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This paper presents a fully-kinetic numerical investigation of charging of irregularly-shaped
dust particulates near surfaces in space facing low temperature collisionless plasmas. The Par-
allel Immersed-Finite-Element Particle-in-Cell (PIFE-PIC) code is utilized to self-consistently
resolve the plasma environment and charging of immersed materials. This model explicitly
includes the materials property (dielectric constant) of dust grains. Effects of materials prop-
erty, inter-dust distance, and plasma conditions (stationary and drifting) will be investigated
for both single-dust and multi-dust configurations. Details and results will be discussed in the
full paper.

I. Nomenclature
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Greek letters
Ap = Debye length

Subscript
d = drifting
t = thermal

II. Introduction

PLASMAS that contain solid particulates (grains) much more massive than the ions present are usually referred to as

“dusty plasmas” and are encountered in many fusion/laboratory and industrial plasmas and combustion processes, as
well as in the space environment [1, 2]. The electrodynamical interactions among dust grains and plasmas can strongly
influence the behavior of plasma devices such as tokamak and industrial combustion reactors. Previous efforts have been
put into both microscopic dust charging and macroscopic dust transport scales. For instance, at the microscopic (grain)
scale, particle-particle, particle-mesh (P3M) approach has been used to study charging process of micro-meter sized
grains in low temperature plasmas [3]. The Particle-in-Cell (PIC) - Monte Carlo Collision (MCC) approach was used for
plasma particles while the PIC - Molecular Dynamics (MD) approach was used for Coulomb interactions among the dust
grains. Results show that the amount of charge on the dust grain Q, could be on the order of Q /e ~3000-7000 negative
(e is the elementary charge) within the sheath. Other grain-scale charging models include a “patched charge model”
using the capacitance of an isolated spherical dust grain and empirical constants based on experiment data, predicting the
Qg on the order of Qg /e ~ 10* [4], and a test-particle approach supercharging model using a boundary-element-based
surface charging method with a multipole electric field solver, predicting the Q4 on the order of Q4/e ~ 107 [5] under
similar plasma conditions to the patched charge model. The stochastic charging nature at the grain scale also leads to
charge fluctuations [6], heating [7], and oscillations [§—10]. At the macroscopic (device/system) scale, electrodynamical
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dust transport in rarefied partially-ionized plasma environments has been addressed by mostly particle-based approaches.
Early modeling techniques include PIC-MCC for dusty plasma near spacecraft surfaces using a multi-step Monte Carlo
algorithm to model the collisional absorption of plasma species by the dust grains [11-13]. This PIC-MCC approach has
been implemented onto the European spacecraft charging software Spacecraft Plasma Interaction System (SPIS) to study
dust cloud around spacecraft and lunar probes [14, 15]. Other approaches include the discrete element method (DEM)
to track dust trajectories [16]. Despite these previous studies, a fundamental question about dusty plasma remains open:
what is the net amount of charge and distribution/fluctuation (thus electrodynamic forces) on each individual dust grain
in a dusty plasma?

This study focuses on the electrostatic interactions in dusty plasmas, particularly, charging of dust particulates in the
collisionless regimes. A most recently developed fully-kinetic particle simulation code, namely, parallel immersed finite
element particle-in-cell (PIFE-PIC), will be utilized to self-consistently resolve the plasma environment and charging of
immersed materials. This model explicitly includes the materials property (dielectric constant) of dust grains. Effects of
materials property and inter-dust distance will be investigated for multi-dust configurations. Section III briefly describes
the PIFE-PIC code. Section IV presents the simulation setup and results of single dust charging in stationary and
drifting plasmas. Section V presents the simulation setup and results of multi-dust charging in stationary and drifting
plasmas. Section VI discusses the simulation results. Finally, Section VII contains a summary and conclusion.

I11. The PIFE-PIC Code

In PIFE-PIC, the computation domain is first decomposed into cubic blocks with the same PIC mesh size. Local
(not necessarily uniform) IFE mesh is then generated for each sub-domain. The data interaction between IFE and PIC
meshes within each sub-domain is described in detail in Ref. [17].

For the parallel electrostatic field solver, Dirichlet-Dirichlet domain decomposition with overlapping cells is used to
distribute the sub-domains among multiple MPI processes [18]. For each sub-domain, the IFE solver is the same as the
sequential IFE method with Dirichlet boundary conditions [19, 20]. These Dirichlet boundary conditions are imposed
at the boundaries of the sub-domains, which are also interior for the neighboring sub-domains. Therefore, the field
solution at respective neighboring sub-domains are used as Dirichlet boundary conditions for each sub-domain. Within
each field-solve step, inner iterations are performed such that the solutions of the overlapping cells are exchanged and
updated as the new Dirichlet boundary conditions for the respective neighboring sub-domains.

In the PIFE-PIC framework, simulation particles belonging to a certain sub-domain are stored together on the
processor that solves the field of the same sub-domain. In this sense, “particle quantities” and “field quantities” of each
sub-domain are handled by the same processor. Data communications are implemented at inner boundaries for needed
calculations such as charge-weighting of the PIC method. More details of PIFE-PIC and its verification/validation
studies are given in Ref. [21, 22].

IV. Single Dust in Plasma
This section serves as the “baseline” case of the simulation setup, such as domain size and mesh resolution, as well
as a summary of code verification of PIFE-PIC against the orbital-motion-limited (OML) results for spherical grains
in stationary plasma [21, 22]. Configurations will include stationary and drifting plasma. Details and results will be
presented in the full paper.

V. Multiple Dusts in Plasma
This section focuses on charging of multiple dust grains in stationary and drifting plasmas. Figures 1 and 2 show
preliminary results of charging of multiple dust grains in a stationary plasma. Ongoing work is focused on investigating
effects of dielectric constants of dust, inter-dust distance, presence of surfaces, and drifting velocities of plasmas.

VI. Results and Discussions
Results and analysis will be given in the full paper.

VII. Conclusion
Conclusions will be presented in the full paper.
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Fig.1 Preliminary results of charging of multiple dust grains in a stationary plasma.
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Fig. 2 Preliminary results of charging of irregularly-shaped grains in a stationary plasma.

Acknowledgments
This work was partially supported by a NASA Space Technology Graduate Research Opportunity, NASA Physical
Sciences Informatics program, as well as NSF through grants DMS-2111039 and CBET-2132655. The simulations
presented here were performed with computing resources provided by the Center for High Performance Computing
Research at Missouri University of Science and Technology through an NSF grant OAC-1919789.

References
[1] Krasheninnikov, S., and Soboleva, T., “Dynamics and transport of dust particles in tokamak edge plasmas,” Plasma
Physics and Controlled Fusion, Vol. 47, No. 5A, 2005, pp. A339-A352. doi:10.1088/0741-3335/47/5a/025, URL https:
//iopscience.iop.org/article/10.1088/0741-3335/47/5A/025/meta.

[2] Selwyn, G., “Particulate contamination control in plasma processing: building-in reliability for semiconductor fabrication,”
IEEE 1995 International Integrated Reliability Workshop. Final Report, 1995, pp. 122-129. doi:10.1109/IRWS.1995.493585.

[3] Matyash, K., Schneider, R., Ikkurthi, R., Lewerentz, L., and Melzer, A., “P3M simulations of dusty plasmas,” Plasma



[4

—_

(5]

[6

—_

[7

—

[8

—

[9

—

(10]

(1]

(12]

(13]

(14]

[15]

[16]

[17]

(18]

[19]

(20]

Physics and Controlled Fusion, Vol. 52, No. 12, 2010, p. 124016. doi:10.1088/0741-3335/52/12/124016, URL https:
//doi.org/10.1088%2F0741-3335%2F52%2F12%2F124016.

Wang, X., Schwan, J., Hsu, H.-W., Griin, E., and Horanyi, M., “Dust charging and transport on airless planetary
bodies,” Geophysical Research Letters, Vol. 43, No. 12, 2016, pp. 6103-6110. doi:10.1002/2016GL069491, URL
http://onlinelibrary.wiley.com/doi/10.1002/2016GL069491/full.

Zimmerman, M. L., Farrell, W. M., Hartzell, C. M., Wang, X., Horanyi, M., Hurley, D. M., and Hibbitts, K., “Grain-scale
supercharging and breakdown on airless regoliths,” Journal of Geophysical Research: Planets, Vol. 121, No. 10, 2016, pp. 2150-
2165. doi:10.1002/2016JE005049, URL http://onlinelibrary.wiley.com/doi/10.1002/2016]JE005049/abstract.

Flanagan, T., and Goree, J., “Dust release from surfaces exposed to plasma,” Physics of Plasmas, Vol. 13, No. 12, 2006, p.
123504. doi:10.1063/1.2401155, URL https://doi.org/10.1063/1.2401155.

Vaulina, O., Khrapak, S., Nefedov, A., and Petrov, O., “Charge-fluctuation-induced heating of dust particles in a plasma,”
Phys. Rev. E Stat. Phys. Plasmas Fluids Relat. Interdiscip. Topics, 1999. doi:10.1103/physreve.60.5959, URL https:
//pubmed.ncbi.nlm.nih.gov/11970499/.

Matsoukas, T., and Russell, M., “Fokker-Planck description of particle charging in ionized gases,” Physical Review E, Vol. 55,
1997, pp. 991-994. doi:10.1103/PhysRevE.55.991, URL https://link.aps.org/doi/10.1103/PhysRevE.55.991.

Shotorban, B., “Nonstationary stochastic charge fluctuations of a dust particle in plasmas,” Phys. Rev. E Stat. Nonlin. Soft
Matter Phys., 2011. doi:10.1103/PhysRevE.83.066403, URL https://pubmed.ncbi.nlm.nih.gov/21797494/.

Shotorban, B., “Intrinsic fluctuations of dust grain charge in multi-component plasmas,” Physics of Plasmas, Vol. 21, No. 3,
2014, p. 033702. doi:10.1063/1.4868860, URL https://doi.org/10.1063/1.4868860.

Conger, J., and Hastings, D., “Control of particle-spacecraft interactions in a LEO near-spacecraftenvironment,” 31st Aerospace
Sciences Meeting, Reno, NV, U.S.A., 1992. doi:10.2514/6.1993-566, URL https://arc.aiaa.org/doi/abs/10.2514/6.
1993-566.

Gatsonis, N., Erlandson, R., and Meng, C., “Simulation of dusty plasmas near surfaces in space,” Journal of Geophysical
Research: Space Physics, Vol. 99, No. AS, 1994, pp. 8479-8489. doi:10.1029/93JA03145, URL https://agupubs.
onlinelibrary.wiley.com/doi/abs/10.1029/93JA03145.

Erlandson, R. E., and Gatsonis, N., “Particle-in-cell/Monte Carlo simulation of dusty plasmas near spacecraft surfaces,” Optical
System Contamination: Effects, Measurements, and Control IV, Vol. 2261, edited by A. P. M. Glassford, International Society for
Optics and Photonics, SPIE, 1994, pp. 126 — 134. doi:10.1117/12.190133, URL https://doi.org/10.1117/12.190133.

Anuar, A., Honary, F., Hapgood, M., and Roussel, J.-F., “Three-dimensional simulation of dust charging and dusty plasma using
SPIS,” Journal of Geophysical Research: Space Physics, Vol. 118, No. 10, 2013, pp. 6723-6735. doi:10.1002/jgra.50599, URL
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/jgra.50599.

Hess, S., Sarrailh, P., Matéo-Vélez, J.-C., Jeanty-Ruard, B., Cipriani, F., Forest, J., Hilgers, A., Honary, F., Thiébault, B.,
Marple, S., and Rodgers, D., “New SPIS Capabilities to Simulate Dust Electrostatic Charging, Transport, and Contamination of
Lunar Probes,” IEEE Transactions on Plasma Science, Vol. 43, No. 9, 2015, pp. 2799-2807. doi:10.1109/TPS.2015.2446199.

Afshar-Mohajer, N., Wu, C.-Y., Moore, R., and Sorloaica-Hickman, N., “Design of an electrostatic lunar dust repeller for
mitigating dust deposition and evaluation of its removal efficiency,” Journal of Aerosol Science, Vol. 69, 2014, pp. 21 —
31. doi:https://doi.org/10.1016/.jaerosci.2013.11.005, URL http://www.sciencedirect.com/science/article/pii/
S0021850213002334.

Kafafy, R. I., and Wang, J., “A Hybrid Grid Immersed Finite Element Particle-in-Cell Algorithm for Modeling Spacecraft-Plasma
Interactions,” IEEE Transactions on Plasma Science, Vol. 34, No. 5, 2006, pp. 2114-2124. doi:10.1109/TPS.2006.883404.

Barry Smith, Petter Bjgrstad, and William Gropp, Domain Decomposition: Parallel Multilevel Methods for Elliptic Partial
Differential Equations, Cambridge University Press, 1996.

He, X., Lin, T., and Lin, Y., “Approximation Capablity of a Bilinear Immersed Finite Element Space,” Numerical Methods for
Fartial Differential Equations, Vol. 24, No. 5, 2008, pp. 1265-1300. doi:10.1002/num.20318.

He, X., Lin, T., and Lin, Y., “Immersed finite element methods for elliptic interface problems with non-homogeneous jump
conditions,” International Journal of Numerical Analysis and Modeling, Vol. 8, No. 2, 2011, pp. 284-301.



[21] Han, D., He, X., and Wang, J. J., “PIFE-PIC: A 3-D Parallel Immersed Finite Element Particle-in-Cell Framework for Plasma
Simulations,” AIAA SciTech Forum 2018, Kissimmee, Florida, 2018. doi:10.2514/6.2018-2196.

[22] Daoru Han, Xiaoming He, David Lund, and Xu Zhang, “PIFE-PIC: Parallel Immersed Finite Element Particle-in-Cell for 3-D
Kinetic Simulations of Plasma-Material Interactions,” SIAM Journal on Scientific Computing, Vol. 43, No. 3, 2021, pp. C235 -
C257. doi:10.1137/20M137344X.



	Nomenclature
	Introduction
	The PIFE-PIC Code
	Single Dust in Plasma
	Multiple Dusts in Plasma
	Results and Discussions
	Conclusion

