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Nomenclature

r = Radial coordinate in cylindrical geometry
0 = Azimuthal coordinate in cylindrical geometry
z = Axial coordinate in cylindrical geometry
B = Magnetic field vector

B. = Radial magnetic field vector

B. = Axial magnetic field vector

B = Magnetic field magnitude

By = Applied (external) magnetic field magnitude
E = Electric field vector

E, = Radial electric field vector

Ey = Azimuthal electric field vector

E. = Radial electric field magnitude

L, = Radial gradient length scale

e = Fundamental charge

Uion = Jonization energy

M = Mass of species s

Ng = Number density of species s

no = Plasma number density

1q = Discharge current

I = Injection current of species s

Ts = Temperature of species s

Tsin; = Injection temperature of species s

|73 = Electron beam injection energy

P, = Neutral gas pressure

Er = Relative permittivity

Ry = Penning discharge radius

R; = Injection radius

Oen = Electron-neutral collision cross-section
Ax = Cell edge length

At = Time step size

fs = Measured frequency

fstn = Predicted frequency

wstn = Predicted angular frequency

k = Wavenumber

ko = Azimuthal wavenumber

Up = Rotation speed

Vs = Jon-acoustic speed

Vo = E x B drift speed

Vs = Diamagnetic drift speed

Veiv = Critical ionization speed

L, = Reference azimuthal length

E, = Axial electric field magnitude (for Hall thruster simulations)
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I. Introduction

Hall plasmas, consisting of magnetized electrons and unmagnetized ions, exhibit a wide range of plasma
instabilities.»? In some systems these instabilities may result in the formation of a long wavelength, low
frequency fluctuation in plasma density, propagating in the E x B direction. This rotating structure is
commonly referred to as a plasma “spoke”.

The spoke has been well characterized within a number of experimental devices, including Hall thrusters,?
planar magnetrons, %23 cylindrical magnetrons®»2° and Penning discharges.?6-2® These devices feature
cylindrical geometry, with electron drift and spoke propagation occurring in the azimuthal direction.

The plasma spoke may play an important role in the anomalous transport of electrons across the applied
magnetic field, a source of reduced efficiency.?? Using separated probes within a Hall thruster, Janes &
Lowder® measured an azimuthal electric field correlated with the passage of the spoke and suggested that
the resulting Ey x B, drift was enhancing electron transport towards the thruster anode. More recently,
the use of segmented anodes within a Cylindrical Hall Thruster?® demonstrated that half of the discharge
current was being carried through the spoke, evidence for enhanced transport through the structure.®3

Due to its highly non-linear, turbulent and global nature, the spoke has continued to evade a clear
theoretical understanding. Proposed mechanisms include a type of ionization wave,> whereby the azimuthal
field at the front of the spoke provides sufficient energy to accelerate electrons and ionize neutrals, propagating
the plasma density perturbation. The ionization wave would progress at the Critical Ionization Velocity
(CIV)3! defined as veip = /2Uion /My, where Uy, and m,, are the ionization energy and mass of the neutral
species respectively.

Alternatively, the spoke may be the result of collective effects, with the Collisionless Simon-Hoh Instability
(CSHI) being a likely candidate.?®:2” Charge separation between drifting electrons and unmagnetized (non-
drifting) ions generates an azimuthal electric field. If the background electric field and density gradients
within the system are aligned Eq - Vng > 0, then the the resulting azimuthal field will act to enhance
perturbations in plasma density, driving the instability.

Investigation of the plasma spoke within a Penning discharge offers several advantages, most immediately
being improved access for diagnostics. The applied magnetic field is ideally uniform and aligned with the
axis of the device, allowing the electron dynamics parallel to the device axis to be decoupled from those
in the transverse direction. For purposes of simulations and theory, the system can therefore be treated as
approximately two-dimensional. The lack of a magnetic field gradient reduces the number of energy sources
for instabilities, eliminating possible driving mechanisms for spoke formation. In many systems the plasma
is also weakly collisional, further simplifying theoretical considerations. This makes it an ideal system within
which to study spoke formation and anomalous transport.

Simulations have played an increasingly important role in understanding the formation of the spoke and
its connection to anomalous transport. Kinetic techniques are required to self-consistently capture transport
effects, with the Particle-in-Cell Monte-Carlo Collision (PIC-MCC) method commonly being used. The
challenge with PIC-MCC comes from the numerical requirement to resolve the smallest time and length
scales associated with the plasma, the electron plasma frequency and Debye length respectively. These
constraints result in a significant computational overhead required to capture the vastly multi-scale physics
observed within devices such as the Penning discharge.

This challenge is usually dealt with in one of two ways. The first approach is to scale the system in
some way, either by reducing device size (to reduce the number of cells), decreasing the plasma density or
increasing the relative permittivity (to increase the Debye length and therefore allowable cell size). With
improving computational capabilities and employing scaling it has become possible to simulate 2D profiles
of a device,?>3? and even 3D devices.***? Low mode number, rotating structures have been observed in
a number of these simulations, in particular, Matyash found close agreement between the frequency of the
rotating structure observed within a model of a wall-less Hall thruster** and experiments at CRNS.%

The second technique adopts a hybrid approach, modeling electrons as a fluid, such that the associated
length and time scales need not be resolved. The primary disadvantage of this technique is that kinetic
electron transport effects are not captured self-consistently and must be incorporated via a model informed
from experimental evidence. None-the-less, hybrid models have had success in reproducing the spoke. Most
recently a two-dimensional axial-azimuthal hybrid code captured the motion of the spoke within a simulated
thruster channel with SPT-100 like parameters.*6 The spoke velocity was on the order of what has previously
been observed in experiments, and suggested to be the result of an instability driven by magnetic field and
density gradients.® 47
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Despite these capabilities, work is still in progress to produce unscaled, fully kinetic simulations of entire
devices. Perhaps equally as challenging will be developing tools for analysing the enormous amount of data
produced by such simulations.

The present paper summarises the results of our recent publication,*® whereby scaling of the spoke
frequency was studied within two-dimensional PIC-MCC simulations of a Penning discharge with scaled
relative permittivity. We then proceed to discuss development of new computational tools for the unscaled
modeling of the Penning discharge or Hall thruster channel. These tools will be applied to the study of
anomalous cross-field transport over the multi-scale phenoma encapsulated within low-temperature plasma
turbulence and through the emergence of coherence structures such as the plasma spoke.

II. Methodology

The scaling of spoke frequency was studied using the Large-Scale Plasma code (LSP).*? LSP is a multi-
purpose and versatile PIC code, widely benchmarked and validated within the community.** % It was
assumed that the system could be treated electrostatically, and Poisson’s equation inverted to obtain the
electric potential from charge density. PPPL modifications to the code® include incorporation of the latest
version of the Portable Extensible Toolkit for Scientific Computation (PETSc)?* %6 for improved performance
and scalability. Poisson’s equation was inverted via the SuperLU,%"-5® LU factorization package accessed via
the PETSc interface.

Simulation were modeled off the Penning discharge experiment at the PPPL-HTX laboratory.?® Within
this device an RF plasma cathode injects electrons along the axial magnetic field, ionizing a low pressure
gas of either Argon or Xenon. Electron motion in the radial direction is inhibited by an axially applied
uniform magnetic field. Ions are weakly magnetized and therefore significantly more mobile, giving rise to
an ambipolar radial electric field. The applied magnetic field and ambipolar electric field result in electrons
undergoing E,. x B, drifts in the azimuthal direction. The plasma is surrounded by a grounded cylindrical
metal anode with 10 c¢m diameter. The ends of the cylinder are dielectric, preventing the short-circuit effect.
The device geometry and simulation geometry are shown in Figure 1.
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Figure 1: a) Experimental setup of the Penning discharge at PPPL2® in r-z geometry. Magnetic field lines
are indicated in red. b) Cross-section of the Penning discharge, representative of the simulation domain in
r-0 geometry. Blue lines indicate the radial ambipolar electric field and green-dashed lines represent the
direction of the electron E x B drift. Xenon ions are unmagnetized.

A slice of the device cross-section was modeled on a uniform Cartesian grid, with particles evolving in
2D-3V phase space. While a two-dimensional model appears to be a good approximation for this system, a
limit of these simulations is that they will not capture axial modes or the effects of the dielectric end plates.
A Cartesian grid was chosen over a cylindrical grid to avoid numerical instabilities associated with the grid
singularity at zero radius.

A uniform magnetic field is applied perpendicular to the simulation domain. To shed light on the forma-
tion mechanism of the spoke, both collisionless and collisional simulations were performed. In collisionless
simulations, electrons and ions are injected into the center of the trap at fixed current and initial temper-
ature, I., T, ;n; and I;, T; ;n; respectively (see Table 1). For collisional simulations, electrons with energy
V, are injected into a uniform background of neutrals with pressure P, and temperature T,, (see Table 1),
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and ions form via ionization. Modeled collisions include Coulomb collisions between all charged species and
electron-neutral collisions. Neutral particle excitation was not modeled. Both electron-neutral elastic and
ionizing collisions were informed by experimental data.?”

Table 1: Physical parameters of simulations.

Property Symbol Value Units
Relative Permittivity Er 400 —
Discharge Radius Ry 2.5 cm
Injection Radius R; 0.1 cm
Applied Magnetic Field By 100 Gauss
Electron Current I, 250 mA
Ton Current I; 100 mA
Discharge Current Iy —150 mA
Electron Injection Temperature T ing 5 eV
Ton Injection Temperature T} ing 293 K
Electron Beam Energy Vi 15 eV
Neutral Pressure P, 1 mTorr
Neutral Temperature T, 293 K
Electron-Neutral Cross-Section Oen, 2.88 x 10~ m?

Simulations were designed to be completed within a realistic time frame, enabling parametric investiga-
tions of instabilities within the Penning discharge. To achieve this goal the simulation domain was reduced
from 10 ¢m to 5 ¢m and the Xenon gas mass was reduced to that of Helium-4. To relax the strict constraints
on PIC simulations the relative permittivity was increased to e, = 400, increasing the Debye length and
reducing plasma frequency, thereby allowing for larger cell size and time step respectively. The relative per-
mittivity was scaled, since it is suspected to play a small role in the instabilities which may be responsible
for spoke formation. This scaling, however, will influence higher frequency instabilities, which may effect the
cross-field transport rate of the plasma.

These modifications led to a grid of 250 x 250 cells, with cell edge length Az = 200 pum and time step
At = 40 ps, suitable to resolve all relevant plasma length and time scales. Simulations of 100 us of plasma
time could therefore be completed within 2 days. Simulation were run with 28 cores on the Princeton
University Perseus supercomputer and 24 cores on the Department of Energys National Energy Research
Scientific Computing Center (NERSC) Edison supercomputer. Post-processing was performed via the IDL
based LSP post-processing tool P4 and in-house Python codes.

ITI. Results & Discussion

A. Comparing Collisionless and Collisional Simulations of the Rotating Spoke

For collisionless simulations, electrons and ions are injected into the center of an initially empty domain.
The negative discharge current I; = I; — I, < 0, results in an initially non-neutral plasma until sufficient ions
have been injected to provide a neutralizing background. Quasi-neutrality is achieved around 100 ps, after
which a long-wavelength, single mode structure forms, rotating in the azimuthal direction. When viewed in
the direction of the applied magnetic field, the structure rotates anti-clockwise.

Figure 2 shows contour plots of instantaneous electron density, plasma potential, and current streamlines,
commencing at 250 ps and incremented by a /4 phase shift of the rotating structure. The phase of the
rotating structure is measured to obtain a rotation frequency of fs = 66.0 kH z, significantly lower than the
electron and ion plasma frequencies, the electron cyclotron frequency and the lower-hybrid frequency. When
computed at r = Ry/2, the structure rotation speed is v, = 5.18 km/s, around half of the ion-acoustic speed
vs = 10.6 km/s.

Numerical convergence was verified by measuring the mode frequency for simulations with half the cell
size, half the time step and double the particle number, showing no more than a 3.8% discrepancy. Modeling
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convergence was checked by scaling the relative permittivity, which for &, = 100 agrees within 11 %.

In collisional simulations, electrons are injected into a neutral background gas, the system rapidly reaches
quasi-neutrality from ions formed via ionization. A large scale, low-frequency single mode develops after 20
us. Figure 3 shows four contour plots of electron density, commencing at 61.4 ps and incremented by a 7 /4
phase shift of the rotating structure.
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Figure 2: a) Electron density contours, b) plasma potential contours, ¢) current streamlines, of the collision-
less Penning discharge at simulation time, from left to right; 250 us, 253.8 us, 257.5 us and 261.3 us. An
animated version of part a) of this figure is available at https://youtu.be/sM1X637YAgM.

The spoke frequency is computed as f; = 62.4 kHz with a rotation speed at » = Ry/2 of v, = 4.90 km/s,
both within 6% of the values obtained for the collisionless case. The structure of the density contours reveal
similar behaviour to that of the collisionless case, although the spoke structure extends further towards the
anode and appears to have a larger azimuthal extent. This most likely indicates that ionization is occurring
not only within the injection region at the center of the trap, but also within the spoke itself, enhancing
plasma density and broadening the spoke.
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Figure 3: Electron density contours of the collisional Penning discharge at simulation times, from left to
right; 61.4 us, 65.8 s, 70.7 pus and 74.2 pus. An animated version of this figure is available at https:

//youtu.be/Dv88TRtVxFk.
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Figure 4: Azimuthally and temporally averaged radial profiles of a) electron density n.(r), b) gradient-
length-scale L,,(r) = n.(r)/(dn.(r)/dr), b) electric potential ¢(r), c) radial electric field E,(r) for collisional

and collisionless cases.

The average radial density, gradient length scale, electric potential and electric field profiles (see Figure
4) are computed over numerous spoke rotation frequencies after each simulation achieves quasi-steady state.
The density profile and density gradients for the collisional case are shallower than the collisionless case.
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This also indicates that ionization is likely occurring outside of the injection region, since a more diffuse
source of ions can sustain a flatter electron density profile. The electric potential and electric field profiles
are similar between both cases, with the collisional case exhibiting a linear potential and therefore flatter
electric field profile.

Estimates for the E x B and diamagnetic drift speeds for the collisionless case are obtained by averaging
the radial electric field and gradient length scales away from the injection and sheath regions within r €
[0.2Ry,0.8Ry], giving an average azimuthal E x B speed of vy = (|E.|) /By = 13.1 km/s and electron
diamagnetic drift speed of v, = T./(e {|L,|) Bo) = 64.5 km/s. Within the same frame of reference as Figure
2, both of these drifts occur in the anti-clockwise direction. The rotation speed of the large scale structure
is an order of magnitude smaller than the electron diamagnetic drift speed and less than half of the E x B
speed. In both cases, since the large scale structure is shown to be low-frequency, long-wavelength and
rotating in the E x B direction it exhibits all of characteristic behaviour of the plasma spoke, as observed
within the Penning discharge and numerous other experiments.?® 728 Therefore it is proposed that the
rotating structure observed within these simulations is the plasma spoke.

Despite small quantitative differences, the spoke frequency and structure as well as the average discharge
profiles are remarkably similar between the collisional and collisionless cases. This indicates that the same
fundamental mechanism is likely responsible for the formation of the spoke. Since it is shown by the
collisionless case that ionization is not necessary for spoke formation, it is unlikely that the spoke is caused
by an ionization wave. Furthermore, for reduced mass Xenon, the CIV3! v.;, = 17.1 km/s is significantly
larger than the spoke rotation speed.

This leaves the Collisionless Simon-Hoh Instability (CSHI) as a likely candidate for the formation of the
spoke within these simulations. In both the collisional and collisionless cases E,.(r)/Ly(r) > 0V r such that
the instability criterion for the CSHI is satisfied. Keeping in mind the limitations of these simulations it is
therefore possible that the rotating spoke observed within the Penning discharge is the result of the CSHI,
rather than an ionization wave.

B. Spoke Frequency Scaling with Discharge Parameters

Considering the relative magnitudes of the average diamagnetic drift speed v, = 64.5 km/s, E x B speed
vg = 13.1 km/s and ion-sound speed vs = 10.6 km/s, linear CSHI theory suggests the following scaling for

the spoke frequency,®°
[v2 leE,.L
Ws th = sto k? = o k2. (1)
Uy m;

Assuming a single azimuthal mode propagating at r = Ro/2, we have k = kg = 2/Ry, and therefore a
theoretical estimate for the spoke frequency,

1 ek, L,

fs,th = TRO p

(2)

The validity of this scaling is tested by modifying the discharge parameters of the collisionless simulation.
For each simulation, the radial electric field multiplied by the gradient length scale (|E,.L,|) is averaged for
r € [0.2Rg,0.8Ry]. The estimate for spoke frequency fs 4, is plotted with the measured spoke frequency fs
for different discharge parameters.

Figure ba demonstrates a correlation between spoke frequency and discharge current magnitude. In-
creasing the applied magnetic field strength reduces electron mobility and therefore results in an enhanced
ambipolar electric field. Therefore, as per Equation 2, the spoke frequency should scale as f; ~ Vv B. This
is demonstrated in Figure 5b and consistent with experimental observations.?® Ion-mass m; is varied and
Figure 5c¢ shows a near linear correlation between spoke frequency and 1/,/m; (normalized to the ion mass
of Helium-4), consistent with experimental observation.?® This also demonstrates that the spoke rotation
velocity scales in an identical way to the ion-acoustic velocity with respect to ion-mass.
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Figure 5: Spoke rotation frequency f, and predicted rotation frequency f, ¢, as a function of; (a) discharge
current magnitude I, (b) applied magnetic field strength B, (c¢) inverse square root of ion mass m;.

For each of these parameter scans the approximate theoretical estimate for the spoke frequency shows
good agreement in both magnitude and scaling to the measured numerical spoke frequency, providing strong
evidence for this scaling relationship and that the CSHI is the driving instability of the rotating spoke. It
should be taken into consideration that the observed structure is clearly highly non-linear and turbulent,
making it surprising that a simple estimate based on linear theory provides such an accurate fit.

IV. Code Development for Modeling Anomalous Transport

Figure’s 2a and 3 as well as their corresponding animations (see links in Figure captions), show that the
spoke does not appear to rotate as a rigid body, but rather as a density perturbation rich in micro-structure.
This is further evidenced by Figure 2b which shows a noisy and highly fluctuating plasma potential, with
dips in plasma potential only weakly correlated with the passage of the spoke. Figure’s 2b and 2c¢ show
that there is neither a strong electric potential gradient nor current channel associated with the front of the
spoke, however both indicate the presence of a turbulent plasma. Qualitatively it appears that any increase
in cross-field electron transport within the structure will be the result of enhanced turbulence, rather than
strong correlation with the azimuthal electric field.

While scaling of the relative permittivity e, is predicted to have little effect on the global spoke structure,
it will likely influence the micro-structure developing within the spoke. This will limit the accuracy of any
study which aims to develop an understanding of these structures, or predict the resulting rates of transport.
It is therefore necessary to develop simulation tools which can fully resolve the physics of the Penning
discharge, or equivalent system such as a Hall thruster channel.

We seek to push the boundaries for low-temperature plasma simulations, by developing the framework
for a high performance kinetic particle-in-cell code. This code is written from the ground up to be scalable
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to many thousands of processors, and draws on lessons learned from the plasma community in developing
simulation packages for high-temperature plasma applications such as fusion and laser-plasmas.662 This
framework features multi-level parallelism via MPI, OpenMP and vectorization, as well as mixed domain
and particle list decomposition to optimally distribute resources based on the physics of the system under
investigation.

As stated above, a critical challenge for kinetic simulations is the requirement to resolve the plasma Debye
length. This is particularly challenging for low-temperature plasmas, where the Debye length can be three
or more orders of magnitude smaller than the system size, necessitating the use of very fine grids. Many
low-temperature systems can be treated accurately using the electrostatic approximation, which removes the
constraint of resolving the CFL condition for the speed of light, although introduces a challenge in solving an
elliptical equation over enormous grid domains. Solvers must also be robust, in the sense that they should
be able to handle complex geometry and boundary conditions such as conducting, dielectric and free-exit
boundaries. In the past decade, several high-performance and scalable packages have emerged for solving
such systems centered around multi-grid techniques.?® %364 These capabilities effectively overcome these
challenges and enable electrostatic systems to be solved, in a scalable way, on the very large grids required.
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Figure 6: Contour plots of ion density within simulations of a Hall thruster channel, similar to those described
in Boeuf & Garrigues.%®> The azimuthal extend of the simulation domain is adjusted from (a) L, = 1.28 cm
to (b) 2L, = 2.56 ¢m, (c) 4L, = 5.12 em and (d) 8L, = 10.24 cm.

Besides implementation of these techniques,®® the code relies on tried and tested particle-in-cell algo-
rithms. Particles are pushed in double precision via the standard Boris algorithm.¢ Random numbers
are generated via the thread safe SIMD oriented Fast Mersenne Twister ({ISFMT) package.®” Rather, sig-
nificant effort was placed on incorporating these algorithms, particle boundaries, sources and sinks, and
differentiation in the most scalable manor possible.
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The new code was recently benchmarked as part of a global effort to demonstrate convergence between
low-temperature plasma codes designed for the modeling of E x B discharges (see poster by T. Charoy in the
proceedings of this conference). The simulation is similar to that of Boeuf & Garrigues®® modeling a 2D-3V
azimuthal segment of a Hall thruster channel. The setup is idealized in the sense that there are no collisions,
and ionization as well as a virtual cathode are modeled via particle injection profiles. Simulations performed
with the new code were in close agreement with the six other international codes benchmarked in the effort.
Importantly, the code also demonstrated high speed as well as favourable weak scaling performance with
particle number.

We extended the work of this benchmarking effort by studying the influence of azimuthal length of the
Hall thruster segment on the averaged profiles of the discharge. Figure 6 shows contours of ion density after
20 ps of simulation time for the benchmarked azimuthal length (L, = 1.28 ¢m) and for lengths 2L, 4L,
and 8L, respectively. We see the emergence of similar instabilities as in the benchmarked case, although
with a corresponding increase in wave peaks with azimuthal length. The instabilities appear qualitatively
similar among the simulations, however the average axial profiles (between 16 — 20 us) of ion density, axial
electric field, and electron temperature (see Figure 7) show that there are underlying differences. Particularly
curious is the increase in electron temperature for the simulation with 8L, extent.

lel7
(a)4 Ly
2L,
& 31 — 4k
E — 8L,
=
=2
<
1,
00 05 10 15 20 25 00 05 10 15 20 25
y (cm) y (cm)
60 - Ly
2L,
50 — a4l
S —— 8Ly
3 40
S
w 301
[y
20
101

00 05 10 15 20 25

y (cm)

Figure 7: Azimuthally averaged axial profiles of (a) ion density n;, (b) axial electric field £, and (c) electron
temperature T, within Hall thruster channel simulations of various azimuthal extends.

These changes in average axial behaviour could be due to several reasons. Possible explanations include
the emergence of long-wavelength instabilities, not yet observable within the plots of ion density shown in
Figure 6. Or more likely, 20 ps is simply not enough time for these larger simulations to reach steady state.
While extended simulations of these larger domains are ongoing, it is clear that codes which can capture the
entire domain of a device are important for fully resolving the physics, even for such an idealized simulation
setup.

These simulations also provide an excellent opportunity to demonstrate the weak scaling behaviour
of the new code. Figure 8 shows the average total time (in ms) per simulation step and the average
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time per step for critical code routines. The scaling was performed for simulations with azimuthal ex-
tents {0.25L,,0.5L,, L,,2L,,4L,,8L,,16L,} with the largest simulation comprising a fully resolved kinetic
simulation of a two-dimensional domain 20.48 cm x 2.5 cm. We observe excellent weak scaling, demonstrat-
ing that two-dimensional simulations of a full Hall thruster channel are indeed made possible through the
implementation of high-performance computing best practices.
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Figure 8: Results of weak scaling test for two-dimensional simulations of a Hall thruster channel. Step time’s
are measured in milliseconds and averaged over 1000 steps.

V. Conclusions

A highly non-linear turbulent structure rotating in the azimuthal E x B direction is observed to form
within full-size two-dimensional kinetic simulations of a Penning discharge. This structure exhibits charac-
teristic behaviour very similar to that of the rotating spoke observed in experiments. Similarity between
simulations with and without ionization suggests that the spoke is not the result of an ionization wave.
The generated ambipolar electric field and density gradient are aligned so as to destabilize the collisionless
Simon-Hoh instability. The correlation of the resulting spoke frequency with the average radial electric
field, gradient length scale and ion mass supports the claim that the collisionless Simon-Hoh instability is
responsible for its formation.

A new code has been designed to study the effects of anomalous transport within E x B discharges.
Emphasis was placed on adopting high-performance-computing best practices, to enable scalability up to
thousands of cores and therefore simulations of very large domains. The code was shown to possess good
weak scaling behaviour, and demonstrated that even within idealised simulations of a Hall thruster channel,
the resolution of large length scales is critical to fully resolve the physics.
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