
 

Electron Cyclotron Resonance simulations on unstructured
meshes using Vector Finite Elements
Citation for published version (APA):
Budé, R. H. S., van Dijk, J., van Ameijde, D., Goedkoop, T., & Janssen, J. F. J. (2021). Electron Cyclotron
Resonance simulations on unstructured meshes using Vector Finite Elements. Poster session presented at
Physics@Veldhoven 2021, Veldhoven, Netherlands.

Document license:
CC BY-NC-ND

Document status and date:
Published: 19/01/2021

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 27. May. 2023

https://research.tue.nl/en/publications/c0972928-cdfd-414f-89be-bf77d0b6e2de


Electron Cyclotron Resonance simulations on 
unstructured meshes using Vector Finite Elements
R.H.S. Budé1, J. van Dijk1, D.A. van Ameijde1, T.O. Goedkoop1, J.F.J. Janssen2

1Department of Applied Physics, Eindhoven University of Technology (TU/e)
2Plasma Matters B.V. 

Elementary Processes in Gas Discharges r.h.s.bude@tue.nl

Summary
A simple Electron Cyclotron Resonance (ECR) scenario is studied using a two-dimensional solver for Maxwell’s equations in the frequency domain. In 
order to accurately resolve the narrow resonance zones typically encountered, an unstructured triangular mesh with local refinements around the 
resonance zone is used. The RF fields are discretized using vector finite elements, implemented in MATLAB, based on [1-3]. Typically, the resonance 
zones observed in these simulations are much narrower than those observed in experiments. In various works an effective collision frequency 𝜈𝑒𝑓𝑓
is therefore introduced, with values much greater than any physical collision frequency in the plasma, which smoothens the resonance zones [4,5]. 
Finding a physical motivation and quantification for this effective collision frequency is the primary focus of ongoing research.

Application: ECR in cold plasma
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Figure 1: Much smoother fields are obtained when going from mixed first-order elements 
(top) to mixed second-order elements (bottom). The same number of triangles is used. 
Note that the magnetic field 𝐻𝑧 is smoother, and the electric field arrows/quivers are less 
erratic.

Future work

• Establish a physical motivation and quantification for 𝜈eff
• Compare simulations to experimental results

• Add support for warm/hot plasmas by adding kinetic effects

• Add support for cylindrical coordinates and 3D geometries

• Introduce extra validation cases for general gyroelectric media [9] 

and non-rectangular waveguides

• Add support for complete second order elements

• Port the code to C++ and integrate into PLASIMO

Electron Cyclotron Resonance (ECR) heating is a plasma heating method 
with applications ranging from material processing to nuclear fusion. A 
simple ECR scenario is studied with the following characteristics:
• The plasma is cold, magnetized and homogeneous
• 2.45GHz microwaves enter the plasma from the right
• A metallic wire carrying a DC current pierces the simulation domain
• PEC conditions apply on all walls (top, left, bottom, wire surface)
A circular resonance layer is created around the wire, clearly visible in 
Figure 2. The results are compared to the EM module from the plasma 
modeling software package PLASIMO, showing closely matching results.

Figure 2: Magnitude of the x-directed RF electric field component for two different effective 
collision frequencies: 𝜈eff = 108Hz (left) and 𝜈eff = 109Hz (right).

Clearly, the results are very sensitive to a specified, unphysical, effective 
collision frequency 𝜈eff. Compare the left figure (𝜈eff = 0.1GHz) to the 
right picture (𝜈eff = 1GHz). In both cases 𝜈eff is orders of magnitude 
greater than any physical collision frequency in the plasma (1MHz −
10MHz). In experiments the resonance zone widths and power absorption 
profiles are more in line with the figure on the right, so 𝜈eff ~ 1GHz [4]. 
Understanding why this is the case is the subject of current research. 

Vector Finite Elements
Vector finite elements relate the behavior of a vector field inside a 

triangle to the value on its edges. They satisfy the no-divergence 

condition from Maxwell’s laws by design [2] and make dealing with 

material interfaces and sharp conducting edges trivial. In the current 

code, hierarchical vector elements up to mixed second order are 

supported. See Figure 1 for a comparison between the first order and 

second order elements. The code is validated against cases for which 

analytical solutions are known [6,7]. The error converges as expected 

for the various element orders [8].
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