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Non-thermal low-temperature plasmas produced by electric discharges are widely used for various
kinds of applications, such as chemical processing (like ozone generation), surface processing (such as
plasma etching and sputtering), plasma actuators, or biomedical applications. In order to determine
the governing physical and chemical processes, which is sometimes ambitious by experimental meth-
ods, plasma modelling is an additional option to be applied. For the numerical analysis of atmospheric-
pressure plasmas, which are considered here, fluid models are mostly used due to their computational
efficiency. Common fluid models for non-thermal plasmas consist of a set of balance equations for the
particle number densities of the relevant plasma species and the energy density of electrons. Poisson’s
equation is typically solved to self-consistently calculate the electric potential and field. Depending on
the gas under consideration the number of species that needs to be taken into account spans from tens
to hundreds, which results in the same number of balance equations that need to be solved. At the same
time, the number of collision and radiation processes to be considered can even reach thousands, which
can make setting-up of the model difficult. Moreover, the physical time scales in plasmas range from
picoseconds (electron kinetics) to tens of seconds (slow plasma-chemical reactions) so that the implemen-
tation of adaptive time stepping methods is necessary. The present FEniCS-based FEDM (Finite Element
Discharge Modelling) code addresses these challenges by automating the model set-up procedure and im-
plementing a backward differentiation formula for time stepping. This contribution represents the main
features of the code, shows results of verification studies using benchmarking, and highlights how FEniCS
can be used for the numerical analysis of dielectric barrier discharges in argon at atmospheric pressure.

The present work was funded by the Deutsche Forschungsgemeinschaft – project number 407462159.
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Introduction

2

 Plasma is a gaseous state in which free electrons and io-

nised atoms or molecules exist. 

 Non-thermal low-temperature plasmas considered here 

are usually produced by electric discharges.

 They are used for different applications, such as chemical 

and surface processing, or biomedical applications.

 In order to describe physical and chemical processes in 

plasma, experimental studies are often supplemented by  

numerical modelling.

Images obtained from https://www.inp-greifswald.de/
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Governing equations

M. M. Becker et al., J. Phys. D: Appl. Phys. 46 (2013) 355203

G. J. M. Hagelaar et al., Phys. Rev. E 62 (2000) 1452

 Continuity equation for particle densities Poisson’s equation for electric potential

 Electron energy balance equation  In order to solve the equations, appropriate 
set of boundary conditions is used:

 Dirichlet and Robin boundary  conditions 
for Poisson’s equation

 Robin boundary conditions for continuity 
equations, and electron energy balance 
equation.

3

583



Challenges in plasma modelling

 For appropriate description of the processes in plasma, lots of particles, and 

consequently, lots of processes need to be taken into account.

 Chemical reactions in plasma model usually lead to stiff system of equations.

 Time scale of the problem spans from picoseconds to tens of seconds.

4

D. Loffhagen et al., Plasma Chem. Plasma Process. 41 (2021) 289

584



FEDM (Finite Element Discharge Modelling) code

5
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FEDM (Finite Element Discharge Modelling) code

6

 Transport and reaction rate coefficients are imported into model in form of functions 

or look-up tables.

 Source term definition is automated based on the reaction kinetic scheme.

 Time discretization is done using backward differentiation formula.

 Time stepping control is done using either H211b or PI.3.4 controllers.

E. Alberdi Celaya et al., Procedia Comput. Sci., 29, 1014–1026 (2014)

G. Söderlind and L. Wang,  J. Comput. Appl. Math., 185, 225–243 (2006)

G. Söderlind, Numer. Algorithms, 31, 281–310 (2002)
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Code verification by benchmarking

 Axisymmetric positive streamer in air at atmospheric 

pressure and 300 K is modelled using 2D FEDM code.

 Square domain has radius and gap distance of 1.25 cm.

 Background electric field is 15 kV/cm.

 Gaussian seed near the powered electrode is introduced 

to locally enhance the field and initiate the streamer.

 Mesh is refined towards the axis and streamer region 

(approx. 500000 elements).

 Linear Lagrange elements are used for all the equations.

 Time-step size is constant: Δt = 5 ps.

 Temporal evolution is followed up to 12 ns (2400 time 

steps). 

B. Bagheri et al., Plasma Sources Sci. Technol. 27 (2018) 095002

𝑟 = 𝑅

𝑧 = 𝑑

𝑟 = 0𝑧 = 0

Powered electrode

Grounded electrode

587



7

Code verification by benchmarking

 Axisymmetric positive streamer in air at atmospheric 

pressure and 300 K is modelled using 2D FEDM code.

 Square domain has radius and gap distance of 1.25 cm.

 Background electric field is 15 kV/cm.

 Gaussian seed near the powered electrode is introduced 

to locally enhance the field and initiate the streamer.

 Mesh is refined towards the axis and streamer region 

(approx. 500000 elements).

 Linear Lagrange elements are used for all the equations.

 Time-step size is constant: Δt = 5 ps.

 Temporal evolution is followed up to 12 ns (2400 time 

steps). 

B. Bagheri et al., Plasma Sources Sci. Technol. 27 (2018) 095002

𝑟 = 𝑅

𝑧 = 𝑑

𝑟 = 0𝑧 = 0

Powered electrode

Grounded electrode

588



7

Code verification by benchmarking

 Axisymmetric positive streamer in air at atmospheric 

pressure and 300 K is modelled using 2D FEDM code.

 Square domain has radius and gap distance of 1.25 cm.

 Background electric field is 15 kV/cm.

 Gaussian seed near the powered electrode is introduced 

to locally enhance the field and initiate the streamer.

 Mesh is refined towards the axis and streamer region 

(approx. 500000 elements).

 Linear Lagrange elements are used for all the equations.

 Time-step size is constant: Δt = 5 ps.

 Temporal evolution is followed up to 12 ns (2400 time 

steps). 

B. Bagheri et al., Plasma Sources Sci. Technol. 27 (2018) 095002

𝑟 = 𝑅

𝑧 = 𝑑

𝑟 = 0𝑧 = 0

Powered electrode

Grounded electrode

589



7

Code verification by benchmarking

 Axisymmetric positive streamer in air at atmospheric 

pressure and 300 K is modelled using 2D FEDM code.

 Square domain has radius and gap distance of 1.25 cm.

 Background electric field is 15 kV/cm.

 Gaussian seed near the powered electrode is introduced 

to locally enhance the field and initiate the streamer.

 Mesh is refined towards the axis and streamer region 

(approx. 500000 elements).

 Linear Lagrange elements are used for all the equations.

 Time-step size is constant: Δt = 5 ps.

 Temporal evolution is followed up to 12 ns (2400 time 

steps). 

B. Bagheri et al., Plasma Sources Sci. Technol. 27 (2018) 095002

𝑟 = 𝑅

𝑧 = 𝑑

𝑟 = 0𝑧 = 0

Powered electrode

Grounded electrode

590



7

Code verification by benchmarking

 Axisymmetric positive streamer in air at atmospheric 

pressure and 300 K is modelled using 2D FEDM code.

 Square domain has radius and gap distance of 1.25 cm.

 Background electric field is 15 kV/cm.

 Gaussian seed near the powered electrode is introduced 

to locally enhance the field and initiate the streamer.

 Mesh is refined towards the axis and streamer region 

(approx. 500000 elements).

 Linear Lagrange elements are used for all the equations.

 Time-step size is constant: Δt = 5 ps.

 Temporal evolution is followed up to 12 ns (2400 time 

steps). 

B. Bagheri et al., Plasma Sources Sci. Technol. 27 (2018) 095002

2 ns
4 ns8 ns12 ns

591



7

Code verification by benchmarking

 Axisymmetric positive streamer in air at atmospheric 

pressure and 300 K is modelled using 2D FEDM code.

 Square domain has radius and gap distance of 1.25 cm.

 Background electric field is 15 kV/cm.

 Gaussian seed near the powered electrode is introduced 

to locally enhance the field and initiate the streamer.

 Mesh is refined towards the axis and streamer region 

(approx. 500000 elements).

 Linear Lagrange elements are used for all the equations.

 Time-step size is constant: Δt = 5 ps.

 Temporal evolution is followed up to 12 ns (2400 time 

steps). 

B. Bagheri et al., Plasma Sources Sci. Technol. 27 (2018) 095002

2 ns
4 ns8 ns12 ns

592



Dielectric barrier discharge (DBD) modelling

8

 Atmospheric-pressure DBD in argon in asymmetric 

configuration is modelled using 2D FEDM code.

 Electrodes of radius 2 mm are set 1.5 mm apart.

 Grounded electrode (top) is covered by 0.5 mm thick dielectric.

 Pulsed voltage is applied to powered electrode (bottom).

 Gaussian seed near the powered electrode is introduced to 

locally enhance the field and initiate the streamer.

 Mesh is refined near the streamer region and along the 

dielectric (approx. 350000 elements).

 Linear Lagrange elements are used for all the equations.

 Adaptive time stepping is used (1 ps < Δt < 100 ps).

 Temporal evolution is followed up to about 43 ns. 
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Conclusion and outlook

 FEDM code for automated set-up of the equations is developed.

 The code is verified using benchmarking.

 The challenges in cases where the problem is defined on several subdomains, such as DBDs, 

could possibly be resolved using mixed-dimensional formulation.

 Handling of electron-energy-dependent and electric-field-dependent coefficients should be 

further addressed because they can lead to small time-step sizes.

9
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