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This paper presents results from computations using a 3-D Hybrid PIC-DSMC code to 
simulate Hall thruster plumes during typical operation in a simulated vacuum tank.  The 
code’s surface interaction model has been improved to model different materials and to 
incorporate the angular distribution of outgoing sputtered particles.  The simulations 
model the behavior of the BPT-200 thruster, using exit plane data from a 2-D Hybrid PIC 
engine code as input.  These results provide valuable input for design of the Electrical 
Thruster Environmental Effects Verification (ETEEV) experiment – an on-Shuttle 
experiment to investigate the in-space plume behavior of the aforementioned Hall thruster. 
Our source and plume codes were validated by comparison to earlier experimental data, 
showing close agreement on the current distribution in the plume.  Results obtained include 
sputtering depth and deposition of material from tank walls and two simulated witness 
plates. 
 
  

Introduction 

Understanding the behavior of a Hall thruster’s plume 
is key in achieving greater acceptance of the 
technology.  Integration of a thruster into a system 
requires knowledge of material sputtered and its 
subsequent deposition.  As a result, efforts have been 
made to both experimentally and computationally 
study plumes.  The ETEEV experiment is an on-
Shuttle experiment that will gather valuable in-space 
plume data.  In order to better design the experiment, a 
computational plume model has been upgraded and 
applied to the ground-based testing facility.  This 
paper describes the results of the modeling. 
 
 

Previous Modeling 

The plume model was originally written by D.Oh [1].  
Heavy species (Xenon neutrals, single ions, and 
double ions) are modeled using a Particle-In-Cell 
(PIC) method, while electrons are modeled as a fluid 
obeying the Boltzmann equation.  Charge-exchange 

(CEX) and elastic collisions are performed through a 
Direct Simulation Monte Carlo (DSMC) method.  
Further work was accomplished by S.Qarnain who 
estimated sputtering erosion rates and implemented a 
computationally-generated source distribution [2].  B. 
Asare continued efforts by calculating sputtering yield 
of aluminum based on particles’ incident energy and 
angle and tracking sputtered particles throughout the 
simulation, assuming in-plane emission at 45° [3].  
With these modifications, partial modeling of a plume 
within a vacuum tank was accomplished. 
 
 

Modifications to Plume Model 
 
Sputtering Model 
The code’s surface interaction model was improved by 
allowing for surfaces to be modeled as different 
sputterable materials, developing a method to deal 
with near-threshold sputtering, and incorporating the 
outgoing angular distribution of sputtered particles.   



As a simulation geometry is assembled, materials of 
domain objects are specified – thus, when particles 
strike a surface during the course of the simulation, 
material-specific properties are referenced to 
determine the sputtering yield.  The method used 
accounts for incident projectile energy and angle and 
was outlined by Yamamura [4].  Unfortunately, 
Yamamura’s model does not behave well at near-
threshold energies.  As seen in Figure 1, the sputtering 
yield tends to infinity at ‘threshold’ for non-normal 
incidence angles.   
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Figure 1 – Sputtering yield of Si for various incident 
angles 

 
Hence, an alternate method must be implemented 
when dealing with particles in this low-energy regime. 
Figure 2 shows the process as carried out for silicon.   
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Figure 2 – Near-threshold energy sputtering curves 
 
An absolute energy threshold is taken where 
sputtering yield at normal incidence goes to zero.  

Below this energy, no sputtering occurs, regardless of 
incident angle.  Additionally, a pseudo energy 
threshold is determined for each material by selecting 
an energy at which the yield curves described by 
Yamamura still provide realistic values.  For each 
incident angle, a linear extrapolation between the yield 
at the pseudo energy threshold and zero yield at the 
absolute threshold is taken to model low-energy 
sputtering.  For silicon, the absolute energy threshold 
is found to be 91.3 eV while the pseudo threshold is 
taken as 150 eV. 
 
Using this methodology, the sputtering yield is 
calculated and particles are inserted into the 
simulation.  The sputtered particle’s outgoing angles 
are selected from a distribution that depends on 
incident angle and energy.  Equations for this 
distribution are explained in [3] and repeated here due 
to a misprint.  Integrating the differential sputtering 
yield for incident energy, E, and incident angle, θ 
(measured from the normal), over all possible 
outgoing angles, θ1 and φ, results in the yield as shown 
in Equation 1.   
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φ = 0° is defined to be the azimuthal angle of the 
incoming particle.  The differential sputtering yield is 
defined as follows: 
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where α is a function of the relative atomic ma
the incoming and target elements, Sn is Linh
nuclear stopping cross-section, Us is the t
material’s sublimation energy, and: 
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From Equations 1-3, cumulative distrib
functions, Equations 4 and 5, for the outgoing an
θ1 and φ, are calculated.   

(1) 

 
(2)
} 

ss of 
ard’s 
arget 

 
(3)
ution 
gles, 



( )
[ ] [ ]({ 1lncos 1

1
2
13

2
12

4
12

2
1

cos1
2

11

++−+−

⋅=

+
−

−

x
x

xxxxx

F

θε
θ θε

 
where x = sin θ1. 
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Using Equations 4 and 5 to statistically selec
outgoing angles, sputtered particles are tra
throughout the simulation, assuming straight 
trajectories.  Deposition of these particles on 
surfaces is recorded. 
 
Collision method modifications 
Previously, the cross-section for single ch
exchange collisions used was that of Rapp 
Francis.  However, as argued by J. Szabo [5], b
accuracy is achieved with the cross-section of Sa
and Izawa.  This cross-section matches experim
data more closely and is about thirty percent l
than the Rapp and Francis cross-section, resulting
larger number of simulated single charge-exch
collisons. 
 
As pointed out by I. Katz, et. al [6], assuming 
trajectories for particles in ion-neutral el
collisions defies quantum mechanics in that
identity of each particle is known.  Therefore, the
neutral elastic collision method was modifie
randomly determine which final trajectory was t
by each of the particles involved.  Results did
show any significant change from the prev
method. 
 
Sheath model modifications 
The calculation of sheath drop and wall potential
corrected as the equation for the sheath drop 
misinterpreted previously and the two quantities 
interchanged.  This change only affects the su
interaction model as sheath potentials are use
determine the final energy of charged particles 
impact.  Sputtering yields were found to be lower 
the sheath model corrections were added.   
 
Furthermore, a point specified in the simul
geometry now serves as a reference point
calculating potential.  This replaces the ori

method which assumed zero potential at a density  
(4)
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corresponding to conditions at infinity.  While this 
assumption is adequate when modeling plumes in the 
actual vacuum of space, it does not necessarily pertain 
when the domain of interest is an imperfect vacuum 
tank on ground.  The chosen point on a surface is 
designated as having zero potential.  The potential and 
density of the plasma just beyond the sheath at this 
point is then used to calculate potentials in the rest of 
the computational domain. 
 
Other modifications 
Particles impinging surfaces below the energy 
threshold for sputtering are neutralised (if charged) 
and reflected back into the domain.  An accomodation 
coefficient is assumed and particles are reflected with 
half of their original energy. 
 
In addition, the prior limitation of modeling only 10 
surfaces simultaneously has been removed, so the 
code is now primed for simulating more complex 
geometries. 
 
 

Source Model for BPT-200 

In order to simulate the ETEEV experiment, the 
source model in the plume code was changed from the 
original SPT-100 to represent the engine of interest, 
the BPT-200.  A 2-D Hybrid PIC engine code written 
by M. Fife [7] was modified by J. Szabo [8] to model 
the BPT-200.  Using this code, engine behavior was 
modeled and time-averaged to provide the source 
model inputs needed by the plume code. 
 
An exit plane distribution was taken at a distance of 
0.030 m from the back of the ionisation channel.  This 
distance was chosen as it is far enough from the 
engine that space potential has mostly dropped off. 
The plume code does not account for particles falling 
through the potential produced by the engine, so it is 
important that these effects be incorporated into the 
source model.  Figure 3 shows the single ion flux as 
given by the code.   
 
Figure 4 shows the points chosen to represent the exit 
plane and its flux distribution.  The flux along the 
centerline of the engine was not considered, since the 
value is unrealistically high as the area approaches 

(5) 



 

 
Figure 3 – Simulated Xe+ flux 

 
zero.  The flux distribution was divided by exit ion 
drift velocity to obtain a number density distribution.   
Fits to these data were used to generate a radial 
cumulative distribution function, Equation 6: 
 

( ) 352 100315.16.20491615.50 rrrrP ×−+=

P is the probability that the radial coordinate of
source ion is less than r in meters.  Hence, P  is 0
the inner radius of the exit plane and 1 at the ou
radius.  Average divergence angles at each radius w
also fitted to find a mean divergence angle functi
Once the radial coordinate is chosen for the parti
from Equation 6, its divergence angle is calcula
from Equation 7 where α is in degrees. 
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The fit for the flux distribution has a 1/r dependence 
near the axis, which is consistent with the 
convergence of the flow towards the engine’s 
centerline. 
 
Table 1 contains additional physical and geometric 
parameters used for the source model.  Anode 
propellant fraction was determined by the flow of 0.7 
mg/s to the anode and 0.1 mg/s to the cathode.  Anode 
ionization fraction was calculated from engine code 
data – beam current was converted to the 
corresponding ion mass flow (assuming only singly-
charged species) and divided by the total mass flow 
excluding cathode flow.  Cathode parameters were 
taken from engineering drawings of the BPT-200.  
Axial ion drift velocity was found from the beam 
energy efficiency provided by the code.  By equating 
angular momentum out to the moment of forces, 
azimuthal ion drift velocity was calculated using 
Equation 8.  
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which is the plasma ion cyclotron frequency. 
engine’s radial magnetic field was averaged at 
axial position to get Figure 5.  The x used in Equ
8 was determined by the distance between the sta
ionisation (0.0082 m) according to the 2D PIC 
and the position corresponding to the overall aver
radial magnetic field (.0215m).  Axial and radia
temperatures were assumed to be 3.5 eV e
Azimuthal ion temperature was kept from the ori
source model, while neutrals were assumed t
thermalised with the wall at about 700 K.   
 
Since the version of Fife’s code used did not m
double ions, estimates were made to include the
the source model.  The fraction of ions assumed 
doubly ionised was 0.1.  These particles were ins
into the simulation with 1.3 times the ion 
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velocity, corresponding to slightly less than double the 
energy of a single ion.  This value was suggested by 
computations of V. Blateau, et. al [9] for another small 
Hall thruster. 
 

Table 1. Source Model Parameters 

Exit Plane Outer Radius, r1 0.0203 m 

Exit Plane Inner Radius, r2 0.000 m 

Anode Propellant Fraction 0.875 

Anode Utilisation Fraction, ηu 0.8685 

Cathode Orifice Radius 0.0037338 m 

Cathode Axial Offset 0.0094 m 

Cathode Radial Offset 0.0472 m 

Xe+ Axial Drift Velocity 16,440 m/s 

Xe+ Azimuthal Drift Velocity 221.4 m/s 

Xe+ Axial Temperature 3.5 eV

Xe+ Radial Temperature 3.5 eV

Xe+ Azimuthal Temperature 0.068975517 eV

Xe Temperature 0.0603448276 eV 
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Figure 5 – Calculation of azimuthal ion drift velocity 

 
 

Modeling of ETEEV experiment 

At present, preliminary testing for the ETEEV 
experiment is being done on the ground in a vacuum 

chamber at MIT.  For the purposes of better 
understanding the engine’s behavior, computer 
simulations of the tank chamber were carried out. 
As seen in Figure 6, the basic geometry of the 
simulation included walls modeling the tank as a box 
(two walls have been removed in the figure for better 
viewing of the interior), the thruster itself, two witness 
plates to study the sputtering and its deposition within 
the tank, and a hole in the center of the bottom to 
model the pumps.  The hole was scaled by balancing 
mass flow injected by the thruster to mass flow 
leaving based on the pressure to which the tank 
stabilizes during engine operation.  The two witness 
plates were modeled as silver and are oriented with 
respect to the thruster as shown in Figures 7a and 7b.  
The tank walls are made of steel and hence were 
modeled as iron. 
 
The modeled tank measures 1.35m×1.07m×1.37m.  In 
order to achieve good resolution around the engine’s 
exit plane, three successively smaller grids were 
embedded in this region of the domain.  Thus, the grid 
is refined enough around the thruster to capture 
behavior of interest while being coarse enough in 
areas far away from the exit plane to maintain the 
integrity of statistics for the PIC-DSMC simulation.  
The top grid has a cell width of 4.21 cm.  Finer grids 
have a cell width half that of the parent grid, giving 
the finest mesh in the simulation a cell width of .53 
cm. 
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Figure 6 – Simulated vacuum tank geometry 
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Figure 7a – Placement of witness plates in simulation 

(top view) 
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Figure 7b – Placement of witness plates in simulation 

(view from behind thruster) 
 
 

Results of Computer Simulation 
 
Asymmetry Due to Cathode 
An interesting aspect of the 3D simulation is that the 
flow from the cathode is modeled separately from that 
of the main engine, so the plume is not completely 

symmetric.  For this simulation, the cathode was 
modeled as being directed in the negative y direction.  
All particles emitted from the cathode are assumed to 
be neutrals (the cathode plume may in reality be 3-
10% ionised).  Figures 8a and 8b demonstrate this 
asymmetry of the source neutrals.  Figure 8a shows 
the plume neutrals without any obstructions in the 
domain, while Figure 8b shows the plume neutrals 
with the simulated witness plates in their path.   
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Shadowing in the particle distribution due to witness 
plate obstruction can be observed.   
 
Current Density Distribution 
The current density distribution at two distances from 
the thruster was measured in the simulation.  The first 
distance was taken to be at the east wall of the tank, 
96.7 cm from the thruster.  An intermediate distance 
was also taken at 50.5 cm.  Simulated values were 
compared to experimental measurements made by E. 
Pencil, et. al [10], after scaling in proportion to anode 
current.  The simulation measures current density at a 
set distance from the thruster’s horizontal plane, 
resulting in different radial distances for differing 
angles.  However, the experimental measurements 
were taken at a fixed radial distance for all angles.  
Corrections were made to Pencil et al.’s values to 
account for these differences.  Simulated and scaled 
experimental data are presented in Figure 9.  The 
values at 96.7 cm agree to within 15% while the 
values at 50.5 cm agree to the same extent in the inner 
30°, but computed values fall below experimental data 
at the higher angles.  This is probably due to the fact 
that these computations were made at conditions 
corresponding to early times in the tank filling 
process, when the background pressure was low.  The 
computed current densities integrate to a beam current 
of 0.48A, closely matching that indicated by the 
source code (after double ion corrections).  The scaled 
data of Pencil integrate to approximately 15% higher 
beam current, which may indicate a higher ratio of 
Ibeam/Ianode in his thruster.  This agreement between 
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simulated and experimental data validates our source 
model. 
 
Surface Interactions 
Sputtering and deposition data were collected for all 
surfaces in the simulation.  These data are plotted in 
Figures 10-19.  As expected, silver sputters from the 
west walls of the witness plates in large amounts 
(Figures 10 and 12).  Silver sputtered off of the 
witness plates accumulates mostly on the west wall 
behind the thruster and on the north and south walls 
west of the plates (Figures 15 and 17).  In Figure 15, 
one can see the shielding of the north wall from silver 
deposition by witness plate 2.  Figures 10 and 13 show 
no silver deposition on the west and east walls of 
witness plates 1 and 2 respectively, accounting for the 
fact that these walls have no line of sight from the 
other plate.  Another point to note is that both the east 
wall of witness plate 1 and the west wall of witness 
plate 2 seem to receive some silver deposition.  This 
phenomenon is explained by the witness plates having 
finite width in the simulation.  Hence, the north and 
south walls of the witness plates are capable of 
sputtering and subsequently depositing on the other 
plate. 
 
Iron sputtering mostly occurs in the east of the tank as 
this is the engine plume’s direction (Figures 14-16).  
Once again, in the sputtered depth plot of Figure 15, 
the footprint of witness plate 2 is observed.  
Deposition of iron occurs throughout the tank, 
primarily on the east walls of the witness plates and 
the eastern parts of the tank walls (Figures 11, 13, 14, 
15 and 16).   
 
Figure 18 depicts the flux of different types of Xe+ on 
the tank’s west wall.  Throughout the course of the 
simulation, when charge exchange collisions occur, 
those particles involved are labeled as “CEX 
particles,” allowing one to separate and see the 
differences between particles that have undergone the 
process and those that haven’t.  Figure 18 
demonstrates the effect of the cathode asymmetry.  
Both source and CEX ions preferentially strike the 
southern sides of the wall.  Due to the cathode’s 
injection of neutrals in this direction, there are more 
neutral particles and therefore more CEX collisions on 
this side of the domain, resulting in the higher 
concentration of CEX ions.  The larger number of 
source ions is explained by the increase in ion-neutral 



elastic collisions, allowing for large-angle scattering 
of particles initially pointed in the eastern direction.  
Figure 19 shows that CEX ions generally strike walls 
close to the locale of their formation (typically around 
the engine exit plane).  One can also see the side 
“wings” formed by the CEX ions which are pushed 
laterally by the plume’s potential hump. 
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Figure 10 – Witness plate 1, west wall, silver material 
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Figure 11 – Witness plate 1, east wall, silver material 
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Figure 12 – Witness plate 2, west wall, silver material 
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Figure 13 – Witness plate 2, east wall, silver material 
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Figure 14 – East wall, iron material 
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Figure 15 – North wall, iron material 
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Figure 16 – Up wall, iron material 
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Figure 17 – West wall, iron material 
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Figure 18 – West wall, iron material 
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Figure 19 – Up wall, iron material 
 
 
 



Conclusions 
 
An existing plume code has been upgraded to 
provide more detailed analysis of surface 
interactions.  Additional modifications permit 
modeling of a BPT-200 thruster interacting with a 
complex geometry.  We presented preliminary 
simulation data of the engine in a vacuum tank, 
showing the distribution of sputtering depth and 
deposition of tank wall and witness plate material at 
a variety of locations.  The distribution of current in 
the plume agrees well with values scaled from 
previous experimental data.  This validates both the 
source and the plume models. 
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