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Computation of the Plume of an Anode-Layer Hall Thruster

Iain D. Boyd*
Cornell University, Ithaca, New York 14853

A numerical model is presented for simulating the plume of the D55 anode-layer Hall thruster. A combination of
the particle-in-cell method for the plasma dynamics and the direct simulation Monte Carlo method for collisions is
employed. Ions and neutral atoms are treated as particles, and electrons are assumed isothermal and governed by
the Boltzmann relation. A conservative particle weighting scheme is employed to allow accurate resolution of the
ions. Assessment of the models employed is made through comparison of the numerical results with experimental
measurements taken in two different facilities. The data comparisons are conducted in both the near and far fields
of the plume and consist of macroscopic properties such as the plasma potential and microscopic characteristics
such as the ion energy distribution function. The agreement obtained between simulation and measurements is in
general quite good for all properties considered. Further numerical and experimental work is required to improve
the modeling in the far field and off-axis regions of the Hall thruster plume.

Introduction

CCURATE simulation of plumes from electric propulsion de-

vices is required for assessment of spacecraft integration ef-
fects. For engines such as Hall thrusters and ion thrusters that pro-
duce plume flows with a large degree of ionization, the main concern
is depositionof heavy metallicions on sensitive spacecraftsurfaces.
These ions originate in sputtering processes involving high-energy
ions inside the engines. The metallic ions may be accelerated into
the backflow region behind these thrusters because of the forma-
tion of a charge-exchange plasma. An additional concern for Hall
thrusters, which have relatively large plume-spreading angles, is
direct impingement of the energetic plume on spacecraft surfaces.
This may cause heating of sensitive surfaces, or sputtering, leading
to secondary contamination effects.

The plumes of xenon ion and Hall thrusters have been modeledin
several studies using similar particle methods. Computationsof ion-
thruster plumes were performed by Samanta Roy et al.,! VanGilder
etal.,” and Katz et al.®> In Ref. 1 the particle-in-cell (PIC) method*
was employed to accelerate ions in self-consistent electrostatic
fields. The Boltzmann relation was employed to model the behav-
ior of the electrons. Neutral atoms were not included directly in the
simulations,and instead a simple source of charge-exchangeplasma
was employed. The work in Ref. 2 wentbeyondthis approachby em-
ploying the directsimulationMonte Carlo (DSMC)’ method to com-
pute the properties of the neutral atoms and to simulate directly the
charge-exchangecollisions. The PIC method was again employed
to accelerate the ions. In Ref. 3 a modification to the Boltzmann
relation was proposed to account for trapping of source electrons.

Hybrid particle-fluid models of the interior flows of Hall thrusters
have been presented by Fife et al.5 and by Boeuf and Garrigues.’
These techniques are not well-suited to plume computations be-
cause they do not accurately resolve charge-exchange phenomena,
which are an importantaspectof the formation of the far-field plume
structure.

A combination of the PIC and DSMC methods has been em-
ployed by Oh and Hastings® to simulate the plume of the SPT-100
Hall thruster. As with the earlier ion-thruster simulations, a major
simplification in Ref. 8 was the use of a constant electron temper-
ature in the Boltzmann relation. Together with an assumption of
charge neutrality, this allowed the calculation of the electric poten-
tial from the ion density. There is clear experimental evidence that

Received 28 August 1998; revision received 19 July 1999; accepted for
publication 20 July 1999. Copyright © 1999 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved.

* Associate Professor, Mechanical and Aerospace Engineering; currently
Associate Professor, University of Michigan, Ann Arbor, MI 48109;
iainboyd @umich.edu. Senior Member ATAA.

902

the electron temperature is not constantin the SPT-100 plume® nor
in the D55 (a so-called anode-layer thruster 19 Of even more con-
cern is the fact that detailed experimental investigation'! has shown
that electrons in an SPT-50 plume do not have a Boltzmann energy
distribution. Because the properties of the electrons are so important
in characterizing the potentials produced in the plasma plume flows
and these potentials generate the electric fields that are responsible
for determining the fluxes of harmful ions onto the spacecraft sur-
faces, a more detailed computational approach may be required for
simulation of the electrons.

There are two primary goals of the present study. The first goal
is to apply a PIC-DSMC scheme similar to that proposed in Ref. 8
to the plume flow from the D55 device. No prior modeling of an
anode-layer Hall thruster plume has been reported in the literature.
The second goal is to make a critical assessmentof the usefulnessof
the PIC-DSMC procedure for modeling a Hall thrusterplume, which
is achieved by comparing the model predictions to several different
sets of measurements taken in the near and far fields of the D55
plume. The paper first describes the PIC-DSMC computer code and
the flow conditionsstudied. General features of the numericalresults
are discussed. Comparisonis then made of the computationalresults
to several sets of experimental data taken in the plume of the D55.
The results are discussed in the context of assessing the accuracy of
the model.

Numerical Methods

A PIC-DSMC code is developed that simplifies the plasma dy-
namics in a manner similar to that described in Ref. 8. The flow
domainis axially symmetric. In the usual PIC manner ion positions
are used to determine charge density at the nodes of the computa-
tional grid. The electrons are assumed to be isothermal and are not
included directly in the computation. Instead, the electron number
density is obtained from the Boltzmann relation
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where n. is a reference number density, e is the charge of an elec-
tron, ¢ is the plasma potential, k is the Boltzmann constant, and 7,
is the (constant) electron temperature. Use of the Boltzmann rela-
tion assumes that in addition to being collisionless, the electrons are
also unmagnetized. Close to the thruster, the electrons will likely be
magnetized to some extent. Recall that it is the primary goal of this
paper to assess the usefulness of the simple approach of Eq. (1) for
modeling the electron behavior through detailed comparisons with
experimental measurements.

Unlike Ref. 8, charge neutrality is not assumed in the present
work. Instead, the difference between the ion charge density and
the electron number density at the grid nodes is used in the Pois-
son equation to solve for the plasma potential using a standard

Ne = Nyet eXP(€¢/kTe)



alternating-directim-implicit scheme. This approach was previ-
ously employed by Roy et al.! to compute the plume of an ion
thruster. It is again used here not so much because charge neutrality
is an issue, but rather to provide a smooth variation in the plasma
potential. If the potential is computed at each time step based on
the instantaneous number of ion particles, as performed in Ref. 8,
there will be significant statistical fluctuation in the potential field
because of the finite number of particlesemployedin the simulation.

The DSMC portion of the code simulates the following types
of collisions: Xe-Xe, Xe-Xe*, and Xe-Xe*™". The Xe-Xe collisions
employ the variable hard sphere model of Bird.> For neutral-ioncol-
lisions both momentum transfer and charge-exchange mechanisms
are considered. The Xe-Xe* momentum cross section in units of m?
is obtained from the model of Dalgarno et al.!?:

o =6416 X10""%/g )

where g is the relative collision velocity. The same form was em-
ployed by Oh and Hastings® except that the leading constant was
8.281 X 107!6 and this appears to be a numerical error. The Xe-Xe*
charge-exchange cross section in units of m? is obtained from the
data fit of Sakabe and Izawa'?:

o=[1.81 X107 = 2.12 X 10" log (100 % )] X L/ (3)

where I, is the ionization potential of hydrogen and ! is the ioniza-
tion potential of Xe™. Equation (3) gives a better fit to available ex-
perimental data in comparison to the theoretical model that formed
the basis of the cross section used in Ref. 8. Equation (3) is also
used to determine the charge exchange cross section for Xe-Xe**
interactions in which 7 is set to the ionization potential for Xe*™.

Another difference from the implementation of Ref. 8 in the
present work is in the DSMC treatment of trace species. As will
be discussed later, when performing simulations of the behavior of
the D55 in ground-based vacuum chambers the residual density of
neutral xenon atoms is orders of magnitude larger than the densities
in the far-field plume of the particles exhausting from the thruster.
Numerical weights must be employed in the DSMC code to avoid
having to use a very large number of particles in the computation
to simulate the residual atoms. In Ref. 8 a weighting scheme from
Bird® is employed, despite the fact that Bird recommends against
use of this technique. The problem with Bird’s scheme is that it
conserves momentum and energy only over a large number of colli-
sions. For computing charge-exchangecollisions in a Hall thruster
plume, there are very few collisions, and the use of a nonconserva-
tive weighting scheme may be inappropriate. In the present work a
conservativeweighting scheme first proposedby Boyd'# and further
developed for charge-exchangecollisionsby VanGilder and Boyd!
is employed.

The computation begins with the physical domain initialized to
the properties of the ambient medium. For simulation of experi-
ments performedin ground-basedfacilities, this medium is assumed
to consist of neutral xenon at a fixed pressure and temperature. The
properties of the medium are maintained by introducing neutral
atoms across the computational boundaries with properties consis-
tent with the prescribed pressure and temperature. For simulation of
the plume exhausting into space, the medium is simply a vacuum.
Particles are introduced into the flowfield at the thruster exit plane
using macroscopic values of species number densities, velocities,
and temperatures that are consistent with measured device proper-
ties. The procedure employed for establishing these macroscopic
values is described later. The computational domain extendsto 1 m
downstream from the thruster exit plane, to 0.6 m radially, and a
small portion of the back flow region is also included.

The length scales characterizing the plasma and collision phe-
nomena are the Debye length and the mean free path, respectively.
For the conditions at the exit plane typical of Hall thrusters, the
Debye length is on the order of 107> m, whereas the mean free path
is on the order of 0.1 m. Thus, in the generation of a computational
grid, itis the issue of resolution of the plasma phenomenathat dom-
inates. With such a small Debye length, it is reasonable to assume
that the plume will be charge neutral (at least for the region under
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consideration). Therefore, it is not necessary to resolve the flow at
the level of the Debye length. This is fortunate becauseotherwise the
problem would almost be computationally intractable. The compu-
tational grid employed in these studies consists of rectangular cells.
The smallest cells are those close to the thruster exit and have a
length of 5 mm. The largest cells are located close to the edges of
the domain and have a maximum size of 2 cm. The timescales of the
flow are also determined by the plasma phenomena, and the inverse
of the plasma frequency is used. The computations presented in this
study typically employed 300,000 particles.

Along the outer edges of the flow domain, the conditions for the
PIC component of the simulation are to assume zero electric field
normal to the boundary. For the DSMC component any particles
crossing these boundaries are removed from the simulation. At the
thrusterexit surface the electric fields are zero, and charge neutrality
is assumed. The simulation is found to recover the flow rate and
thrust assumed in determining the flow conditions.

Flow Conditions

A schematic diagram of the D55 device is shown in Fig. 1. The
annular anode chamber has a diameter of 55 mm. For the plume
simulations the thruster surface is assumed to be isothermal at a
temperature of 300 K and to be electronically grounded. In all com-
putations the flow through the cathode is neglected. This flow is
three-dimensional and difficult to include in an axially symmetric
simulation. In any case, at a typical operating condition'® the flow
rate through the cathode is only 16% of that through the anode.

Two conditions are considered corresponding to two different
experimental investigations. Most of the results presented are for a
series of experiments conducted at the University of Michigan.'®~13
The D55 thruster was operated at a flow rate of 4.76 mg/s of xenon,
adischarge voltage of 300 V, and a currentof 4.5 A. The specific im-
pulse under these conditions was previously measured to be 1,810 s
(Ref. 19). The fraction of double xenon ions is assumed to be 0.25.
At the thrusterexit the temperature of the electronsin the Boltzmann
relationis taken to be 3 eV, the temperature of the ions is assumed to
be 4 eV, and that of the neutralsis assumed to be 750 K. With these
parameters a value for the propellantutilizationefficiency of 0.89 is
required to obtain consistency with the measured thrust and current.
A listing of the flow properties assumed at the thruster exit is given
in Table 1. One further considerationis the possibility that the flow
spreads at the thruster exit. The D55 has a small nozzle-like geom-
etry at the exit, and so plume spreading is expected. In the present
work a half angle of 15 deg is assumed, and the radial velocity
varies linearly across each half of the exit plane. The backpressure

Table 1 Flow properties assumed at thruster exit plane

Experiment  Species n, m™3 T,K U, m/s
Michigan Xe 3.4x10'8 750 281
Xe* 3.1 x10Y7 46,400 17,750
Xett 1.0 x 107 46,400 25,100
NASA Xe 3.7 %x10'8 750 281
Xe* 2.5 x10"7 46,400 17,750

Xett 1.5 x10"7 46,400 25,100

Magnetic Outer coil
system
k- Graphite
T discharge
. chamber
Central coil
— walls

@55 mm D135 mm

|

~
“— Anode

97 mm

Fig. 1 Schematic diagram of the D55 anode-layer Hall thruster.
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in the Michigan facility is reported as 8.3 X 10~ Pa. Assuming a
background temperature of 300 K gives a residual number density
of 2 X 10'® m~3. This value is higher than all of the species number
densities at the exit of the thruster. Certainly, the number density
of background atoms will dominate the thruster species by orders
of magnitude far from the thruster. This is the reason that numeri-
cal weights are required in the PIC-DSMC simulations to resolve
the background particles without requiring an enormous number of
particles.

The second flow condition investigated corresponds to a study
performed at NASA Lewis Research Center.?’ The thruster was op-
erated at a flow rate of 4.52 mg/s and a current of 4.2 A. The back-
pressure in the NASA chamber was 2.7 X 1073 Pa. The propellant
utilizationefficiency consistentwith these conditionsis calculatedto
be 0.87. The thruster exit flow conditions for the NASA experiment
are also listed in Table 1.

Results

Recall that the primary goal of this investigationis to assess the
simple plasma model for computing Hall thruster plumes. This is
achieved first through general discussion of the results generated
by the PIC-DSMC simulation. Then, the computational results are
compared with experimental measurements. In all simulations the
reference number density employed in the Boltzmann relation is
1.5 X 10" m~3. This value is obtained as an average by fitting ex-
perimental measurements of electron number density, temperature,
and potential reported in Ref. 16 to the Boltzmann relation. Recall
that the electron temperature in the Boltzmann relation is assumed
constantat 3 eV.

General Features of Simulation Results

First, the effect of facility backpressureis assessed using the sim-
ulations. In Fig. 2a contours of plasma potential are shown for the
Michigan facility and for vacuum expansion. In both simulations
the thruster exit plane properties are those for the Michigan experi-
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ment. Although the two sets of results are in agreement close to the
thruster, itis clear that the finite backpressurein the Michigancham-
ber has significantly affected the off-axis and backflow regions. By
considerationof the gradients in potential, it is clear that significant
electric fields are generated in the plume. The lobe structures seen
directly above the thruster exit in the vacuum simulation are pro-
duced by the charge-exchange plasma. In Fig. 2b contours of the
number density of Xe* are shown for the Michigan and vacuum
conditions. Again it is clear that the vacuum chamber has inhib-
ited the expansion of the plume into the off-axis and back flow
regions.

Flow properties of the three species for plume expansion into
vacuum are compared along the plume axis in Figs. 3a-3c. The
number density profiles shown in Fig. 3a indicate that both neutral
and charged species densities decay at about the same rate beyond a
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distance of about 10 cm from the thruster exit plane. This is mainly
caused by charge-exchangephenomena. This is more clearly illus-
trated in Fig. 3b, which shows the temperature profiles of the three
species. Consider first the behavior of the ions. In general, the pro-
files of Xe* and Xe** follow one another. At the exit plane the
temperatures are a few eV, and they quickly rise to peak values of
30-50 eV. These values have to be interpreted with care. In parti-
cle methods the temperatureis essentially computed as the variance
of the velocity distribution function. In a plasma with a significant
degree of charge exchange, the velocity distribution functions are
very wide. There is a population of ions at large velocities (about
18,000 m/s) that originated from the thruster and a population of
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Fig. 4a Number density along the radial line at 0.50 m from the
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low velocity (about 1,000 m/s) charge-exchangeions. The temper-
ature for the Xe*™ ions is larger than that for Xe* because the
high-velocity population is centered around 25,000 m/s. The atom
temperature grows to a value similar to that for Xe* caused by
charge-exchange collisions. Far from the thruster the velocity dis-
tribution of atoms will closely resemble that for the single-charged
ions. Comparison of the velocities shown in Fig. 3c again illus-
trates the similarity in behavior of the ions and the effect of charge
exchange on the atoms.

The same comparisonsare made along a radial line located 50 cm
from the thruster in Figs. 4a-4c. Figure 4a shows the differences
in the gas dynamic and plasma acceleration mechanisms. There is
generally a strong negative gradientin plasma potentialin the radial
direction, and this leads to acceleration of the ions. Hence, the rate
of decay of the ion densities is greater than that for the neutral
atoms. The temperature profiles shown in Fig. 4b indicate that the
increasein neutralatom temperaturecaused by charge exchangeis at
a maximum on the axis. Far from the axis the neutral temperature is
orders of magnitude lower than the ion temperatures. Recall again
that these temperatures are more a measure of the spread of the
velocity distribution function than a measure of the total internal
energy. The velocity profiles shown in Fig. 4c again indicate that
at large distances from the axis the neutral atoms are unaffected by
charge exchange.
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Comparison with Experimental Data

A series of probe experiments were conducted by Domonkos
et al.!® in the near field of the D55 plume. Faraday probes were em-
ployed to measure ion current density, Langmuir probes were used
to measure the electron temperature and number density, and emis-
sive probes were employed to measure the local plasma potential.
In Figs. 5a and 5b radial profiles are shown of electron temperature
at 10 and 50 mm from the thruster exit plane. The experimental
uncertainty is reported to be £10% (Ref. 16). For comparison the
electron temperature of 3 eV assumed in the DSMC-PIC computa-
tions is also shown. Very close to the thruster, it is clear that there
is significant variation in the electron temperature, because of the
dynamics of the plasma generation inside the acceleration channel.
However, at just 50 mm from the thruster, the electron temperature
has decreased to about 3 eV and has a flat profile. This behav-
ior is a result of the rapid expansion of the electrons away from
the thruster and the neutralization process involving the electrons
emitted by the cathode. Although it is expected that the electron
temperature decreases at large distances from the thruster, it would
appear that a value of 3 eV is a reasonable value for the simulations.
The relative uniformity of electron temperature has been demon-
strated experimentally for the SPT-100 Hall thruster by Myers and
Manzella.*!

The plasma potential profiles predictedby the simulation are com-
pared with the experimental data of Ref. 16 in Figs. 6a and 6b
again along radial lines located 10 and 50 mm from the thruster exit
plane, respectively.All of the data are plotted relative to the cathode
potential of 14 V. Close to the thruster, the simulation underpre-
dicts the potential but does capture the shape quite well. At 50 mm
from the thruster, the simulation and measured data are in excellent
agreement.
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In Figs. 7a and 7b the simulation and measured data for ion cur-
rent density are compared at 10 and 40 mm from the thruster. In
this case the simulation performs well close to the thruster but dete-
riorates at 40 mm. Also included in Fig. 7b are simulation profiles
further from the thruster. The measured profile is produced in the
simulation at a larger distance from the exit plane. This may indicate
that despite the good agreement found in Fig. 7a, there are aspects
of the simulation that do not accurately model the near-field plume
behavior. In performing parametric studies the current density pro-
file is very sensitive to the treatment of the radial velocity profile at
the thruster exit.

Measurements of electron number density are compared with two
sets of predictionsat 10 and 50 mm in Figs. 8a and 8b, respectively.
The predictionsrepresent the total charge density obtained from the
number densities of the Xe* and Xe* * ions. The reported error bars
associated with this measurement are £50% (Ref. 16). Therefore,
most of the simulationdata lies within this range although at the very
lowest edge. The peak electron number density measured at both lo-
cations is more than double the total charge density assumed in the
simulations at the thruster exit plane (see Table 1). There is no way
toreconcilesuch a high electron number density with the measured
device characteristics of current, specific impulse, and flow rate.
Further direct evidence that the Langmuir probe technique leads to
high electron number densities is provided in Ref. 17, where com-
parisonis made with data acquiredusing microwave interferometry.
At a distance of 25 cm from the thruster, the Langmuir probe elec-
tron number density was found to be a factor of six higher than the
more reliable interferometry data.

Further comparisons between measured data and simulation re-
sults for electron number density in the far-field plume are shown in
Figs. 9a-9c. The measured data were obtained by Gulczinskietal.!”
using microwave interferometry. The uncertainty for these data is
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quoted as £10%. At a distance of 25 cm from the thruster, the sim-
ulation agrees with the measured data on the axis but underpredicts
the density far from the axis. At further distances from the thruster,
the agreementbetween the data sets on the axis deteriorates with the
simulation predicting lower values in comparison to the measured
data. At a distance of 100 cm from the thruster, the simulation re-
sultis a factor of two below the measurement. One interpretationof
these comparisonsis that the electric fields in the simulation are ac-
celerating the ions too much in both the axial and radial directions.
One possible explanation for such differences between the model
and the measured data is the need to include partial confinement
of electrons caused by the magnetic field of the thruster leaking
into the near-field plume. It is also possible that the mechanism of
source electron trapping proposed in Ref. 3 is important. Far-field
measurements of plasma potential are required to help resolve this
issue, and no such data presently exist.

A more detailed comparison between experimentand simulation
is made in Fig. 10, which shows the ion energy distribution function
at a distance of 50 cm from the point on the axis at the thruster exit
plane for two differentangles. The measured data were obtained for
the SPT-100 Hall thrusterusing a molecularbeam mass spectrometer
(MBMS).!® Because of the similarities of the SPT and anode-layer
devices, it is useful to compare the SPT measured data with the
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results predicted for the D55. As explained in Ref. 18, the energy
detected by the MBMS is given by

Eion = %m[ V[Z/C][ 4)
where m; is the ion mass, V; is the ion velocity, and ¢; is the ion
charge. Thus, the instrument cannot directly detect the difference
between single- and double-charged ions. The signal measured by
the MBMS is an ion current, and so in the simulation the frequency
is proportionalto the velocity of each particle that crossesa fictional
surface at the measurement location. Although all of the distribu-
tions in Fig. 10 have been normalized, the same normalization is
employed in each data set for both of the angles. In general, the
agreement between simulation and measurementis very good. The
simulated distributions are shifted slightly to lower energy and are
not as wide as the measured data. A small population of charge-
exchangeions are predictedin the simulationat an ion energy of less
than 5 eV. These populations are not visible in either the computed
or measured data because the ion current contributionof the charge-
exchange ions is very small. At energies above about 300 eV, there
are significantdifferencesbetween the measured and computeddata.
In particular, the experimentaldata contain an extended tail of high-
energy ions that are not present in the computed data. If this high-
energy tail does exist, it is perhaps created by plasma oscillationsin
the acceleration channel.
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Fig. 12 Current density at a distance of 60 cm from the thruster.

In Fig. 11 the true ion energy distributions obtained from the
simulation are shown at the same locations in the plume. In this
case, unlike Eq. (4), the ion energy is not divided by the charge of the
particle, and thus both the single- and double-charged populations
are evident. Once again the frequency is computed as an ion current.
Multiple ions play a significant role in determining the total ion
current, and this is not evident from the data presented in Fig. 10.
The development of a diagnostic that could resolve the behavior
of each of the multiple ions would greatly benefit future modeling
efforts.

Finally, the angularprofile of currentdensity at a distanceof 60 cm
from the thruster is considered in Fig. 12. The measurements were
conductedin the NASA facility,?’ and the simulationsuse the second
set of operating conditions given in Table 1. The level of agreement
is quite good. The effect of the finite facility pressure is investigated
through inclusion of a further simulation result computed for ex-
pansion into perfect vacuum. Clearly, facility-independentresults
are only obtained for angles up to about 45 deg.

Conclusions

A PIC-DSMC computer model of the D55 anode-layer Hall
thruster plume has been developed that simulates ions and neu-
trals as particles and uses the Boltzmann relation to describe the
electron number density. The effects of charge-exchangecollisions
and the finite pressure of experimentalfacilities were includedin the
model. Instead of assuming charge neutrality, the Poisson equation
was solved to obtain the plasma potential. The use of the Boltzmann
relationgave flow that was everywhereclose to being chargeneutral.

The comparisons of the simulation results with measured data
generallyindicatedreasonableagreement. This was particularlytrue
atdistancesbeyond 10 mm from the thruster. Significantly, the good
agreement was obtained using relatively simple assumptions about
the properties of the beam emitted by the thruster. Thus, the present
model is considered to be verified in the region close to the axis.
Comparison of the simulation results with experimental measure-
ments of electron number density in the plume far field showed
significant differences. Specifically, the simulations underpredicted
the density both on and off axis. It was speculated that this anomaly
was caused by the simulated electric fields being too strong and
therefore leading to overacceleration of the ions. Candidate physi-
cal mechanisms omitted from the present model that could account
for such behavior include partial confinement of electrons by the
magnetic field of the thruster leaking into the plume or by source
electrontrapping. Far-field plume measurementsof plasma potential
are required to resolve this issue.
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