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Abstract: Axial electron transport represents a loss in efficiency for crossed field
devices, such as Hall-effect thrusters (HETS). Previous experimental and computational
investigations have revealed an anomalous axial mobility that cannot be explained with
classical theory. This work describes the development of a computational model that
calculates electron mobility in HETs using known electric and magnetic fields. Specifically,
a full 3D Monte Carlo trajectory simulation code is developed to simulate HET internal
electron dynamics. Simulations were completed using the AFRL/University of Michigan P5
HET. The magnetic field for this thruster is known from magnetostatic simulations and the
electric field present during thruster operation has been experimentally measured by Haas.
Comparison of the axial mobility from our code and the mobility calculated by Koo for the
P5 shows agreement.
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I. Introduction

ALL-EFFECT thrusters (HETs) are a type of space propulsion device that use electric fields to accelerate and
expel ionized propellant to generate thrust. A schematic of an HET is shown in Figure 1. A HET is a coaxial
device that utilizes a radial magnetic field crossed with an axial electric field. Electrons emitted by the cathode drift

in the E x B direction, forming an azimuthal Hall current. Neutral xenon atoms injected through the anode collide
with these electrons producing xenon ions that are subsequently accelerated by the electric field to produce thrust.
The magnitude of the magnetic field is designed such that only the electrons are magnetized. A mixture of electrons
and ions in the acceleration zone creates a quasi-neutral plasma and thus the operation of the HET is not space-
charge limited in ion current density as is the case with gridded ion thrusters.
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Transverse electron mobility represents a loss
in efficiency of the device, so ideally electrons Hollow Cathode J Electrons captured by
would be confined to drift in the Hall current radial magnetic field
indefinitely. Unfortunately this is not realizable

) . ) —— AE Four outer

in practice and electrons do migrate to the anode. —- electromagnet
Furthermore, axial mobility can not be y - solenoids
characterized by a purely classical collisional | Anode

diffusion model. In fact, experimental
measurements in the SPT-100 have shown that
the electron collision frequency is on the order of )
107-10* Hz* Calculations from both internal and (o
global measurements have shown that the
collision frequency based off classical theory is
1,000 times lower.* Because of this discrepancy,
the term “anomalous” mobility has been used to Solenoid \ Neutral Xenon injection

describe the increased axial mobility present in through anode backplate
cross-field devices such as HETs.” Explanations ] .

of the “anomalous” mobility have been suggested ~ Figure 1: Schematic of a Hall-effect thruster (HET).

and two main candidates are plasma turbulence™®

and wall-effects.”” More efficient HETs that better confine Hall current electrons may be possible if a clearer
understanding of the mobility in these devices is developed. With this in mind, Starfire Industries LLC is using both
numerical modeling and experiment to investigate and study mobility in HETs.

Backplate

Xenon propellant
ions accelerated
by axial E-field

I1.  Full 3D Monte Carlo Trajectory Simulations

Starfire Industries has developed a 3D Monte Carlo trajectory simulation code to investigate electron transport in
HETs. The simulations are carried out by rigorously simulating the electron trajectory over a series of very small
timesteps, ~10"° seconds. The forces on the electron due to magnetic and electric fields are calculated at each
timestep and the particle is moved and its velocity is adjusted. The possibility of a collision occurring is checked at a
somewhat larger interval (because the probability over one At is extremely low), and if necessary the electron’s
velocity (energy and direction) is modified according to the tabulated collision data. If the electron leaves the
simulation volume it either collides with a wall, and is handled appropriately, or escapes and finishes its flight
depending on the properties of the wall object that it strikes. Tallies of desired properties are output to data files both
periodically throughout the run and at the completion of all electron flights. Data for each individual electron
history (coordinates, velocities, local properties, forces, collision probabilities, etc.) can be saved after each flight.
Due to the abundance of data collected, much can be learned from the simulations and most of the interesting
properties or occurrences can be studied in detail after the simulations are completed.

Three electron-neutral collisions with xenon are sampled - elastic scattering, excitation, and ionization. Data on

electron collision cross sections were taken from the

3E-19 literature'® and the Evaluated Electron Data Library"'

22;:; . N from Lawrence Livermore Nathnal Labqratory. The

V4 values used by the code for elastic scattering over one

. s example electron flight are shown in Figure 2.
1E-19 = ' i Again, elastic collisions play a dominant role in the
i electron transport process since the scattering of the
5E-20 | ) ! Hall drifting electrons results in a change in electron
) i/ direction and subsequent orbit-center motion along

i E ',-" the z-axis. Wall collisions are treated with a varying
' level of detail, with initial simulations simply
returning the incident electron back into the thruster
. channel with a cosine angular distribution and a
0 1o 10 Maxwellian energy distribution sampled from the
Elactron Enargy (aV) wall temperature. This simplified wall treatment can

Figure 2. Electron elastic scattering cross section be expanded to account for improved energy of

values used in the Monte Carlo code during one incidence, angle of incidence, and surface roughness
electron flight effects to potentially improve code accuracy.

1.5E-18

Cross Section (m*2)
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Figure 3. Contour plots of a) magnetic field and b) electric potential used as input to the electron
trajectory code, from experimental measurements by Haas.™*

a)

Figure 4. Plots of an electron trajectory from the Monte Carlo code showing a) an overview of the
simulation volume, b) an electron exhibiting the classical hall drift, and c) an elastic collision causing
electron transport toward the anode.

To get good statistics, typically tens or hundreds of thousands of electron flights are run for a given set of

conditions.

Electrons start with a Maxwellian energy distribution with a low initial temperature and a random

direction in three dimensions. Electrons were simulated for up to one to ten microseconds (user definable) or until
they reach the anode, whichever comes first. A time limit must exist, because some electrons were found to be very
well trapped, and these flights would otherwise never come to a conclusion. The trade-off is between increased

accuracy and simulation time requirements.
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Figure 5. Total time that electrons spent at each
(r,z) location, totaled over 10,000 flights.

Simulation Results for the P5 Hall thruster

Simulations using the code described above were
performed on the AFRL/University Michigan P5 HET.
A calculated magnetic field and experimental
measurements of the electric potential > were used as
input to the code. The geometry of the simulation and a
contour plot of the electric potential and magnetic field
are shown in Figure 3. In this and subsequent plots, the
x-axis and z-axis are the thruster radial and axial
dimensions, respectively.

Figure 4a shows the overall simulation volume, and
examples of some electrons traveling within the thruster
channel. A small, greatly magnified portion of a single
electron trajectory, output from the Monte Carlo code, is
shown in Figure 4b. The electron displays the traditional
orbit in crossed electric and magnetic fields. Of course,
the electrons do not always perfectly follow such an
archetypical Hall orbit. There are many forces that tend
to complicate the electron path, including slight
variations in electric and magnetic field directions,
varying strengths of these fields, and collisions with the
background gas. An example of the latter is given in
Figure 4c, where the electron has a collision, changes

direction, and is forced by the fields to resume the Hall drift. Any additional velocity that the electron keeps beyond
what the Hall drift requires results in extra features in the trajectory, for example, an extra loop at the top of the orbit

like that shown in Figure 4c.

Simulations of tens of thousands of individual electron trajectories were used to calculate the desired outputs,
such as spatial and velocity history throughout the thruster computational domain. Figure 5 shows the total amount

of time spent by electrons as a function of location in the

thruster. This figure shows that electrons spend a lot of

time in the center of the channel, which results in higher efficiency since the electrons are not reaching the anode.
To some extent, they are trapped there and prevented from drifting toward the anode due to the strong magnetic
field. However, these results also show there is a significant amount of electron transport to both the inner and outer
walls of the channel, where electrons also spend a good deal of time.
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Figure 6. Average velocity of all electrons vs. location in the thruster a) in the radial direction and b) in

the axial direction.
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The most important output for investigating
the electron mobility is the average velocity that
electrons have at each (r, z) location because
[t velocity is directly related to electron mobility.
g Figure 6a shows the average radial velocity
100 o P d . .
. o o over all electrons as a function of location in the

g thruster. This plot backs up the conclusions of
e Figure 5, namely that the electrons have little
. o radial velocity at the center of the thruster
@ channel, but do pick up speed toward the walls
as they move away from the center. The
= average velocity towards the inner wall
increases as an electron moves toward the inner
wall from the center of the channel, and the
velocity increases toward the outer wall as an
electron moves toward the outer wall from the
center. Therefore the electron trapping that
does occur near the channel center is an
unstable equilibrium.

Figure 6b shows the average axial velocity

for all electrons. Overall, the average velocities
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Figure 7. Electron trajectory simulation results for the are directed toward the anode, as would be
axial electron mobility averaged radially across the expected. However, there are small pockets of
thruster versus distance from the anode. axial velocity directed downstream away from

the anode, due to variations in the magnetic

field direction ,etc. The average velocities

toward the anode are largest in the low-magnetic field region near the anode, and to a lesser extent downstream of
the thruster exit plane. Average axial velocities are low in the high-field acceleration region of the thruster.

From these calculated velocities and the electric field in each cell, the electron mobility can be calculated in each

cell. The mobility and velocity are related through V = pE , where v is the velocity vector, 4 is the electron

mobility, and E is the electric field vector. This relationship becomes somewhat more complicated in the case of
crossed electric and magnetic fields, where an electric field in one direction can lead to a velocity in a perpendicular
direction (e.g.; an axial electric field giving rise to an azimuthal electron velocity and Hall current). In this case the
mobility is a tensor. The Monte Carlo electron transport code calculates the full 3D electron mobility tensors for a
given thruster and set of initial conditions. For comparison purposes however, these detailed tensor mobilities were
collapsed into an effective 1D axial mobility, as shown in Figure 7. These results can be compared to the best fit
mobility to experimental data that was previously plotted by Koo,'*'*. There is agreement between the shape of the
code output and the previous fit to experiment, indicating that the major relevant physics are indeed included in the
simulations. In both cases, the axial mobility is highest near the anode, drops to a minimum further downstream
toward the high-magnetic field region of the thruster, and then rises again as you move beyond the exit plane - but
not to the near-anode levels.

IV. Conclusions

A full 3D Monte Carlo trajectory simulation code has been developed to simulate HET internal electron
dynamics. Electron transport is important to thruster performance, because electron current reaching the anode
represents a loss in efficiency. Previous experimental and computational investigations have revealed an anomalous
axial mobility that cannot be explained with classical theory. This makes predictive modeling of HETs difficult
because the electron mobility values are not known without performing measurements on existing hardware. The
goal of the transport code is to enable calculation of the mobility directly from the knowledge of electric and
magnetic fields.

Simulations were completed using data from the AFRL/University of Michigan PS5 HET. The magnetic field for
this thruster is known from magnetostatic simulations and the electric field present during thruster operation has
been experimentally measured by Haas. Key outputs from the Monte Carlo code include information on where
electrons spend their time, and how they move throughout the thruster. The latter output, the average velocity of
electrons versus position in the thruster, allows calculation of the full 3D electron mobility tensor. An effective 1D
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mobility can be defined that takes the mobility tensor and expresses it in terms of axial velocity and axial electric
field. Comparison of the 1D axial mobility from our code and the mobility calculated by Koo for the PS shows
agreement, indicating that the transport code is correctly simulating the major relevant physics. Improvements to
the model can be made, e.g. in the level of detail for wall interactions. The code can be used to calculate electron
mobilities for known fields, without the need for experimental measurements of mobility from each thruster and set
of conditions. This represents a major improvement to Hall thruster modeling, allowing predictive modeling to be
performed.
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