings show that these two extreme cases produce similar results149 although the difference between
them can be analyzed within the uncertainty quantification framework "

Since all interactions between the thruster plume and background molecules including CEX and sputtered
particles are neglected (collisionless assumption), we can assume that the ions flowing from the thruster to
the downstream facility surfaces undergo neutralization, thermalization, and reflection (100% diffusely) once
they collide with the surfaces. Under this assumption, the downstream facility surfaces are simulated as
the primary source of propellant mass entering the vacuum chamber. Other researchers have used similar
approaches in their efforts to develop reduced order models %18 Tt is important to note that the foundation
of the 2D and 3D ROMs is based on the two primary sources of the neutral flows into the chamber, one
source from the thruster exit plane and the second one from the downstream facility surfaces; the ratio of
the mass flux from the thruster exit plane to the mass flux from the downstream facility surfaces depends
on the mass utilization efficiency of the thruster that changes with internal plasma properties defined as
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Mg

where 7, is the mass utilization efficiency, 1, is the ion beam mass flow rate, and 1, is the anode
mass flow rate. It is reported that the the mass utilization efficiency for the H9 and similar thrusters ranges
between 86-90% for 300-900 V 1220

B. Angular Coefficient Theory

In the angular coefficient method, the calculation of neutral density is based on integrating the flux received
by a surface from all other surfaces within its line-of-sight. Assuming diffuse and cosine law scattering, the
arriving flux at the differential surface j from surface ¢ is given by

T . 0 0’ | . .
T received = / i,emitted C0S(0) cos( )dAi _ _/ i,emitted(ni - 1) (1 - T) dA, 2)
A A;

w2 mrd

where r is the vector from dA; to dA;, and n; is the normal vector to surface ¢ as shown in Fig m The
sticking coefficient of surface determines the portion of the incoming flux that are adsorbed to the surface

1—‘j,aalsorbeal = ajri,recei'ued (3)

hence, the reflected flux from surface j is given by

Fj,emitted - (]- - aj)ri,received (4)

Consequently, the flux density leaving the the surface j is given by2!

Fi emitte 7" j
Fj,received _ _(1 _ Oéj)/ ) tt d(n . I‘)(nj I‘) dA; (5)
A; r

The probability distribution of the molecular speed in 3D space is given by

2,3 2
m v mu
Pv)=(+——=) —exp|— 6
() (kBT) 2 p( 2kBT) (©)
which follows a non-Maxwell distribution224 A closed system of equations for fluxes to and from
each surface is developed and solved simultaneously for each state condition; particle gains and losses from
emission surfaces and pumps respectively are includes in the matrix.
A comprehensive review of the angular coefficient method is available in literature2% This approach is

significantly faster than the DSMC method and is not affected by statistical scatter. Similar approaches
have been used in past by other researchers?928 to simulate particles transport.

C. Numerical Analyses

Neutral density ROM simulation is implemented using COMSOL Multiphysics@®) to solve the steady-state
balance equations implemented on the representative geometry. A convergence analysis was performed based
on Richardson extrapolation following Roache?” in order to ensure that the numerical results are stable. The
grid convergence index (GCI), which provides a bound on the estimated error of the numerically converged
solution, was computed for the simulations. The imposed condition was that the GCI to be on the order of
1 x 10~ or less, indicating a grid-independent solution. Each 3D ROM simulation takes approximately 10
minutes, while 2D ROM simulations take less than 10 seconds on typical desktop computer hardware.

III. Model Hierarchy

The inputs to the ROM are: (1) the total mass flow rate to chamber (anode and cathode flow) which is the
primary driver of the chamber background neutral density, (2) facility surface temperature profiles obtained
from thermocouples placed in various positions inside chamber, which determines the thermal velocity of
particles released from or reflected by surfaces in free molecular flow regime, and (3) thruster plume profile
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Figure 1: Basics of angular coeflicients method shown on two differential surfaces dA4; and dA;. The flux
intensity that arrives on the differential surface j from surface i is given by Eq. . Diffuse emission and
reflection is assumed.

extrapolated from Faraday probe data which is used to compute the local ion flux from the thruster to down-
stream facility surfaces. Table[I]summarizes the mass and temperature input parameters to the model. Note
that the computed incident particles flux to downstream facility surfaces are used to determine the amount
of the neutral particles released from those surfaces in the ROM under the neutralization/thermalization
assumption for beam ions. Under this assumption and neglecting the interactions of the plume with the
background gas, the amount of the ions incident flux to each downstream facility surface is equal to the
amount of neutral released from that surface. Fig[2] shows the ion current density measured in the plume at
300V and 15A for the H9 during testing at HPEPL that was used to compute the incident molecular flux to
the downstream facility surfaces. A collective test campaign has been recently completed in VTF-2 as part
of the JANUS project.?? We used the experimental data collected during the test campaign to validate our
models.

The outputs produced by the ROMs are incident neutral fluxes and number density profile along with
the derived pressure map on the all surfaces.

The sticking coefficient of the pumps is initially inferred by iteratively adjusting the coefficient and com-
paring the model outputs with the experimental data for the 300V operating condition. Further validation
will be performed as additional experimental data is received.

Table 1: The input parameters to the ROM model.

Input Parameter Value | Unit

Thruster mass flow rate (anode + cathode) | 13.6 | mg/s
Beam dump tip temperature 120 °C
Beam dump side 1 temperature 75 °C
Beam dump side 2 temperature 70 °C
Thruster body temperature 170 °C
Thruster exit plane temperature 300 °C

IV. Experimental Setup

A. Vacuum Test Facility

The experiments were conducted in VTF-2 at the HPEPL. A schematic of this facility is illustrated in Fig. [4a]
The facility is described in detail in previous work*¥ VTF-2 is a stainless-steel chamber with a diameter of
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Figure 2: Ton current density measured in the plume at 300V and 15A for H9 during testing at HPEPL.

4.9 m and a length of 9.2 m. High vacuum is achieved by a closed-loop N2 liquefaction system consists of
ten CVI TM1200i cryopumps connected to two Stirling cryogenics SPC-4 compressors. The system provides
a combined xenon pumping speed of 350 kl/s and achieves a base pressure of 1.9 x 1072 Torr.

B. Ionization Gauges

The pressure in VTF-2 was monitored using two Agilent Bayard-Alpert (BA) 571 hot-filament ionization
gauges controlled by Agilent XGS-600 gauge controllers. The pressure sensitivity range for these ionization
gauges is reported to be 1 x 1072 to 2 x 107'° Torr. These gauge were configured per the guidelines outlined
in the best practices guide for pressure measurement for electric propulsion testing 12 One ionization gauge is
placed 2.45 m radially from the thruster exit plane, referred to as external ion gauge. The second ionization
gauge is located upstream of the thruster centerline approximately 1 m behind from the thruster, referred
as to internal gauge. The external ion gauge is perpendicular to the thruster exit plane and is faced towards
the thruster, while the internal ion gauge is aligned with the thruster centerline and it is faced away from
the thruster. Fig|3|shows the pressure gauges alignment. The reported pressures are corrected for krypton
using following relation:
P, — P
Pc: 11'94b+Pb (7)

where P, is the corrected pressure, P, is the base pressure, P; is the indicated pressure, and 1.94 is a gas
specific correction constant.

C. Hall Effect Thruster

The thruster used in the experiments is the magnetically shielded H9, a 9-kW class Hall thruster developed by
the Jet Propulsion Laboratory in collaboration with the University of Michigan and the Air Force Research
Laboratory. More information about the H9 can be found in paper by Hofer et al®2 The centrally mounted
lanthanum hexaboride cathode, the anode/gas distributor, and the discharge chamber geometry of the H9
were all inherited from the unshielded 6-kW H6 HET. Total efficiency of the H9 ranges from 61-63% over
300-800V and specific impulse reaches 2950s at 800V, 9kW. In all experiments, neutral krypton atoms flow
through the the H9. Mass flow rates and the corresponding pressure measurements from both ionization
gauges are reported in Tables
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Figure 3: Simplified 2D representation of the VTF-2. This geometry is obtained by the cross section of the
3D VTF-2 computational geometry, Fig [Ab] and a horizontal plane crossing the thruster centerline. Two
ionization gauge locations are marked with stars, with their orientations indicated by red arrows. The H9
plume profile is illustrated in purple; its computed 3D profile is used for 3D computational domain.

V. Results and Discussion

A. Overview

Several methods can be used to simulate plasma flow, including magnetohydrodynamics, two-fluid models,
gyrokinetics, and kinetic methods, listed in order of increasing time complexity of the simulations. Taking
into account these assumptions listed in the section [A] the reduced order models are developed by releasing
the neutrals from different sources into the chamber and then computing the flux and density received by
each surface; this approach avoids directly simulating the ion beam, significantly reducing the computational
time. It is also worth nothing that the ROMs can be implemented on any vacuum chamber regardless of the
geometry and size; for the purpose of this work, we focus on the implementing the model using the HPEPL
VTF-2 EP vacuum chamber.

B. 3D Hot Flow ROM

Fig shows the HPEPL VTF-2 EP vacuum chamber and its internal components, which we used to
implement the developed reduced order models. Figs [4D] and [Ad] illustrate the simplified 3D computational
domain with different highlighted elements. The primary internal features consist of ten cryopumps (4 behind
the thruster and 6 surrounding the target), thruster, thruster stand, ionization gauges, beam converger
(frustum along the wall near the target), extra converger plates, beam target/dump, and flooring. The
floor’s grate size is increased while maintaining the porosity of the real chamber grate.

The representative simulated neutral number density distributions for hot flow through the H9 HET are
presented in Fig. Several trends are noticeable here: first, Fig |bal illustrates that the neutral density is
lowest near the pump regions, which is in accordance with pumps being the only elements in the chamber
that can function as particle sinks. Second, neutral density is relatively high between the beam converger
and the thruster region; this can be attributed to particle being reflected from the beam converger as well as
the beam dump towards this region. Third, the local neutral density in the vicinity of the floor is influenced
by the grate as shown in the Fig this will affect the neutral flux to the thruster exit plane and will be
discussed in details in section [D| Fourth, the tip of the beam dump has the highest neutral density, which
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makes it susceptible to the highest erosion rate 2334

Figure 4: (a) The interior of the Georgia Tech’s High-Power Electric Propulsion Laboratory (HPEPL) VTF-2
vacuum facility equipped with beam converger, beam dump, and ten PHPK-TM1200i cryopumps (not all
the pumps are shown here). (b) Simplified 3D computational domain with different highlighted elements:
ten cryopumps highlighted in brown, H9 Hall thruster highlighted in orange, two Granville-Phillips 370 hot-
cathode Bayard-Alpert ionization gauges highlighted in blue, beam converger highlighted in light green, and
beam dump highlighted in green. The floor’s grate size is increased while maintaining the porosity of the
real one. (c¢) The top view of the simplified computational domain.

C. 3D Hot Flow ROM Validation through Sticking Coefficient Inference

The 3D ROM was executed for the lower power (300V) operational level in the HPEPL experiment. An
initial sticking coeflicient of 0.4 (suggested for xenon)[m was selected based on literature. The model was
then iterated through sticking coefficient values until a reasonable approximation (range) of the measured
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Figure 5: The simulated 3D surface neutral number density distributions for hot flow through the H9 HET
for VTF-2 chamber: (a) whole internal surface of chamber, (b) grate, and (c¢) downstream facility surfaces.
The sticking coefficient is 0.3 and mass flow rate is 13.6 mg/s for krypton.

neutral density values was reached. The resulting sticking coefficient of 0.30 remains within experimental
expectations.

To validate the model, we then executed the 3D ROM for the high power (600V) operational level and
compared the resulting neutral density values to experimental measurements from the same campaign. The
results were likewise similar to the initial approximation. Due to the small variance between the initial
and validation case, a more robust validation of the model with the current sticking coefficient is planned
when additional experimental data is received later in 2024. Table [2] shows the comparison between the
experimental pressure data and simulation results for the low power case.

D. Floor Effect

In this section, we have investigated the effects of the floor on the neutral flux to thruster as the objective
function of this study. The floor components will decrease the effective volume (empty space) of the chamber
which, in turn, increases the neural density and background pressure in the chamber. Furthermore, the
flooring acts as a partially transparent surface which can change particle trajectories and act to modify
neutral flux directed towards the thruster face, especially as the flooring is below the centerline of the
chamber and thus has higher flux from the top than from below.
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Table 2: Comparison between the experimental pressure data and simulation results for low power case, 300
V.

Experiment (Torr) | 3D ROM (Torr)

internal ionization gauge 6.0 x 1076 6.0 x 1076

external ionization gauge 5.4 x 1076 5.6 x 1076

To quantify this effect, two simulations were executed with identical parameters: one with the flooring
present in the standard/default configuration, and one with the flooring being removed. The resulting
changes in neutral flux to the thruster face within the chamber can be seen in Fig [6] As shown, the flux to
the thruster increases with the presence of the floor in a nonlinear manner; in the case of sticking coefficient
of 0.4, the increase in flux to the thruster face by including the floor is approximately 5% over the simulation
without the floor, whereas in the sticking coefficient of 0.3 case, the increase is only 3%. This nonlinearity
is likely due to particle reflections from the floor’s surface towards the thruster rather than changes in the
volume of the chamber due to the physical volume of the floor or its segmentation of the chamber.
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Figure 6: The flux to thruster face as a function of the pumps sticking coefficient for the cases where (1)
floor is present in the chamber, and (2) floor is removed.

VI. Optimization

One of the greatest advantages of the developed ROM is the ability to iterate rapidly through multiple
design scenarios to target specific design parameters or objective functions. Using this method, we explore
how changes in the internal design of the vacuum chambers impact the flux of neutral particles to the thruster
face and thus drive facility effects such as ingestion and charge exchange. In order to reduce and ideally
minimize the flux to thruster exit plane, we focus on the optimizing the beam converger pivot location (d),
its angle to wall (6), and its length (L’) in the 2D representative geometry(Fig. [7a]); these three degrees of
freedom makes it possible to explore all the possible options that the converger spatial configurations can
take. As a first order approach, we perform sweeps of these parameters between practical limits to investigate
which combinations best divert the neutrals away from the thruster exit plane.

Since the 2D representative geometry varies in effective pumping area, chamber surface area, and down-
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stream facility area from the realistic 3D geometry, results from the 3D simulations are used to drive the
2D model: we adjust the mass flow rate of the 2D model to match the results of flux to thruster in the 3D
simulations. In this way, the 3D ROM informs the 2D ROM.

The process for optimization is shown in Fig. [fb} development of the 3D ROM; validation of the 3D
ROM against experimental data; using simulation results from the 3D ROM to inform and drive the 2D
ROM; and executing the optimization sweeps using the 2D ROM. Once the preliminary optimized geometry
is obtained in 2D, those results are used to limit the parameter space and inform the 3D optimization, which
will produce the final optimized geometry.

| d N

[
/feg
%

Argmin {Flux}

D ¢ 3D Model ROM Informed F_ma?l
. S TR Optimized
Development Validation Optimization

Geometry

2D . Informed Fast Péch!mpal‘y
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Figure 7: (a) Three degree of freedoms for optimizing the beam converger: (1) converger pivot location d,
its angle to wall (6), and its length (L’). The purpose of the this optimization is to reduce and minimize
flux to thruster exit plane. (b) The optimization framework as follows:(1) 3D ROM model development, (2)
3D ROM model validation, (3) 2D ROM model development informed by validated 3D ROM model, and
(4) beam converger optimization.

A sample neutral density profile comparison between two cases with higher and lower flux to thruster is
shown in Fig. |8} these cases have the same pivot locations (d = 7.0 (m)) and length (L’ = 1.56 (m)) but
varying angles. For the case with higher angle to the wall, the area of the beam target region is enlarged
and enables the containment of a larger portion of neutrals, thus trapping them in the downstream facility
region to then be pumped away by cryopumps (lower inset). In the lower angle case, the beam target region
area is minimized, and more particles escape to the main body of the chamber where they may impact the
thruster face (upper inset). For this specific length and pivot location configuration, the flux to the thruster
face is seen to be linearly trending with the angle to the chamber wall.

The flux to thruster exit plane as a function of the angle to the chamber wall for four different beam
converger pivot locations and lengths are shown in Fig[0] The lowest achieved fluxes to thruster face are
shown in the box, and the corresponding neutral density profile are shown in Fig[I0] The flux to thruster is
determined by balancing two primary particle motions: first, trapping or containing as many particles behind
the converger in the region of the target and pumps; second, by reducing the flux of particles reflected off the
converger directly back towards the thruster. As shown, the shorter converger lengths reduce flux better at
more radial orientations, as they do not impinge upon the ion beam as significantly and therefore ”reflect”
lower particle counts to the main body of the chamber; in this position, they also trap as many particles in
the beam target region as possible. Longer convergers must be angled more sharply and towards the wall to
prevent impinging upon the beam; however, they can be shifted further towards the target to compensate
for the angular positioning and continue to generate high particle density regions near the target.

As a consequence of the angular coefficient method used for neutral transport, particles are assumed
to be traveling based on thermal flux principles. Therefore, minimizing the flux to the thruster face also
corresponds to a minimum average chamber neutral density.
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Figure 8: The neutral density profile comparison between cases with highest and lowest flux to thruster;
both cases have the same pivot locations (d = 7.0 (m)) and length (L' = 1.56 (m)).
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Figure 9: The flux to thruster exit plane a function of the angle to the chamber wall depicted for four
different beam converger pivot locations, highlighted in different colors. Different markers show different
beam converger length. The lowest achieved fluxes to thruster are shown in the box.
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(a) d = 6.0 (m) (b) d = 6.5 (m)
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Figure 10: Neutral density profile for the lowest flux to thruster face for each beam converger pivot location:
(a) d=6.0 (m), (b) d=16.5 (m), (¢c) d=7.0 (m), and (d) d = 7.5 (m).

13
The 38th International Electric Propulsion Conference, P. Baudis Convention Center, Toulouse, France, June 23-28, 202/
Copyright 2024 by the Electric Rocket Propulsion Society. All rights reserved.



VII. Conclusion

In support of the development of high-powered thrusters as led by the Joint Advanced Propulsion Institute
(JANUS) under NASA’s guidance, we have developed 3D and 2D reduced order electric propulsion test
facility models based on the angular coefficient (or view factor) method. To avoid requiring particle tracking
methods for the ion beam, the models are based on neutralization and thermalization of ions upon impact
with facility surfaces, allowing these surfaces to act as neutral emission locations and reducing computational
overhead for the ROM. More rigorous validation is planned using future experimental data from the ongoing
test campaign.

Exploration of the ROM results include analysis of the impact of specific chamber components as well as
determining the sticking coefficient for the given test conditions. As an example of component impact, the
presence of the grated flooring was shown to increase incoming flux to thruster face by approximately 5-10%.
The sticking coefficient for krypton at the 300V/15A operating condition was found to be 0.30. Additionally,
optimization of an example test chamber was completed by sweeping specific chamber design parameters
to reduce neutral flux to the thruster face. A maximum of 30% reduction in neutral flux to the thruster
was shown between potential configurations with four specific cases resulting in similar chamber densities
and flux to the thruster, demonstrating the potential benefit of leveraging fast ROMs for facility design and
optimization. Future improvements and analysis will continue by using the 2D optimization results to inform
the parameter space for more detailed 3D optimization. Finally, these ROMs will be extended to account
for sputterants transport.
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