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Abstract
Low-temperature plasmas (LTPs) are essential to both fundamental scientific research and critical
industrial applications. As in many areas of science, numerical simulations have become a vital tool
for uncovering new physical phenomena and guiding technological development. Code bench-
marking remains crucial for verifying implementations and evaluating performance. This work
continues the Landmark benchmark initiative, a series specifically designed to support the verific-
ation of LTP codes. In this study, seventeen simulation codes from a collaborative community of
nineteen international institutions modeled a partially magnetized E×B Penning discharge. The
emergence of large scale coherent structures, or rotating plasma spokes, endows this configura-
tion with an enormous range of time scales, making it particularly challenging to simulate. The
codes showed excellent agreement on the rotation frequency of the spoke as well as key plasma
properties, including time-averaged ion density, plasma potential, and electron temperature pro-
files. Achieving this level of agreement came with challenges, and we share lessons learned on how

© 2026 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-6595/ae3985
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6595/ae3985&domain=pdf&date_stamp=2026-2-5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0755-8376
https://orcid.org/0000-0003-2148-4553
https://orcid.org/0000-0003-3989-469X
https://orcid.org/0000-0003-2853-2255
https://orcid.org/0000-0002-9766-0368
https://orcid.org/0000-0001-6498-2822
https://orcid.org/0000-0003-1023-222X
https://orcid.org/0000-0002-7767-6231
https://orcid.org/0000-0003-3662-4651
https://orcid.org/0000-0003-4768-9397
https://orcid.org/0000-0002-7061-3668
https://orcid.org/0000-0002-5333-9572
https://orcid.org/0000-0003-1369-6150
https://orcid.org/0000-0002-5409-4028
https://orcid.org/0000-0002-3007-5981
https://orcid.org/0000-0001-5160-6385
https://orcid.org/0000-0002-0531-8021
https://orcid.org/0000-0002-2817-0138
https://orcid.org/0000-0001-8920-9908
https://orcid.org/0000-0001-6855-098X
https://orcid.org/0000-0002-1816-165X
https://orcid.org/0000-0003-3572-1310
https://orcid.org/0000-0002-9620-7190
https://orcid.org/0000-0003-0653-5682
https://orcid.org/0000-0002-5197-402X
https://orcid.org/0000-0002-4376-1518
https://orcid.org/0000-0001-6702-2819
https://orcid.org/0000-0001-7649-3663
https://orcid.org/0000-0001-6592-1730
https://orcid.org/0000-0001-6423-0778
https://orcid.org/0000-0002-1227-8363
https://orcid.org/0000-0002-1273-9641
https://orcid.org/0000-0002-8919-1653
https://orcid.org/0000-0002-4975-2743
https://orcid.org/0000-0003-0261-0841
https://orcid.org/0000-0001-9361-9010
https://orcid.org/0000-0001-9713-6198
https://orcid.org/0000-0002-5114-7884
https://orcid.org/0000-0002-8729-1984
mailto:apowis@pppl.gov
https://doi.org/10.1088/1361-6595/ae3985


Plasma Sources Sci. Technol. 35 (2026) 025002 A T Powis et al

to conduct future benchmarking campaigns. Comparing code implementations, computational
hardware, and simulation runtimes also revealed interesting trends, which are summarized with
the aim of guiding future plasma simulation software development.

1. Introduction

The study of low-temperature plasmas (LTPs) is motivated by scientific exploration as well as their
importance to numerous critical industrial technologies [1]. LTPs exhibit complex, multiscale, and
often chaotic behavior, similar to those observed in other regimes of plasma physics, with additional
complexity introduced by chemical reactions and surface processes. On the applications side, LTPs are
present in all of the most critical steps in microcircuit fabrication [2], with additional use cases including
other forms of materials processing [3], power transmission technologies [4, 5], and spacecraft electric
propulsion [6, 7]. Research into LTPs therefore provides enormous benefits to both scientific and engin-
eering communities.

As in many domains of modern science, simulations have come to form a third foundational pillar
of discovery for LTPs. Plasma experiments, even in the low-temperature regime, are challenging to run
and diagnose non-intrusively. Furthermore, the high-dimensional, non-linear, and multiscale nature of
the governing equations often prevents analytical solution. Simulations therefore play a critical role in
solving these equations under realistic conditions, and assist in interpreting experimental results. Despite
their high computational cost, LTP simulations are also playing an increasingly important role in com-
puter aided engineering of related technologies [8]. This progress has been aided by the continuous
improvement of computing performance, particularly with the widespread adoption of computational
accelerators [9], as well as the integration of traditional modeling techniques with machine learning [10].
Nonetheless, computer science and algorithm design for LTPs is still a cutting edge area of research (for
further discussion, see section VII in [11]).

Many of the interesting LTP phenomena and applications referenced above operate in the kinetic
regime, with the plasma governed by the Boltzmann equation in combination with electrostatic or
electromagnetic field equations. Due to its intuitive nature and relatively simple implementation, the
particle-in-cell (PIC) algorithm has become the most common approach for modeling kinetic plasmas,
including LTPs [12–14]. The algorithm uses a mixed Eulerian/Lagrangian framework, with the fields
solved on an up to three-dimensional Eulerian grid and particles evolved in a Lagrangian sense, in the
up to six-dimensional phase space. Furthermore, collisions between charged species and neutrals are
often implemented via Monte Carlo algorithms [15]. PIC is also highly parallelizable, with particles
evolved in a way that is nearly embarrassingly parallel, and field solvers can take advantage of mature
distributed linear algebra packages [16–18]. Furthermore, the particle and collision routines are amen-
able to GPU acceleration, making the algorithm even more appealing for use on modern heterogeneous
supercomputing architectures [9, 11, 19, 20].

Despite the relatively simple and interpretable nature of PIC, the requirement for versatile, scalable
and portable software can significantly complicate code design and implementation. Therefore, as in any
other field, code validation and verification play an important role in developing PIC codes for LTPs.
Verification can be pursued in several ways, including through unit tests, the method of manufactured
solutions [21] and through benchmarking against other codes. In the past several years the LTP simula-
tion community has introduced a series of benchmarks against which developers can test their software,
these include the popular Turner benchmark of 2013 [22] as well as the Landmark benchmarks [23–
25]. The aim of this work is to extend the Landmark series with a new benchmark configuration which
models low-frequency and large-scale structures emerging in partially magnetized E×B plasmas. This is
pursued through two-dimensional PIC simulations of a Penning discharge cross-section, wherein a low-
frequency rotating spoke is commonly observed.

Two previous benchmarks from the Landmark series, specifically 2a [24] and 2b [25] modeled colli-
sionless partially magnetized E×B LTPs in the simplified two-dimensional geometry of a Hall thruster
propulsion system. Within this regime, the magnetic field strength is sufficient to magnetically confine
electrons, whereas the heavier ions are weakly-magnetized and can move freely under the influence of
electric fields. Despite being confined by the applied magnetic field, it has been observed numerically,
and experimentally, that electrons are eventually transported across the field lines from the cathode to
the anode, even when ignoring collisions with other species. The underlying mechanism for this ‘anom-
alous’ transport is still an active area of investigation, with numerous mechanisms being proposed. These
include near-wall conductivity [26, 27] and a wide range of plasma waves and instabilities [28–39], with
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Figure 1. Illustration of a typical Penning discharge experiment with a beamline source of energetic electrons emitted from the
cathode. The outer cylindrical pressure vessel is grounded, with dielectric end-plates. The approximately uniform axial mag-
netic field (red arrows) is sustained by electromagnets. Dynamics between the magnetized electrons and weakly magnetized ions,
which are produced at the center and diffuse outwards, produces a radial ambipolar electric field (blue arrows) in the opposite
direction to that of a typical ambipolar field found in un-magnetized plasmas. This results in azimuthal E×B drift (green arrow),
with the streaming of electrons against slowly moving ions leading to formation of the rotating spoke.

the true mechanism likely being a combination of effects and also dependent on the device under con-
sideration. One important plasma mode which does not emerge within the Landmark 2 configurations
is the so-called rotating plasma ‘spoke’ [40], a low-frequency, large-scale coherent structure observed
in numerous E×B experiments [41–92] and simulations [93–123]. Numerical modeling of this mode
within the Penning discharge represents an order of magnitude increase in the range of time scales when
compared to the physics modeled in the Landmark 2 cases, providing a significant stress-test of code
capabilities.

Over the past decade there has been a significant effort to develop an understanding of the spoke
formation mechanism. It is generally agreed that the spoke is seeded by a gradient-drift instability
(GDI), often referred to as a modified or collisionless Simon–Hoh instability (CSHI) [63, 64, 83, 93,
109–111, 114, 124]. Charge separation, resulting from the relative E×B drift of magnetized electrons
to the non- or weakly-magnetized ions (or possibly due to diamagnetic drift [125]) fuel linear growth
and rotation in the E×B direction. At long times, the spoke can coalesce into a mode or modes with
amplitude comparable to the peak density within the device. Various theories have been proposed to
explain the non-linear and saturated behavior of the spoke, including formation from an inverse cascade
of the GDI (or possibly higher frequency) waves [107, 109, 119]. It has also been proposed that when
combined with a gradient in magnetic field the spoke can transform into an ionization wave, and even
reverse direction [40, 108, 110]. One theory also proposes that observations of the spoke are projections
of a 3D helical structure [120]. Just as for anomalous transport, the true answer is likely dependent on
the specific system under investigation and may result from several of the above effects, as well as coup-
ling to other waves and instabilities within the device. The structure is often strongly correlated with
anomalous transport [40, 43, 45, 93, 94, 107, 108, 111], whether due to transport being enhanced by the
wave itself, or the presence of a majority of the plasma current within the spoke arms. While there has
been much light shed on the spoke formation, structure, and effects on device performance, this brief
discussion highlights that the matter is by no means settled and that this complex phenomena is worthy
of continued study.

The Penning discharge is an E×B device which exhibits similar behavior to that observed in Hall
thrusters, albeit with a simplified geometry [63–65, 70, 72]. This includes the presence of anomalous
transport and rotating spokes. The device geometry, shown in figure 1, consists of a central plasma
source and uniform axial magnetic field. Plasma is confined axially by the dielectric end plates, and radi-
ally by the magnetic field. A radial ambipolar field emerges which drives E×B processes and associated
instabilities, including the spoke. The axial dynamics, along the magnetic field lines take place at a rel-
atively short timescale when compared to the radial and azimuthal motion of the plasma. It is there-
fore common to assume that this axis can be decoupled from the radial-azimuthal plane. The numerical
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benchmark presented in this work will model a two-dimensional slice of the Penning discharge, includ-
ing E×B motion and formation of the rotating spoke.

As a numerical benchmark, the collisionless Penning discharge is compelling for several reasons.
First, despite the complex physics taking place within the discharge, the configuration is relatively simple,
and it is therefore less challenging to define a clear and concise benchmark description. Second, the dis-
charge exhibits complex multiscale collective behavior, which should emerge from PIC code simulations.
This includes microscale instabilities, such as the electron-cyclotron drift instability and magnetized two-
stream instability observed in the Landmark 2a and 2b benchmarks [24, 25], as well as large scale phe-
nomena such as the spoke. Third, although not the original purpose of this effort, the long time-scale
and non-uniform nature of the discharge strains code performance with respect to runtime and par-
allelization strategy. Fourth, there exist numerous natural extensions to this benchmark, most import-
antly the inclusion of collisional effects. Fifth, there are several experimental Penning discharges around
the world [67, 72, 73], making this, or a future collisional version of this benchmark a potential path-
way towards a code validation exercise, more of which are needed within the LTP community (see for
example [126–129]). Finally, there are many fascinating and unresolved physics questions associated with
partially magnetized E×B discharges and the hope is that engaging numerous groups in the modeling
of this device may lead to further and deeper investigation into these unsolved problems.

The paper proceeds as follows, section 2 outlines the setup for the benchmark and numerical dia-
gnostics as well as details of the participating codes. Section 3 compares the results of the different
codes as well as highlighting lessons learned during the benchmark and providing suggestions on high-
performance computing (HPC) best practices for future code development. Finally, section 4 offers some
concluding thoughts on the effort.

2. Methodology

To ensure a successful benchmarking effort, a complete, clear and concise description of the simulation
configuration is crucial. In this section, we outline the simulation setup (section 2.1) and the diagnostics
used for code comparisons (sections 2.2 and 2.3). Section 2.4 provides details on each of the participat-
ing institutes and their associated PIC codes.

2.1. Penning benchmark configuration
A collisionless Penning discharge configuration with helium-4 ions is considered for this benchmark.
Since the spoke rotation frequency scales with the inverse square root of ion mass [93], typical argon
and xenon gases would have led to excessive runtimes, dictating the choice of helium-4. There exists a
wide range of algorithms for modeling curved boundaries in PIC simulations, each of which can lead to
slightly different simulation results. To control for the effect of such implementations on the benchmark-
ing exercise, we relax the curved geometry of the Penning discharge experiment (see figure 1) to that of
a grid-aligned square, an approach which has been pursued in numerous other numerical experiments
[112, 119–121, 130]. The two-dimensional square domain {x,y} is centered about the origin, with edge
lengths Lx = Ly = 5 cm (see figure 2). The boundary is grounded with electric potential ω= 0V, and per-
fectly conducting, such that all particles reaching the boundary are absorbed (deleted from the simu-
lation). There is a uniform, constant, externally applied magnetic field in the z direction with strength
B= 100G. With ion temperature ≈ 0.5 eV, their cyclotron radius is comparable to the device scale, which
while still making them weakly magnetized, can subtly influence the physics.

The simulation is run for a total of Nt time steps each of length ∆t up to a final time tsim = 500µs.
This is sufficient to resolve approximately a dozen rotations of the spoke, and ∆t is small enough to
resolve the electron plasma frequency ωp,e in the most dense part of the resulting quasi-steady state
plasma. The grid is Cartesian and uniform with an equal number of cells in each direction (Nx = Ny)
and with square cells (∆x=∆y). The cell size is sufficient to appropriately resolve the smallest electron
plasma Debye length λD,e at quasi-steady state. The values for all numerical and physical parameters are
listed in table 1.

At t= 0s the domain is completely empty, with no macro-particles present. A constant source of
electrons and ions is created in the center of the domain, sampled randomly from a Maxwellian velocity
distribution function defined by,

fα
)
vx,vy,vz

)
= fα,0 exp

(
v2x + v2y + v2z
2Tα,0/mα

)
, (1)
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Figure 2. Schematic of the Penning discharge benchmark simulation domain, including geometry for the conducting boundaries
(thick black lines), injection region (blue circle), and location of the density probe (green dot). The light gray circular boundary
is not part of the simulation, but rather indicates the equivalent geometry for a Penning discharge experiment, similar to that
shown in figure 1.

Table 1. Physical and numerical parameters for the Penning discharge benchmark, including details on averaging times for diagnostics.

Parameter Symbol Value Units

helium-4 ion mass mi 7291.712 me

Time step size ∆t 40 ps
Number of time steps Nt 12,500,000 —
Total simulation time tsim 500 µs
Steps between diagnostic print Nprint 1250 —
Time between diagnostic print ∆tprint 0.05 µs
Domain length in x/y-direction Lx, Ly 5.0× 10−2 m
Cells in x/y-direction Nx, Ny 256 —
Cell length in x/y-direction ∆x,∆y 1.953× 10−4 m
Applied magnetic field strength B 100 G
Injection radius Rinj 5.0× 10−3 m
Electron injection current Ie,0 −20.0× 10−3 Am−1

Electron injection temperature Te,0 15.0 eV
Ion injection current Ii,0 8.0× 10−3 Am−1

Ion injection temperature Ti,0 0.025 eV
Macro-particle weight W 1.0× 105 —
Electron macro-particles injected per time step N∆t,e 49.932 —
Ion macro-particles injected per time step N∆t,i 19.973 —

where α ∈ {e, i} is the species index, mα is the mass, Tα,0 is the characteristic injection temperature in
Joules, and f0,α is a normalizing constant.

The injection profile ṅα is a cylindrical Heaviside function with form,

ṅα (x,y) =

{
ṅα,0 for x2 + y2 ! R2

inj,

0 otherwise,
(2)

giving a total ‘injection’ current for each species of Iα = π qαṅα,0R2
inj. Where qα is the charge and ṅα,0 is

the constant particle number injection rate for each species.
In these simulations, macro-particles are treated as constant weight, therefore when computing the

number of macro-particles to inject per time-step, there is often a remaining fraction of a particle. This
is handled by drawing a random number and testing it against the fractional remainder to determine if
an additional particle should be injected per time step.
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2.2. Time averaged diagnostics
Instantaneous snapshots of parameters are printed at time-step intervals of Nprint which corresponds to
∆tprint time between outputs. The following grid-based quantities are saved at each output time:

- Ion density ni (x,y)
- Electron temperature Te (x,y)
- Plasma potential ω (x,y)

Time-averaged slices of the above listed quantities are used as the primary comparison between codes.
Data slices are taken along the x-direction with x ∈ [−Lx/2,Lx/2] and y= 0 (i.e. along the x-axis). This
single slice is then averaged over the left and right hand sides of the domain. Specifically, the data at
x ∈ [−Lx/2,0] is flipped and averaged with the data at x ∈ [0,Lx/2], providing a single half-profile from
the center of the domain to the right hand edge.

Although the system becomes quasi-neutral shortly after initialization, it takes some time for the
large scale spoke structure to start-up and for the system to reach quasi-steady state. Considering this,
time averaging is performed over 200µs! t< 500µs, with each snapshot printed at interval ∆tprint. In
total, each quantity is averaged over 6,000 instantaneous snapshots. As will be discussed in section 3.1,
several codes were run to much longer times, averaging quantities over a larger set of data.

Since the plasma potential is a grid-based quantity, measurement at each time step is straightfor-
ward. Measuring the plasma species density and temperature requires the interpolation of particle velo-
city moments onto the grid prior to sampling. This is performed via the standard, bi-linear, cloud-in-cell
approach. Dropping the species index, the mth velocity moment (nUm

β ) in direction β ∈ {x,y,z} is com-
puted as,

)
nUm

β

)
=W

P−1∑

p=0

Vm
p,βS

(
Xp − x

∆x

{
S

(
Yp − y

∆y

{
, (3)

where P is the total number of macro-particles, Xp and Yp are the position coordinates of particle p,
Vp,β is the velocity of particle p in direction β, and S(x) is the standard linear shape function:

S(x) =


⟨⟩

⟨

1+ x −1< x< 0

1− x 0! x< 1

0 otherwise.

(4)

The ion density is therefore computed from the 0th velocity moment, and temperature is defined as
the standard deviation of the velocity distribution function about the mean velocity. Specifically, for a
given species, cell location, and instantaneous snapshot, (not indexed here), the temperature in direction
β is defined as,

Tβ =m





(
nU2

β

)

n
−
(
(nUβ)

n

{2


 . (5)

For reasons that will be discussed in section 3.2, complications arise when computing the time-
average of plasma species temperature for the Penning discharge configuration. Therefore, we consider
two definitions in this work.
Temperature Type I: the standard definition, computing the temperature using equation (5) at each

snapshot time and then averaging temporally across all times,

〈Tβ〉It =m

(
nU2

β

)

n
−
(
(nUβ)

n

{2


t

, (6)

where 〈·〉t denotes time averaging.
Temperature Type II: a non-standard definition, choosing to average each velocity moment in time

prior to calculating the temperature [131],

〈Tβ〉IIt =m






nU2

β



t

〈n〉t
−
( 〈nUβ〉t

〈n〉t

{2



 . (7)

The final temperature is then computed the same for both procedures as, 〈T〉Θt = 1
3

∑
β〈Tβ〉Θt with

Θ ∈ {I, II}.
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Figure 3. Plot of ion density at probe location (x= 1
2
Lx,y= 0) against time. Peaks (red dots) are identified via a peak-finding

algorithm from the scipy.signal package [132].

2.3. Measuring spoke rotation frequency
Many techniques could be used to measure spoke rotation frequency, however the chosen approach is
both simple and reproducible. We rely on a single ion density probe (see figure 2) located at (x,y) =
( 12Lx,0), on the x axis, halfway between the origin and the right hand boundary. ni(

1
2Lx,0) is measured

at the Nprint sampling rate for 200µs! t< 500µs, and peaks are identified via a peak-finding algorithm
[132]. To avoid detection of false peaks due to the noisy data, a minimum peak height of ni = 1015m−3

was set, as well as a minimum separation of 200 data points between peaks (10 µs). Figure 3 shows a
plot of density at the probe location against time and identification of the relevant density peaks. The
spoke period is taken as the mean of the distance between subsequent peaks and then inverted for the
frequency.

2.4. Code details
A record forty one scientists from nineteen institutions testing seventeen codes were involved in this iter-
ation of the Landmark benchmarking effort. These included the Princeton Plasma Physics Laboratory—
PPPL (LTP-PIC code [19]), Laplace laboratory at the University of Toulouse (EP-PIC2D [133] and
LePIC2D codes [134]), Ruhr University Bochum—RUB (RUBPIC code [25]), Wigner Research Center
for Physics (MZ/X-PIC code), Dublin City University—DCU, ONERA (RHEI code [135]), Universidad
Carlos III de Madrid—UC3M (PICASO [136, 137] and PICASO-G codes), University of Saskatchewan—
USask (the open-source EDIPIC-2D code [138]—also developed with PPPL and the University of
Alberta), the Laboratoire de Physique des Plasmas at École Polytechnique—LPP (LPPic code [139, 140]),
Stanford University (XPIC2D code [141, 142]), the von Karman Institute for Fluid Dynamics—VKI
(the open-source PANTERA code [143]), the European Centre for Research and Advanced Training
in Scientific Computing—CERFACS (AVIP-PIC code [144, 145]), the Bari section of the Institute for
Plasma Science and Technology of the Italian National Research Council (CNR-ISTP-Bari) with the
Nuclear (NUC) Department of ENEA Frascati Research Center (PICCOLO code [146–148]), Sandia
National Laboratories (Aleph code [149]) and the Imperial College London—ICL (IPPL-2D code [150]).

Salient features of these codes, the computing architecture used to model the Penning benchmark,
and simulation runtimes are shown in table 2. While most authors implemented the standard explicit
momentum-conserving PIC algorithm on a structured grid, some authors considered an unstructured
mesh (AVIP-PIC and Aleph codes). Codes were written in either C/C++ or Fortran, with the exception
being the IPPL-2D code written with Julia. Many codes implemented external linear algebra packages for
solving the Poisson equation, these packages included Hypre [17], PARDISO [151], NAG [152], PETSc
[16, 153, 154] and Trilinos [18]. Some codes were parallelized on CPUs with MPI and/or OpenMP and
GPUs with OpenACC or CUDA. Authors also considered different ways to decompose the problem
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Table 2. Names and details of codes participating in the Penning discharge benchmark.

Institute Code name Language Poisson solver Parallelization Decomposition Architecture Wall-clock-time

PPPL LTP-PIC C/C++ Hypre MPI+OpenMP w/ OpenACC Hybrid (particle used here) 4x NVIDIA V100 GPUs+
4x IBM Power9 CPU cores

82 h

LaplaceI EP-PIC2D Fortran PARDISO MPI+OpenMP Particle 72x Intel Skylake 2.30GHz
CPU cores

71 h

LaplaceV LePIC2D Fortran in house multigrid MPI+OpenMP Particle 28x Intel Xeon CPU
E5-2690 v4 2.60GHz

128 h

RUB RUBPIC C/C++ NAG geometric multigrid CUDA Hybrid 1x NVIDIA V100 GPU+
1x Intel Xeon Gold 5220
CPU core

80 h

Wigner MZ/X-PIC C/C++ in house (spectral, direct) CUDA Particle 1x NVIDIA P100 GPU+
1x Intel i7 CPU core

10 d

DCU DCU C in house multigrid OpenMP Domain 32x AMD EPYC 7302 CPU
cores

10 d

ONERA RHEI Fortran in house (geometric multigrid) MPI+OpenMP Hybrid 48x Intel Sapphire Rapids
8468 CPU cores

16 d

UC3M PICASO Fortran PARDISO OpenMP Particle 40x Intel Xeon Silver 4316
2.30GHz CPU cores

7 d 13 h

UC3MG PICASO-G CUDA/Python in house (spectral, direct) CUDA Particle 1x NVIDIA A100 GPU 10 h
USask EDIPIC-2D Fortran PETSc+Hypre MPI Hybrid 256x Intel E5-2683 v4

2.1GHz CPU cores
42 d

LPP LPPic Fortran Hypre MPI Domain 128x AMD Rome 2.6GHz
CPU cores

55 d

Stanford XPIC2D C/C++ Hypre MPI Particle 32x AMD EPYC 7742
2.25GHz CPU cores

37 d

VKI PANTERA Fortran PETSc MPI Hybrid 768x Intel Skylake Xeon
Platinum 8174 CPU cores

72 h

CERFACS AVIP-PIC Fortran PETSc (GAMG+CG) MPI Domain 192x AMD EPYC 9654
(Genoa) 2.4GHz CPU
cores

7 d 17 h

CNR-ENEA PICCOLO Fortran PETSc+ hypre MPI+OpenMP Hybrid 42x AMD EPYC 7402 CPU
cores

30 d

Sandia Aleph C/C++ Trilinos(direct solver) MPI Hybrid 640x Intel Sandy Bridge
2.5GHz CPU cores

14 d

ICL IPPL-2D Julia Julia direct solver MPI Domain 32x AMD EPYC 2.25GHz
CPU cores

—
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Figure 4. Contour plots of ion density at four different phases of spoke rotation after the system has reached quasi-steady state.
Times are given relative to the left most figure.

Table 3. Details for long time simulations including spoke frequency measurements.

Institute Code name Total time Spoke frequency Frequency discrepancy

PPPL LTP-PIC 4.0ms 43.2

(
+2.9
−2.1

)
kHz —

LaplaceI EP-PIC2D 5.0ms 43.3 kHz 0.1 kHz
LaplaceV LePIC2D 1.6ms 42.6 kHz 0.8 kHz

into parallel components including particle decomposition, domain decomposition or a hybrid (mixed)
approach. A deeper discussion on these approaches and their implications for performance is provided
in section 3.4.

3. Results & discussion

Before comparing simulations across participating groups, we review a few of the key results from a
single simulation. Figure 4 shows contour plots of ion density over a single period of the rotating spoke,
with an animation of this figure available on YouTube (or full URL available in [155]). Using the dia-
gnostic described in section 2.3, the mean period over 13 rotations encompassed by the 300µs aver-
aging time is found to be 23.1µs for a corresponding rotation frequency of 43.2 kHz. Another important
observation is that outside of the central injection region, the discharge is mostly a vacuum, except when
the spoke sweeps by. In section 3.2 we will discuss how this can cause issues when comparing measure-
ments, such as temperature, between codes.

As discussed in section 1 spoke formation may be the result of various mechanisms; however, due
to the uniform magnetic field and collisionless nature of these simulations, it is hypothesized that the
spoke shown here is a saturation of the CSHI (a type of GDI). Under this assumption, equation 4 in
[93] provides a formula for the spoke rotation frequency as a function of the discharge radius, ion
mass, radial electric field, and gradient length scale. For this simulation we have a radial electric field
of approximately 100Vm−1 and gradient length scale of 7.1mm giving a predicted spoke frequency of
53 kHz, which is reasonable compared to the measured frequency.

Figure 4, and associated animation, also demonstrate the complex, chaotic and multiscale nature of
the discharge. On the largest scales we clearly have the rotation of the relatively slowly evolving spoke;
however, this rotation does not appear to be rigid, and the animation in particular shows the persistent
shedding of density at various phases of spoke rotation. Although harder to observe, there are also finer
scale structures which exist within the core of the discharge and along the spoke arm, which may be a
form of ion-acoustic or electron-cyclotron-drift instabilities [37, 119, 156, 157]. Since this simulation is
collisionless, radial transport of magnetized electrons can only be induced by these waves and instabil-
ities and is highly correlated with the spoke rotation. A further discussion or analysis of this transport
is beyond the scope of this benchmarking paper, however we refer the reader to many of the excellent
references in section 1 which explore this in depth.

3.1. Long time scale simulation comparison
The first simulation comparisons are made between codes which were run for extended times, with the
goal of collecting uncertainty bounds for time averaged diagnostics. The list of codes, run times, and
associated measured spoke frequencies are shown in table 3. From 0.2− 4.0ms the probe in the PPPL
code measures 163 passages of the spoke for a, previously mentioned, mean frequency of 43.2 kHz. The
uncertainty bounds are defined by computing averaged frequencies over each group of 13 sequential
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Figure 5. Comparison of time-averaged slices for long-time simulations: (a) ion-density, (b) plasma potential, and (c) electron
temperature (Type I).

spoke rotations and then considering the maximum and minimum frequencies from the set. This gives
a min/max mean frequency of 41.1 kHz and 46.1 kHz, respectively. Both Laplace codes (EP-PIC2D and
LePIC2D) agree with this value within the uncertainty bounds.

Figure 5 compares time averaged half-profile slices for (a) ion density, (b) electric potential, and (c)
electron temperature (Type I). The uncertainty bounds (shown as gray in the figure) are obtained by
considering statistics of a rolling average, over 300µs, of the PPPL data only. Each average begins at the
start of the subsequent snapshot, providing a total of 7000 averages. The lower and upper bounds are
computed as the minimum and maximum values within this set of averages at each grid location. This
definition proved critical to assessing agreement within the larger comparison between all codes, as will
be discussed in section 3.2. Using this uncertainty bounds, good agreement is observed between all three
codes considered here.

3.2. Simulation comparison for all codes
Proceeding with a comparison between all codes, figure 6 shows plots of time averaged half-profile slices
for (a) ion density, (b) electric potential, and (c) electron temperature (Type I). Note that the results
from section 3.1 for long time scale simulations are reproduced here for the relevant codes. Using the
same uncertainty bounds defined in section 3.1, all codes agree for plots of ion density and plasma
potential. Turning to the electron temperature, we observe mixed results, with most codes falling within
the tight uncertainty bounds, but with several lying outside of these bounds either at the center or edges
of the discharge.
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Figure 6. Comparison of time-averaged slices between all codes: (a) ion density, (b) plasma potential, and (c) electron temperat-
ure (Type I). See supplementary material for the mean and uncertainty bounds data for each plot.

Understanding the cause of this discrepancy in electron temperature across simulations resulted
in significant further analysis and a large number of additional simulations. Fundamentally, there are
two issues with the benchmark which resulted in this outcome. The first is that the system is highly
multiscale, especially with the presence of the low-frequency rotating spoke. Therefore, the proposed
300µs averaging time is likely too short to achieve convergence between simulations. With considera-
tion to the simulation run times listed in table 2, it was decided that asking all groups to simulate longer
times to improve averaging would be prohibitive. Therefore, this issue was remediated by having a few
select groups perform very long time simulations to; (1) check that convergence could be achieved at
these time scales and (2) define the uncertainty bounds which could be used to encapsulate accuracy
from all codes, the results of which were discussed in section 3.1. This demonstrated excellent agreement
between the three independently developed codes (from PPPL, and two from Laplace) across all tested
diagnostics, suggesting that if all codes were run to this length better agreement would be observed.

The second issue arises due to the persistence of vacuum regions throughout the simulation, as
shown in figure 4. When capturing snapshots of temperature data there can be ambiguity in how to
handle cells with few or zero macro-particles. When there are zero macro-particles in a given cell, most
groups set the temperature to zero, whereas in reality the temperature is undefined. When averaging over
time, these points should be excluded from the procedure, however most codes include the data point
as a zero. This would ordinarily not be a problem since most PIC simulations fill the area with particles,
however the vacuum regions in this configuration exacerbate the issue. Things become more subtle when
considering cells with few, or a fraction of a particle (which is possible for cloud-in-cell shape func-
tions). In particular, if there are only a few particles, the statistics for sampling temperature are poor,
leading to significant noise. This noise can lead to anomalously high temperature calculations within a
given cell which can easily skew the time averaged results. Different codes also computed temperature
in slightly different ways, with some using sample variance and others relying on population variance,
which can be related to each other via Bessel’s correction [158]. For a well-sampled distribution, these
values would agree closely, however in the vacuum region, which are poorly sampled by particles, the
discrepancy can be large.

Further issues included whether codes were defined with boundaries at cell-centers or cell-nodes, the
type and convergence tolerance of the numerical methods used to solve the Poisson equation, and the
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Figure 7. Comparison of time-averaged slices of electron temperature (Type II) for select codes. See supplementary material for
the mean and uncertainty bounds data of the plot.

effect of the pseudo-random-number-generator algorithm. However, it is worth noting that sensitivity
tests with the PPPL and the two Laplace codes revealed that neither of these factors played a strong role
in influencing the temperature profiles.

To remedy this discrepancy between codes, we asked several of the ‘outlier’ code authors to rerun
their simulations with the alternative temperature diagnostic described by equation (7) (Temperature
Type II). Averaging velocity moments prior to calculating temperature has several advantages. This
includes that velocity moments are truly zero when there are no particles in the cell, and time-averaged
moments gather significant statistics to end up being non-zero everywhere (except at the boundaries).
Furthermore, it reduces the chance of small values being present in the denominator of the temperat-
ure calculation, further improving statistical accuracy. While this is not strictly the standard definition of
time-averaged temperature, it is a valid way to compare numerical methods if done consistently. Figure 7
shows plots of Temperature Type II computed via equation (7), demonstrating agreement between nearly
all previously outlier codes within the uncertainty bounds.

While investigating the causes of discrepancy between groups, numerous simulations were run with
both the Sandia and CERFACS codes in an attempt to understand how the unstructured nature of their
meshes could influence the results of the benchmark. Although no clear influence was identified, suspec-
ted impacts include that (1) the location of the triangular cell centers may not align with those from a
Cartesian grid, and (2) the smaller area of the triangular cell may lead to an increase in measured fluc-
tuations in regions of low statistical resolution. The Aleph code resolved outstanding discrepancies by
printing complete particle phase space data at each time step and mapping this data onto a Cartesian
grid in post-processing. Despite best attempts, the CERFACS code still fell around 1.3% outside of the
Temperature Type II measurement uncertainty bounds near the center of the simulation. We suspect this
is due to the unstructured nature of the code since it has been well benchmarked in previous Landmark
efforts [24, 25].

The newly developed UC3MG code also showed some minor discrepancies close to the uncertainty
bounds for the density and temperature (Type I) measurements. After extensive investigation, this
discrepancy was conclusively attributed to the group’s use of a spectral field solver, which showed root-
mean-square fluctuations 3%–15% in the electric field larger than those from a finite-difference field
solver.

Finally, figure 8 compares the spoke rotation frequency measured by all groups, showing agreement
within the measured frequency bounds of [41.1,46.1] kHz from long time simulations using the PPPL
code. Despite the challenges associated with this benchmark, we believe that the results presented in this
section constitute sufficient evidence to conclude that there is agreement between almost all codes across
a variety of diagnostics.
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Figure 8. Comparison of the spoke rotation frequency, showing agreement between all codes. The reference frequency of
43.2 kHz is produced from long time simulations with the PPPL code with uncertainty bounds of−2.1 kHz and+2.9 kHz delin-
eated by the red dashed lines (see section 3.1 for further details).

3.3. Lessons learned for benchmark selection
Despite the best efforts of the authors, there were several significant challenges associated with com-
pleting this benchmarking comparison, some of which are discussed in section 3.2. In this section, we
aim to highlight some of the lessons learned from this process with the hope that future benchmarking
efforts can avoid the same pitfalls.

Benchmark lesson 1: prepare a well defined benchmark description. Based on the author’s experience
participating in previous PIC benchmarks, a best attempt was made to prepare a clear, concise, and
sufficient description of the Penning discharge setup as well as the diagnostics used to compare codes.
Despite this effort, several important details were missing, which in hindsight would have proved useful.
These included an appropriate definition of how to handle temperature in vacuum regions and the spe-
cific equations for calculating radial injection locations on the Cartesian grid. The choice of the pseudo-
random number generator was also a question raised at code author meetings, although it was ultimately
demonstrated that this had little influence on the results. Nonetheless, we emphasize that preparing a
suitable benchmark description is paramount to success in any such effort.

Benchmark lesson 2: pick a low cost benchmark. A major challenge associated with obtaining conver-
gence between all codes was the large simulation cost, both in computing resources and time, of model-
ing the Penning discharge (see table 2). This made it challenging for many groups to rerun their simula-
tions or run for longer times, which proved essential for demonstrating agreement. Of course, a bench-
mark should run for sufficient time such that it tests the capabilities of each code to reproduce import-
ant behavior relevant to the domain of physics, but ideally it should not be longer than that. This is par-
ticularly challenging in the LTP community, where the phenomena under investigation are often highly
multi-scale, especially when collective effects and collisions are included. Figure 9 shows how the spec-
trum of the total number of ions in the simulation follows a power law, indicative of chaotic behavior
[159] and the highly multiscale nature of the discharge, making it less ideal as a benchmark configur-
ation. In conclusion, a benchmark should be selected that is long enough to capture the physics being
tested, but ideally not longer.

Benchmark lesson 3: avoid systems which have regions of poor statistic resolution. This lesson pertains
particularly to particle-based methods, such as the PIC algorithm, which is an approximate solution to
the Vlasov equation. The discussion in section 3.2 highlights that poor statistical sampling within the
vacuum regions of the Penning discharge led to significant discrepancies in temperature measurements
between the codes. In general, poor statistical sampling can lead to high, and unpredictable levels of
noise which can easily skew results. It is therefore recommended to avoid simulations which consist of
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Figure 9. (a) Plot of total number of ions within the simulation vs time, and (b) frequency spectrum of the data from plot (a),
demonstrating the chaotic nature of the Penning discharge benchmark configuration.

these poorly resolved regions. As an example, the Landmark 2a [24] and 2b [25] benchmark configura-
tions provide a more appropriate setup which avoids these pitfalls.

Benchmark lesson 4: more data is better. Even with a well prepared benchmark description, it is
impossible for the researchers to predict all possible ways in which disagreement may arise between
codes. To prepare for this eventuality, it is wise to request that participants collect more than the min-
imum data required to compare results. Case in point, if participants in this benchmarking effort had
been requested to record velocity moments, rather than temperature, it would have allowed for a rapid
comparison between the Type I and Type II temperature diagnostics, eliminating the need for further
simulations. Additionally, collecting more complete data can make it easier to determine uncertainty
bounds for each simulation, which can further simplify comparison.

Despite the significant time that went into resolving issues with this benchmark, the authors want to
emphasize that such efforts will continue to be critical for ensuring that complex codes can accurately
reproduce results which are relevant to the broader community. More complex benchmark configura-
tions, such as those with collisions, are also required, and the ultimate goal of the community should be
to perform rigorous validation studies against experimental data. The lessons learned here will be essen-
tial to achieving that goal.

3.4. High performance computing lessons learned
Although the original intent of this benchmarking effort was not to assess or even stress test the com-
putational performance of the participating codes, the results shown in table 2 (comparing code imple-
mentations and performance) reveal some interesting trends that pertain to code implementation and
HPC strategies.

HPC Lesson 1: parallel decomposition strategy matters. One trend which became apparent throughout
the benchmark is the total runtime for a given code compared to the parallel decomposition strategy.
For PIC simulations, there are generally two approaches. The simplest, particle decomposition, is where
the list of particles in memory is split (usually evenly) between MPI tasks, each of which owns a copy
of the entire simulation grid. Particle decomposition is simple to implement and easy to load balance,
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however the downside of each task owning an entire copy of the grid is the requirement for at least two
MPI_Allreduce calls at each time step to share grid information. Therefore, most codes implement a
domain decomposition approach, whereby each task owns a subset of the global mesh and all particles
which reside on that mesh. This avoids the need for an expensive global MPI call, and improves scal-
ing performance, however introduces code complexity due to particle communication across domain
boundaries.

The Penning discharge configuration of this benchmark also highlights the second challenge with
domain decomposition, that of load balancing. As shown in figure 4, the spoke, and associated simu-
lation particles, comprise only a narrow angular region of the domain outside of the central injection
region. Therefore, at any given time, a uniformly domain decomposed grid will have extremely poor
load balancing, effectively restricting code performance to that of a few cores handling a majority of
the particles. By comparing the ‘Decomposition’ and ‘Runtime’ columns of table 2, it is clear that codes
which implement particle decomposition performed, on average, better than those with domain decom-
position. We note that the situation may improve for collisional simulations, where scattering can better
distribute plasma density throughout the domain.

Despite this trend, the value of domain decomposition cannot be understated. For large simulations,
particle decomposition becomes increasingly expensive and eventually intractable due to communica-
tion bottlenecks and memory limitations. However, the lesson learned here is that a hybrid approach
to parallel decomposition can improve versatility of code performance across a wide range of applica-
tions. Such an approach has two levels of task parallelism, with the outer (higher) level being domain
decomposition and then the inner (lower) level being particle decomposition within each domain. This
flexibility allows a code to better handle load balancing when a system has large plasma gradients, yet
still achieve reasonable parallel scaling. Alternatively, one could consider dynamic load balancing [160–
162] where the domain owned by each process is adjusted on the fly based on the spatial density of the
simulation particles.

HPC Lesson 2: GPUs are effective at accelerating PIC codes. A second trend which emerges from table 2
relates to the hardware targeted by each code. In general, codes were are able to take advantage of GPU
acceleration performed faster than those using CPUs. In the last decade, general purpose graphical pro-
cessing units have provided an affordable, massively parallel alternative to multi-core CPUs. At the time
of writing, these chips have a core count on the order of 10 000, and thread counts over 1 million for
each GPU device, making them ideal for acting on large chunks of contiguous memory, such as particle
phase-space data. Furthermore, the implementation of efficient atomic operations in languages such as
CUDA (which can be targeted by abstraction layers such as OpenMP and OpenACC) leads to very fast
interpolation routines. GPUs also benefit from large caches of high speed memory, which can store the
entire local grid chunk, further accelerating interpolation and grid based routines. Details on writing LTP
PIC codes for GPUs can be found in references [9, 19, 20, 163].

HPC Lesson 3: adhering to HPC best practices is essential. Even when optimizing over parallel strategies
and chip architectures, it is clear from table 2 that an enormous amount of time is required for each
Penning discharge simulation. This results from a familiar problem to all computational plasma phys-
icists, the vast range of time scales exhibited by plasma phenomena, which are particularly present in
simulations with low-frequency spoke oscillations. Although in the previous section, we recommen-
ded avoiding such long time scales in future benchmarks, this obviously does not eliminate the need to
model such waves and instabilities for future scientific and engineering purposes. If groups are to con-
tinue relying on the standard explicit PIC method, then HPC best practices are essential to reduce the
computing time per simulation step, and therefore total simulation time. Details on how to achieve these
have been documented extensively [9, 11, 19, 164].

This lesson also extends to selecting external packages which will be integrated into a code. For LTP
simulations, this is usually in the form of the linear algebra package chosen (or written in-house) to
solve the Poisson equation. The choice of solver can play an important role, with direct solvers being
best for small domains and Krylov and/or multigrid methods being best for larger domains [165].

Broadly, this lesson comes down to understanding how to efficiently map the fundamental PIC
algorithms onto relevant (yet constantly changing) computational architecture for maximum perform-
ance. With a trend towards increasing heterogeneity in computer systems, this requirement will only
continue to grow in importance over the coming years.

HPC Lesson 4: consider alternative algorithms. Code developers could also consider alternative
algorithms which can step over the usually strict numerical resolution requirements of PIC, these include

15



Plasma Sources Sci. Technol. 35 (2026) 025002 A T Powis et al

energy-conserving PIC, which allow for larger cell sizes [166–168], as well as implicit [169–171] or semi-
implicit [172–174] time-stepping techniques, allowing for larger time steps. Advanced PIC algorithms,
which may offer further performance improvements, include sparse-grid PIC [175–179] or reduced-order
PIC [180–182], both of which have proven accurate for modeling E×B discharges. Of course, for accur-
ate simulation results, care must always be taken to resolve the appropriate time and length scales of the
relevant physical phenomena which give rise to the spoke and associated anomalous transport.

We also wish to highlight some of the expected performance challenges associated with the unstruc-
tured Sandia and CERFACS codes. In general, the handling of particle data in memory, and transfer of
data between adjacent cells can incur an increased overhead. Furthermore, when particle phase data is
stored contiguously there is an increased cost to identifying the parent cell, which is otherwise a trivial
process on a Cartesian grid. Finally, unstructured meshes are unable to take advantage of the highest
performing linear algebra preconditioners such as geometric multigrid. Although an unstructured grid
can lead to increased simulation cost, the benefit is significantly increased flexibility, especially when
modeling complex engineering systems.

4. Conclusion

The computational study of LTPs is essential to future progress in plasma science and engineering.
A critical part of this effort is the verification, or benchmarking, of codes used to simulate this phe-
nomenon. The two-dimensional Penning discharge configuration detailed in this article has many attrib-
utes which make it an ideal stress test of the required physics modeling and computational performance
of LTP kinetic simulation software. Unlike the Landmark 2 series of benchmarks, this new configura-
tion spans an order of magnitude larger range of time scales, and captures the emergence of the large
scale rotating spoke structure. Seventeen codes, a record for this community, were put to the test on this
benchmark, with agreement found for nearly all across four important measurements.

Several challenges were encountered throughout this process, resulting from a lack of detail in the
benchmark description, high computational cost of the configuration, and poor statistical resolution in
regions of the discharge. The effort also highlighted important computational considerations for PIC
code design, including flexibility of parallelization strategy, adherence to HPC best practices, and taking
advantage of modern computing hardware. The authors hope that describing these lessons will help this,
and other simulation communities, design improved benchmarks for their respective software.

Despite a growing number of benchmarks within this community, new configurations are required
to test more complex LTP physics, including collisions, chemical reactions, and surface processes.
Furthermore, validation against experimental data is severely lacking, and essential to the future use of
these codes for modeling complex engineering systems. We hope that this effort serves as a small step
along the road towards developing robust, efficient, and useful plasma simulation software.
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