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I. INTRODUCTION

Particle-in-Cell coupled with Monte Carlo Collisions
(PIC/MCC) is a standard kinetic method for low-temperature
plasma simulations [1], [2]. Its timestep consists of particle
motion, charge deposition, field solution, boundary handling,
collision sampling, and particle management. Many of these
operations are particle-local and therefore well suited to GPU
execution [3].

The main difficulty addressed in this work is not only perfor-
mance, but also code maintainability. Extending a PIC/MCC
model with new species, collision channels, boundary condi-
tions, or diagnostics usually requires manual changes in GPU
kernels. The proposed approach replaces such manual variants
with automatically generated, specialized CUDA solvers.

II. METHOD

The workflow is based on two Julia libraries. PlasmaMod-
elingToolkit.jl defines the simulation case: domain, species,
collisions, boundary conditions, and numerical parameters.
Hennel.jl transforms this description into a self-contained
Julia/CUDA solver module generated through metaprogram-
ming [4], [5].

The generated code contains variable declarations, memory
allocation, CUDA kernels, launch configuration, precomputed
data, and the timestep schedule. Model choices known at
generation time are resolved statically, which removes generic
runtime branches, dead paths, and unnecessary control logic
from GPU kernels.

The generator also records read and write accesses of
metakernels. These dependency annotations are used to detect
particle-local kernels that can be fused without changing the
semantics of the timestep. Fusion reduces selected global-
memory reads and writes and decreases the number of kernel
launches.

III. RESULTS AND CONCLUSIONS

The generated electrostatic PIC/MCC solvers were tested
using the capacitively coupled plasma benchmark of Turner
et al. [6]. The generated code reproduced the expected time-
averaged plasma profiles within the statistical uncertainty of
the PIC/MCC method.

Performance was evaluated against the hand-written GPU
implementation by Juhász et al. [3]. On an RTX 2080 Ti, the

generated solvers achieved execution times of the same order
of magnitude as the reference implementation, with runtime
ratios of 1.05–1.86 across the tested Turner cases. Profiling
confirmed that the dominant cost remains in particle-local
stages, especially collision handling.

Kernel fusion was evaluated for compatible stages, such as
particle motion followed by boundary handling. The fused ker-
nels reduced intermediate global-memory traffic and produced
a measurable reduction in the execution time of the fused part
of the timestep.

These results show that metaprogramming can generate
specialized CUDA solvers for PIC/MCC simulations from
declarative model descriptions. The approach reduces manual
kernel maintenance, preserves numerical and statistical cor-
rectness, gives performance comparable in order of magnitude
to hand-written CUDA code, and enables automatic optimiza-
tion through dependency-aware kernel fusion.
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