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Commercial electric propulsion systems are now being considered as a cost effective
solution for competitively awarded science missions such as the NASA Discovery and New
Frontiers programs. Aerojet’s BPT-4000 Hall thruster, which has been identified as a
candidate for near-term use on NASA science missions, has recently completed a 6,750 h
qualification life test that demonstrated power throttling from 1 to 4.5 kW and a total
impulse of 5.3 MN-s. The implementation of electric propulsion technology on NASA
science missions requires the availability of life models that can accurately reproduce the
erosion observed during ground testing as well as predict the erosion for actual mission
profiles. Hall thruster simulations are presented from an erosion model developed at JPL
in concert with a modified version of the plasma model HPHall-2. The models are applied
to the BPT-4000 and used to calculate the performance and erosion observed during
qualification life testing. The models are shown to be capable of accurately reproducing
many of the micro- and macroscopic properties that determine the plasma response and
thruster performance over a wide range of power and voltages. An erosion simulation
carried through almost 1000 hours of thruster operation has shown general agreement
overall with experiment. Analysis of wall erosion properties reveals that the process is
both spatially and temporally dependent, which verifies the importance of developing
modeling tools that are physics-based and capable of predicting the complexity of Hall

thruster erosion physics.
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I. Introduction

OMMERCIAL electric propulsion systems are now being considered as a cost effective solution for

competitively awarded science missions such as the NASA Discovery and New Frontiers programs [1-
4]. Many of the missions being studied would require wider power throttling capabilities and longer
thruster life compared to commercial applications. These differences can be addressed through a
combination of delta-qualification testing and modeling [1,4]. In this paper, we discuss continuing efforts
at the Jet Propulsion Laboratory (JPL) to develop predictive models of Hall thruster performance and
erosion. The aim of this work is to provide NASA with a set of physics-based modeling tools that can be
used to address the qualification gaps between ground testing and actual mission requirements.

The service life of electric propulsion systems has been customarily demonstrated through multi-year
life ground tests that typically cost several million dollars. For example, the Extended Life Test (ELT) of
the 2.3 kW NSTAR ion thruster was completed in 2004 after more than 30,000 h of operation at JPL and
was the longest life test of an ion thruster ever conducted [5]. In 2005, the qualification life test (QLT) for
geosynchronous earth orbit (GEQ) applications of Aerojet’s BPT-4000 Hall thruster was completed [6,7].
The potential mission benefits of the BPT-4000 prompted NASA to fund a low-power qualification life
test extension (QLT-E) at 1-2 kW that brought the total operating time to 6,750 h for a qualified power
throttling range of 1 to 4.5 kW [8]. As NASA missions become more demanding both the cost and time
associated with life tests is expected to rise. While some flagship missions may be able to absorb such
costs, launch window opportunities and mission timelines may simply rule out long-duration life testing
regardless of the mission class.

Regardless of the technology under consideration, the implementation of an electric propulsion system
on a NASA science mission requires the availability of life models that can accurately calculate the
erosion observed during ground testing as well as predict the erosion for actual mission profiles. This
need is driven simply by the fact that the qualification life test is unlikely to exactly match the mission
profile for the first use of the technology, let alone the n™ use.

Influenced by all of these factors, a rigorous life-modeling program has been ongoing at JPL for the
past several years in an effort to establish a thruster life qualification capability aimed at decreasing or
eliminating the cost and time required to assess thruster service life through time-consuming and
expensive life testing [9-12]. A major focus is currently the development of plasma and erosion models of
Hall thruster discharge chambers.

Hall thruster life is primarily limited by erosion of the discharge chamber walls due to high-energy ion
sputtering that eventually exposes the magnetic circuit. Hall thrusters continue operating long after the
magnetic circuit is first exposed [13,14], often without significant performance changes, and for this reason
this moment in time is sometimes called a “soft failure.” Whether or not a spacecraft can tolerate
deposition from the metallic sputter products of the now exposed magnetic circuit is mission dependent.
Given a sufficiently long enough time the gradual erosion of the magnetic circuit would presumably lead

first to performance degradation and eventually to difficulties starting and maintaining the plasma
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discharge. However, to our knowledge this hard failure point has never been documented in a long
duration life test, but is known to be at least several thousand hours of additional operation [13,14].

To better understand these mechanisms the computational effort at JPL has made use of existing
models wherever applicable [15,16], and has developed new models or extensions to existing models as
deemed necessary [9-11,17]. Our approach has intentionally avoided semi-empirical or low-order fluid
models that fail to capture enough of the relevant physics to be solely relied on as a predictive tool for
missions costing hundreds of millions of dollars [18-21]. This is motivated by our need to understand Hall
thruster physics and failure modes over the power throttling range required by deep-space missions
without complete reliance on empirical data or simulations that can not adequately model the relevant
plasma instabilities (and any possible anomalous erosion resulting from them) that are inherent to Hall
thruster operation. Accordingly, for our models to be relied on as accurate representations of thruster
physics, it is necessary, at a minimum, that they reproduce accurately the time-averaged distribution and
magnitudes of plasma properties in the channel as well as the performance and erosion observed over the
throttling range.

We are continuing to improve our Hall thruster discharge chamber plasma and erosion models and
have applied these models to the SPT-100, BPT-4000, and several NASA thrusters. This is a
continuation of previous works reported in Ref. [9-11] that utilized a modified version of HPHall-2 [15,16].
HPHall is an axisymmetric solver that employs a hybrid fluid/particle-in-cell (hybrid-PIC) numerical
approach to simulate the evolution of the plasma inside the discharge chamber and near-field plume of a
Hall thruster. HPHall, originally developed by Fife and Martinez-Sénchez [15], was upgraded by Parra
and Ahedo [16], resulting in the latest release, HPHall-2. Throughout this paper, we present results using
HPHall-2 with additional JPL modifications. Other researchers are also pursuing hybrid-PIC based
models for erosion calculations [22,23]. Sommier, et al [22] have applied their model to the Stanford Hall
thruster and SPT-100 while Cheng [23] has used a version of HPHall-2 to model the Busek BHT-200 and
BHT-600 thrusters.

In this paper, we present our latest modifications to our plasma and erosion models and apply those
models to calculate the plasma response and discharge chamber erosion of the BPT-4000. Modifications
include activating the doubly-charged ion model in HPHall-2, updates to several collision cross-sections,
secondary electron emission yields, and sputtering yields, modifications to the enforcement of the Bohm
condition at the sheath edge, and modifications to the electron mobility model. The updated models are
applied to the BPT-4000 Hall thruster and used to calculate the performance and erosion observed during
qualification life testing. The models are shown to be capable of accurately reproducing the spatially- and

temporally-dependent processes inherent to Hall thruster erosion physics.

II. Review of BPT-4000 Qualification Life Testing

Shown in Figure 1, Aerojet’s BPT-4000 Hall thruster has been identified as a candidate for near-term
use on NASA science missions [1]. The BPT-4000 Hall thruster propulsion system (HTPS) was developed
through a joint effort between Lockheed Martin Space Systems and Aerojet as a 4.5 kW electric
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propulsion system for GEO satellite applications. The qualification life test (QLT) for GEO applications
of this system was completed in 2005 [6,7], during which the BPT-4000 demonstrated operation over
input powers of 3.0 to 4.5 kW and input voltages of 300 to 400 V for firing durations of 5 minutes to over
200 hours. The first flight of the BPT-4000 is scheduled for 2008.

Figure 1. Aerojet BPT-4000 Hall thruster.

A detailed review of the qualification status of a Hall thruster system based on the BPT-4000 for
NASA science missions showed no substantial risk items [1]. In most cases, the completed qualification
programs for the commercial system equals or exceeds science mission requirements. For those
requirements not currently met by commercial components, a low risk delta-qualification has been
planned and the cost and risks are manageable.

In order to realize the cost benefits and mission performance of the BPT-4000, it was necessary to
demonstrate extended low-power operation of the thruster during a delta-qualification life test. Following
the completion of the QLT for GEO applications in late 2005, NASA extended the life test with
additional funding in a qualification life test extension (QLT-E).

Table 1 shows the low-power performance of the BPT-4000 during the QLT-E. Figure 2 shows the
time history of the BPT-4000 thrust during the QLT-E [24]. During the QLT-E, 950 h of testing
(t=5,800-6,750 h) was completed at discharge powers of 1-2 kW [8,24]. To our knowledge, this was the
first long-duration life test ever conducted of a Hall thruster at power densities substantially below
nominal (in this case, 22% of nominal). Thruster operation was stable and reliable throughout the QLT-
E and performance significantly exceeded expectations over the tested range of discharge power.
Welander, et al. [8] noted that the efficiency of the 4.5 kW optimized BPT-4000 operating at 1.25-1.5 kW
was greater than the SPT-100 and PPS-1350-G thrusters operating at their nominal power of 1.35-1.5
kW.

The QLT-E increased the qualified power throttling range of the BPT-4000 from 3-4.5 kW to 1-4.5
kW. As shown in Table 2, the QLT-E also extended the total operating time and cycles to 6,750 h and
6,844, respectively, while bringing the total xenon processed to 272 kg and the total impulse delivered to
5.3 MN-s [24]. During the QLT-E, the thruster was operated for more than 100 h at each throttle table
point from 1 to 2 kW (see Table 3). At 1.5 kW, greater than 480 h was demonstrated. Erosion

measurements indicated that very little erosion was observed during the QLT-E. It is estimated by
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Aerojet that a total of 12 MN-s and 580 kg of xenon throughput are possible before the magnetic circuit is
exposed to the high-energy plasma [4]. The qualified life and throttling capabilities of the BPT-4000 and
its low-cost relative to government systems make it a very attractive candidate for near-term infusion in

cost-capped science missions such as the NASA Discovery and New Frontiers programs.

Table 1. Low-power performance of the BPT-4000 during the QLT-E (t=5800-6750 h) [24].

Discharge Power,  Discharge Voltage, Thrust, mN Total Specific Total Efficiency™*

kW A% Impulse, s

2.5 400 141 1961 0.54
2.0 400 113 1858 0.51
1.75 350 107 1731 0.52
1.5 300 104 1620 0.55
1.25 250 93 1445 0.53
1.0 200 80 1215 0.48

*Excludes thermally-dependent magnet and cabling losses. At maximum operating temperatures, these

losses are typically 1.5% of the total power [6].
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Figure 2. BPT-4000 thrust versus operating time during the QLT-E [24].

Table 2. Demonstrated capability of the BPT-4000 Hall thruster through the end of the Qualification
Life Test Extension (QLT-E).

Parameter BPT-4000 Demonstrated
Total Impulse 5.3 MN-s
Total Firing Time 6,750 h
Total Thruster Starts 6,344
Total Xenon Throughput 272 kg
5
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Table 3. BPT-4000 throttling table through the QLT-E.

Discharge Power, Discharge Operating Time (h)
kW Voltage, V
4.5 300 2,452
45 400 1,250
3.0 300 120
3.0 400 1,797
2.0 400 >100
1.75 350 >100
1.5 300 >480
1.25 250 >100
1.0 200 >100

Total 6,750

II1. Model Inputs

All results in this paper are based on information provided by Aerojet of the BPT-4000 design such as
geometry, magnetic field, cathode location, wall materials, etc. Most of this information is restricted for
public release due to considerations of Aerojet proprietary information and/or export control regulations.

Table 4 presents some of the basic inputs used for the simulations. Table 5 presents the measured
beginning-of-life (BOL) performance of the BPT-4000 [25]. Erosion simulations presented here are for the
4.5 kW, 300 V operating condition. The 55x30 grid is structured similar to the one used in simulations of
the SPT-100 in Ref. [11]. The BOL anode mass flow rate was computed from the data in Table 5 for an

average cathode flow fraction of 7% [6].

Table 4. HPHall inputs for plasma simulations.

Parameter Value
Discharge voltage (V) 300
BOL anode mass flow rate (mg/s) 15.5
Simulation time step (s) 2.5e-8
Grid dimensions 55x30
6
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Table 5. Measured BOL performance of the BPT-4000 [25].

Discharge Discharge Thrust, Total Specific Total Anode Specific Anode
Power, kW Voltage, V mN Impulse, s Efficiency™* Impulse, s** Efficiency**
4.5 300 291 1788 57 1913 61
4.5 400 253 2020 56 2161 60
3.0 300 199 1719 56 1839 60
3.0 400 174 1967 56 2105 60

*Excludes thermally-dependent magnet and cabling losses. At maximum operating temperatures, these
losses are typically 1.5% of the total power [6].

** Computed from total values for an average 7% cathode flow fraction [6].

IV. Model Updates

In this section, we describe updates made to the plasma and erosion models since Ref. [11].

A. Secondary Electron Emission Yield

The yield of secondary electrons from the discharge chamber walls under electron bombardment is an
important parameter in the wall sheath model that can significantly affect the plasma response. Ref. [26-
33] describe various experimental and theoretical studies for different grades of boron nitride. The
uncertainty in the data is typically 10-20% while the number of data points tends to be small, which can
lead to variations in the plasma response depending on our choice of parameters. The choice of fit
function for the experimental data also influences the plasma response. HPHall has previously fit a power

law to experimental data given by

6, (F) - [Eﬂj , o

1

where F is the energy of a monoenergetic beam of electrons taken from experiment, F, is the energy where
the yield first exceeds unity, and « is a fitting coefficient. This fit function assumes that the yield of
electrons goes to zero with the electron energy, which would neglect the effects of backscattering at low
energy. Backscattering at low energy can be accounted for by assuming a linear dependence of the yield
with energy given by
5,(B)=8,+(1-8)+, )
E,
where 9, is the yield at zero electron energy.
To write the preceding equations in terms of the electron temperature, we average over a Maxwellian

distribution and obtain for the power fit

6.(0) =iz val 1) ®
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where [I”is the gamma function and T, is the electron temperature. Similarly, the linear fit yields

5111(71(2):504—(1_50)2;1—; . (4)

1

In the present simulations of the BPT-4000, we have updated HPHall-2 to use the linear relationship
given by Eqn. (4). The curve fit coefficients are chosen from the literature for the wall material of the

BPT-4000.

B. Sputtering Yield

A review of the sputtering yield data for the various grades of boron nitride under xenon
bombardment was conducted. Differences in the data are substantial, there is no data at energies below
80 eV, the angular dependence with energy is almost completely unknown, and only one peer-reviewed
article was found [20,34-36]. Regardless, our review revealed a need to update the functional form of the
sputtering yield found in Ref. [9]. The sputtering yield is computed as a function of energy and angle

from the product of two functions given by
Y (E,0)=Y (E)Y (6). (5)

where Y(E) is the energy dependent yield for ions impacting the wall at normal incidence and Y(6) is the

angle dependent yield relative to normal incidence. The energy dependent yield is computed from

Y(E)=A\/E[l—\/%j (6)

where F is the total energy of an ion impacting the wall and the coefficients A and E,, are coefficients fit
to experimental data. Here, FE,, is interpreted as the threshold energy below which sputtering does not
occur. The angle dependent yield is computed using the functional form suggested by Pencil, et al [37]

given by
Y(0)=1+c¢, (l—cos (cﬂ))K, (7)

where @ is the angle relative to the wall normal and c,, ¢;, and x are coefficients fit to experimental data.
Given the aforementioned uncertainty in the available data, it should be noted that the sputtering
yield is essentially a free parameter in any Hall thruster erosion calculation. The problem with this is
that the magnitude of the yield at normal incidence, the threshold energy, and the angle dependence all
strongly influence the computed erosion. In the future, we will conduct a sensitivity analysis considering
how different yields affect our results, but for now we have chosen a set of curve fit coefficients from the

literature for the wall material of the BPT-4000 and have found good agreement with experiment.

C. Doubly-Charged Ions
For discharge voltages around 300 V, it is common practice in the literature to neglect the effects of
multiply-charged ion species on the plasma response. This approximation is usually justified based on

experimental data showing that the species fraction of doubly-charged ions is about 6-11% at this voltage.
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However, it has been observed that the fraction of multiply-charged ion species increases with discharge
voltage [38]. Further, we discuss in a companion paper how the inclusion of doubly-charged ions, even at
300 V, is critical to our interpretation of transport mechanisms and should therefore be included [17].

Previous work at JPL using HPHall-2 ran the simulation with singly-charged ions for SPT-100
geometries [9-11]. We have since activated the doubly-charged ion species option in HPHall-2 since the
BPT-4000 is presently rated for operation as high as 400 V and there is a need to model other high
voltage Hall thrusters.

D. Xe* > Xe*" Ionization Cross-Section

In the absence of finding experimental data in the literature, Fife [15] made an “educated guess” in the
original version of HPHall for the ionization cross-section of singly- to doubly-charged xenon (Xe* -
Xe*") that underestimated the ionization rate compared with the experimental data of Bell, et al [39].
Figure 3 compares the ionization rate parameter from Fife with that of Bell, et al. For electron
temperatures of 10-30 eV, Fife underestimates the ionization rate parameter by a factor of three to five.
This change significantly alters the predicted ion current in the channel. The impact of these changes are
discussed further in a companion paper [17]. We have updated the Xe' ionization rate parameter in

HPHall-2 using the algorithm suggested by Bell, et al [39].

1E-13
9E-14 4
S8E-14 4
TE-14 4
6E-14 -
5E-14 4
4E-14
3E-14 4
2E-14 4
1E-14 A
0E+00 47—

Ionization Rate Parameter (m~3/s)
Ratio Bell/Fife

0 5 10 15 20 25 30
Electron Temperature (eV)

Figure 3. Xe' ionization rate parameter based on measured cross-sections from Bell, et al [39] compared

with the estimates made by Fife in the original version of HPHall [15].

E. Electron-Neutral Cross-Section

Since the original version of HPHall [15], an energy independent cross-section for electron-neutral
scattering for xenon of 30x10® m? has been used. We have replaced this cross-section with a Maxwellian
average of the measured energy dependent cross-sections of Nickel, et al. [40]. The expression used now in

HPHall-2 is an analytical fit given by
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33.9581 x 107 T, <5eV

Qon = (8)

10720 (11.3596 +28.0985 * 8'0'0433494”6) T >5eV

where T, is the electron temperature in eV and @, is in m* Since the experimental data does not extend

below 5 eV, the cross-section is set to a constant value for electron temperatures less than 5 eV.
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Figure 4. Maxwellian averaged cross section for electron-neutral scattering of xenon from Nickel, et al
[40] compared with the analytical fit now used in HPHall-2. The constant cross-section originally used by

Fife [15] is also shown.

F. Enforcement of the Bohm Condition
Parra and Ahedo first proposed in Ref. [41] that the ion velocity at the edge of the computational
boundary must at least be sonic. This is enforced in HPHall-2 by requiring that the particle density at

the walls is at least equal to

Neq = ‘L;Q ) (9)
€UBohm

where j,, is the radial current density of ions impacting the wall and v, is the Bohm velocity given by

UYBohm = w[ZkT;/mz . (10)

Upon activating the doubly-charged ion model, it was observed that the ion Mach number had
diverged significantly to a value of around 40. In fact, the code was over predicting the ion Mach number
for solutions without doubly-charged ions (producing Mach numbers of 4-6), the problem was just not as
apparent as when doubly-charged ions were activated. The problem stemmed from an incorrect
implementation of the Bohm condition forcing. For a given time step, the code was computing the
correct density and then immediately re-computing the ion velocity at the walls rather than letting the
code converge to the correct velocity over successive time steps. We have corrected this in HPHall-2 and
have also implemented a scheme originally proposed by Gamero-Castano, et al in Ref. [9] that sets the

density according to
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V.
N = f Jri 1+a(—m(‘) —IJ 3 (11)
€UBohm UBohm

where a and f are free parameters chosen to accelerate the convergence of the solution. We find good

results with ¢ = 1.5 and f = 0.1, but caution that an overly aggressive choice of these parameters can
lead to non-physical results at the wall boundary. As a check, we verify that the computed wall collision
frequency is close to the analytical expression give by Eqn. (18) below. After making these updates, the

ion Mach number is less than 2.

G. Electron Mobility Modeling

We have recently reported on efforts to modify the electron mobility model used in HPHall-2 with the
aim of more accurately reproducing the spatial and temporal distributions of the plasma parameters
[10,11]. In this section, we review the mobility model and the details of how it was implemented on the
BPT-4000.

The cross-field electron mobility is given by

e 1
— , 12
;ueL nge (1 N Qz ] ( )

where v, is the electron collision frequency, €2, is the electron Hall parameter, and the rest of the symbols

have their usual meaning. Wall collisions and turbulent plasma fluctuations are known to enhance the
cross-field mobility in Hall thrusters. Including these effects can be accomplished by using an effective

electron collision frequency given by

Vv

e S Veff EVen TV tVy t Yy, (13)

where v,, is the electron-neutral collision frequency, v,; is the electron-ion collision frequency, v, is the

collision frequency of the electrons with the lateral walls, and v, is a collision frequency defined to capture
the bulk effects of turbulent plasma fluctuations.

The electron-neutral collision frequency is modeled in HPHall-2 as

T
Ven = My Qe ST, ; (14)
m,
where @, is the energy dependent cross-section given by Eqn. (8).
The electron-ion collision frequency is modeled in HPHall-2 as [42]
v, =2.91x10 20, T In A | (15)
with the electron temperature in eV and the Coulomb logarithm given by
23—10g(T€'3/2w/10_6n5) T, <10 eV
InA = (16)

24—1og(1;'1,/10—6n8) T >10 eV
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The wall collision frequency is modeled in HPHall-2 as

1 |AA 1 |AA 6,
=—y|—T,. v |5US =—|——"=2-T,, |5 US,, 17
Vw AV|:’/L{, mW:| 3U 4 AV|:1’L(, 1-5 I”lQ:|3U 4 ( )

w

where AA and AV are area and volume elements between a pair of magnetic field lines sharing area
elements S; and S, and the rest of the symbols have their usual meaning [16]. Note that, for a channel of

width h, the above expression simplifies to

26, T
v, ~ _ 20, |KT. , (18)
h(l—é‘w) m,;
when the radial magnetic field is purely radial, the wall sheaths are symmetric, and the ion velocity
entering the sheath is sonic.
Anomalous Bohm-like diffusion is modeled in HPHall-2 as

1
v, =—aa,,, 19
b 16 ce ( )

where « is a parameter that can be adjusted to match experiment so that the necessary amount of cross-
field diffusion results. In the case of classic Bohm diffusion, & would be equal to 1.

Experiments suggest that the parameter o varies between the plasma bounded by the discharge
chamber walls and the plasma expanding downstream of the channel exhaust [43-45]. In Ref. [10,11], we
reported on a mixed-mobility approach, similar to Hagelaar, et al. and Koo, et al. [46,47], which modeled
turbulent fluctuations in two distinct regions separated by the exit plane of the discharge chamber. That

is, ais defined according to

a, z2 <Lz,
a=sa.f.ta,f, 2, <z2<z,, (20)
a, zZzp

where the subscripts ¢ and p refer to channel and plume values, respectively, z is axial position, and the

fractions fare defined by

Z=2, . (21)

Zp ~ 2

This allows the transition between the channel and plume parameters to vary smoothly over a distance z,-

z,. For the BPT-4000 simulations presented here, a transition region of several millimeters was used while

setting a,=1.0. The value for @, was chosen to match the BOL performance of the BPT-4000 operating
at 300 V, 15 A. The resulting axial dependence of the collision frequency is qualitatively similar to the

one shown in Ref. [11] for an SPT-100.
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V. Plasma Modeling Results and Discussion

HPHall-2 was used to simulate the discharge chamber and near-field plume regions of the BPT-4000
for each of the operating conditions of the QLT. The input file for the simulations was set to best match
the 4.5 kW, 300 V operating conditions. To simulate the other conditions, only the mass flow rate and
channel Bohm parameter (o) were modified. Table 6 compares the results of HPHall-2 simulations for
the QLT operating conditions. At 4.5 kW, 300 V, the agreement is excellent and at the other conditions
the difference in the computed thrust varies by only 2-4%. Future modifications to the input files to
better match cathode potentials, wall temperatures, and other experimental quantities will likely decrease

the thrust differences.

Table 6. BPT-4000 performance from experiment and simulation for the QLT operating conditions.

Discharge Voltage  Discharge Current Thrust (mN) Thrust
(V) (A) Difference (%)

BPT-4000 (BOL) 300 15 201
HPHall-2 300 15 290 -0.3%
BPT-4000 (BOL) 300 10 199
HPHall-2 300 10 191 -4.0%
BPT-4000 (BOL) 400 11.3 253
HPHall-2 400 11.3 249 -1.6%
BPT-4000 (BOL) 400 7.5 174
HPHall-2 400 7.5 167 -4.0%

Table 7 lists the maximum values of several plasma properties from the simulations. The total
ionization rate is dominated by the production of singly-charged ions and with the updated cross-section
the ionization of singly-charged xenon is nearly an order of magnitude greater than double ionization of
neutral xenon. The electron temperature is consistent with the usual scaling of T, ~ 0.1 V, [43-45,48,49]
and the plasma density is typical of other Hall thrusters. The electron Hall parameter is consistent with

values computed from measurements of other high-efficiency Hall thrusters [38].

Table 7. Maximum values of several plasma properties from HPHall-2 simulations.

Total ionization rate (m~-3 s-1) 1.6x10*
Xe" > Xe' ionization rate (m~-3 s-1) 1.5x10*
Xe" > Xe’" ionization rate (m~-3 s-1) 1.8x10*
Xe” > Xe*' ionization rate (m~-3 s-1) 2.9x10%

Electron temperature (eV) 32
Plasma density (m~-3) 3.6x10"
Electron Hall parameter 190
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Aside from these global parameters, several other plasma properties were extracted from the model for
analysis of the various utilization efficiencies. We will use a performance model similar to the one
proposed by Hofer and Gallimore in Ref. [38] and recently modified by Jameson, et al [50] to explicitly
include the effects of beam divergence in analysis of a 6 kW Hall thruster. In this description of Hall
thruster performance, the anode efficiency is given by the product of several utilization efficiencies given
by

Mo = }/2771/771177m ’ (22)

where the partial efficiencies are the total thrust correction factor expressed as the product of the

multiply-charged ion correction factor and plume divergence correction factor given by
Q.
7 =o,F, :ZTZCOSH, (23)
Z;

the voltage utilization efficiency

v, V
h =7t =12k (24)
Va Va
the current utilization efficiency
1y
=—, 25
U 1, (25)
and the mass utilization efficiency
m, Myl Q,
= — = —_— —_— = a,,. . 26
nm ma 775 [ mae J z Z7 77b (é) m ( )

In the above, the plume divergence angle is defined according to [51]

2

N

j,rdrd@ T g,rdr
J
S (27)
‘]—‘ rdrd@ J- ‘5‘ rdr
R1.

cosf =

SN D
DT me—y ™

where the limits of integration, R; and R,, are chosen based on the limits of the computational domain, j,
is the axial component of the ion current density, and 3 is the ion current density vector. The
integration plane is chosen at an axial location near the edge of the computational boundary.

Table 8 through Table 11 present several thruster performance properties derived from the
simulations. Table 8 lists various properties of the currents in the thruster. The 24 kHz breathing-mode
frequency is typical for 300 V discharges and the magnitude of the oscillations is also consistent with
measured values from the BPT-4000 and other thrusters [25,38,52]. Table 9 lists the species fractions and
related correction factors. The doubly-charged xenon current fraction of 25% is consistent with the

literature [38,53-56].
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Table 10 lists the total plume divergence half-angle and the divergence angles for singly- and doubly-
charged xenon. The divergence angle defined here should not be confused with divergence angles derived
from far-field plume measurements that are used to study spacecraft interactions [52]. The divergence
angle of doubly-charged xenon is about three degrees larger than the singly-charged xenon since the
doubles are created further downstream. A larger divergence angle for the multiply-charged species in
Hall thruster plumes is well documented [53-56].

Finally, using the data in the previous tables, Table 11 presents the various utilization efficiencies
computed from the HPHall-2 simulation. The current and mass utilizations are slightly higher than
measured by Hofer in Ref. [38] on a different high-efficiency Hall thruster, but are not unreasonable. The
total thrust correction, voltage utilization, and mean acceleration voltage of 289 V are consistent with
other experimental data, including data taken with the BPT-4000 [38,53-56].

The plasma properties and integral performance of the BPT-4000 predicted by HPHall-2 are in general
agreement with measured data from the BPT-4000 or other thrusters in its power class. Taken together,
these results indicate that HPHall-2 is providing a sufficiently accurate prediction of the BPT-4000

plasma properties to serve as a reliable input for erosion calculations.

Table 8. Ion and electron current properties from HPHall-2 simulations.

Discharge Current (A 15.02

Beam Current (A 12.47

(

(
Xe* Current (A 9.41

(

(

A 2.54

24

Electron Current
Breathing Mode Frequency (kHz

1.9

) =
) =
) =
Xe** Current (A) =  3.06
) =
) =
Discharge Current Standard Deviation (A) =
) =

Peak-to-Peak Discharge Current Oscillations (A 10.5

Exchange Ratio = 1.32

Table 9. Species current fractions and correction factors from HPHall-2 simulations.

Xe* Current Fraction = 0.75
Xe*" Current Fraction = 0.25
a—= 093
a = 0.88
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Table 10. Divergence half-angles and thrust correction factor from HPHall-2 simulations.

Divergence half-angle (deg) = 17.5
Xe* divergence half-angle (deg) = 16.6
Xe*" divergence half-angle (deg) =  20.3

Thrust correction factor = 0.954

Table 11. Utilization efficiencies from HPHall-2 simulations.

Y= 0.78

Current Utilization = 0.83
Mass Utilization = 0.96
Voltage Utilization = 0.96
289

Effective Acceleration Voltage (V)

VI. Erosion Modeling Results and Discussion

Using the results from the plasma model as inputs, the time-dependent erosion of the BPT-4000
discharge chamber walls was simulated for the initial 4.5 kW, 300 V operating condition of the QLT. The
erosion sub-model used was an evolved version of the one developed by Gamero-Castano, et al [9]. An
erosion calculation proceeds according to the flow diagram shown in Figure 5. After constructing the
initial grid and magnetic field, HPHall-2 is used to compute the ion particle flux to the wall boundaries.
This ion flux is then imported into the erosion sub-model and used to compute the wall erosion rates,
which are used to move the wall boundaries in the radial and axial directions. The new geometry is then
used as the input for a new computational grid and magnetic field. The entire process is then repeated by
again running the plasma simulation. In our simulations, we are careful to allow the plasma simulation
enough iterations to reach a new steady-state after moving the grid. The time step for advancing the wall
also must be carefully chosen to avoid introducing instabilities in the wall erosion, especially at BOL
when the erosion rates are greatest. Throughout this process, the Bohm parameters are kept constant
and only the mass flow rate is changed to reflect the actual conditions of the test. This is important since
the mass flow rate at the 4.5 kW, 300 V condition changed by ~14% over the course of the QLT (not
shown, see Ref. [6,7]).

Figure 6 and Figure 7 compare the BPT-4000 wall erosion from experiment and simulation for the
inner and outer walls, respectively. Simulation data is shown at 68, 400, and 993 h only in order to
compare with the available experimental data although smaller time steps were taken in between these
times. On the inner wall, excellent agreement is found between the experiment and simulation. On the
outer wall, the simulation was within the uncertainty of the data until 400 h, but overall the erosion
progressed at a slower rate than the data, only progressing about 62% of the radial distance needed to

match experiment after 993 h. However, the erosion rate over the last few hundred hours was
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accelerating along the outer wall. This may indicate that the outer wall erosion will “catch up” with the
experimental data within the next several hundred hours. Simulations are continuing at this time with

the aim of extending the runs to the end of the QLT-E.

Initial Geometry
t=0

End

Comp. Grid &
B-Field

A 4

HPHall: ion flux} | New Geometry

A

Comp. Erosion R Move Surface At,
Rates b = & - A

Figure 5. Flow diagram for erosion calculations [9].

Table 12 through Table 14 list properties of the wall erosion process after 68, 400, and 993 hours of
operation, respectively. Properties are shown for a node near the upstream boundary of the erosion zone
and for the node at the exit plane of the thruster. As one might expect, there are significant differences
in the erosion properties depending on the axial location.

At the upstream boundary, the total ion energy is between 36-48 eV, of which, between 54-78% is due
to the sheath potential. This highlights the need to not only have accurate knowledge of the low-energy
behavior of the sputtering yield, but also physically representative sheath models. When these elements
are absent, the upstream boundary of the erosion zone is often miscalculated.

At the exit plane, the total ion energy is between 133-184 eV, of which, approximately 77-82% is due
to the drift energy of the ions. This indicates that much of the wall erosion process near the exit plane is
dominated by the drift energy of the ions. However, it is at most 82% of the problem, so any model that
neglects the sheath potential and still manages to match experimental data is likely overestimating some
other quantity like the sputtering yield.

In terms of the erosion rate, it is interesting to note that the inner wall rate at the exit plane increases
between 68 and 400 h while the outer wall rate at the exit plane is still increasing at 993 h. An
examination of the experimental data indicates that the wall erosion rate observed during the QLT is also
a non-monotonic function of time. A more detailed examination of this behavior is currently being

conducted.

17
30th International Electric Propulsion Conference, Florence, Italy

September 17-20, 2007



IEPC-2007-267

Inner Wall

Pole Piece

BOL Wall
68 h (Comp.)
400 h
993 h
n 68 h (Exp.)
] 400 h
[ 993 h
2071 h
[ 5800 h
[ 6750 h

Figure 6. Comparison of BPT-4000 inner wall erosion from experiment and simulation.

Outer Wall

T

[ —  BOLWal Pole Piece
" ———— 68h(Comp.)
——— 400 h
993 h
] 68 h (Exp.)
] 400 h
] 993 h
2071 h
L] 5800 h
] 6750 h

Figure 7. Comparison of BPT-4000 outer wall erosion from experiment and simulation.
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Table 12. Properties of the wall erosion after 68 h of simulated operation.

Upstream Boundary Exit Plane
Inner Wall Outer Wall Inner Wall Outer Wall

Drift Energy (eV) 22 18 102 108
Sheath Energy (eV) 26 24 31 28
Total Energy (eV) 48 42 133 136
Impact Angle (Deg) 23 22 29 35
Erosion Rate* (-) 0.32 0.12 1.00 0.41

*Relative to the inner wall exit plane at t=68 h.

Table 13. Properties of the wall erosion after 400 h of simulated operation.

Upstream Boundary Exit Plane
Inner Wall Outer Wall Inner Wall Outer Wall

Drift Energy (eV) 13 12 126 133
Sheath Energy (eV) 24 24 30 30
Total Energy (eV) 37 36 156 163
Impact Angle (Deg) 23 20 24 34
Erosion Rate* (-) 0.15 0.09 1.29 0.74

*Relative to the inner wall exit plane at t=68 h.

Table 14. Properties of the wall erosion after 993 h of simulated operation.

Upstream Boundary Exit Plane
Inner Wall Outer Wall Inner Wall Outer Wall

Drift Energy (eV) 8 10 112 147
Sheath Energy (eV) 29 26 28 37
Total Energy (eV) 37 36 140 184
Impact Angle (Deg) 14 16 16 27
Erosion Rate* (-) 0.03 0.21 1.00 0.88

*Relative to the inner wall exit plane at t=68 h.

Although doubly-charged ions play a key role in the performance of Hall thrusters [17,38], in our
simulations of the BPT-4000 they play almost no role in the erosion process. At BOL, the ratio of the
particle flux of singly-to-doubly charged ions is about 36-40 at the upstream boundary of the erosion zone

and about 12-17 at the exit plane. The reason for the decline in this ratio with axial distance is that the
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doubles are born further downstream than the singles, so they gradually participate more in the erosion as
we progress downstream. Although doubles do not play a direct role in the erosion, they do significantly
affect the plasma response that is the input to the erosion calculation. Further, we note that the role of
multiply-charged ions in the erosion process is expected to increase with discharge voltage as the fraction
of multiply-charged ions increases and the ionization layer grows in axial extent [57]. A companion paper

further discusses the role of ion current in Hall thrusters [17].

Conclusion

Driven by the simple fact that qualification life testing almost never exactly matches the mission
profile on the first use of a technology (let alone the n™ use), a set of plasma and erosion modeling tools
for Hall thrusters are being developed. The complexity of erosion processes and failure modes in these
systems requires the availability of physics-based models that can accurately simulate the behavior
observed during ground testing as well as serve as a predictive tool for actual mission profiles. The recent
interest in Hall thrusters for NASA science missions has revealed a need to develop and maintain these
tools internal to the agency.

Our approach has intentionally avoided semi-empirical or low-order fluid models that fail to capture
enough of the relevant physics to be solely relied on as a predictive tool for missions costing hundreds of
millions of dollars. In order for our models to be relied on as accurate representations of thruster physics,
it is necessary, at a minimum, that they reproduce accurately the time-averaged distribution and
magnitudes of plasma properties in the channel as well as the performance and erosion observed over the
throttling range.

Updated versions of a physics-based set of plasma and erosion modeling tools have been applied to the
BPT-4000 Hall thruster and shown to be accurate representations of the relevant thruster physics. Our
results show that both models can reproduce the measured thruster properties and performance. Several
important changes to the collision cross-sections, secondary electron emission yields, sputtering yields,
Bohm condition enforcement, and the activation of the doubly-charged ion model have improved the
fidelity of our simulations. Application to the BPT-4000 has shown that the updated code can accurately
reproduce many of the micro- and macroscopic properties that determine the plasma response and
thruster performance over a wide range of power and voltages. An erosion simulation carried through
almost 1000 hours of thruster operation has shown general agreement overall with experiment. Analysis
of wall erosion properties reveals that the process is both spatially and temporally dependent, which
verifies the importance of developing modeling tools that are physics-based and capable of predicting the

complexity of Hall thruster erosion physics.
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