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• Electric propulsion (EP)

• More efficient use of propellant in space compared to 
chemical propulsion.

• Most mature electric propulsion technologies (e.g. Hall 
Effect Thruster, Gridded Ion Thruster) incorporate 
electrodes: Erosion         impact on thruster lifetime

• Electrodeless plasma thrusters (EPTs) 

• EPTs operation based on 

radiofrequency coupling :

• VASIMR

• Helicon plasma thruster (HPT)

• Electron Cyclotron Resonance 

Thruster (ECRT)

BACKGROUND
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ECRT OPERATION

• Electron Cyclotron Resonance 
(ECR):

• Electrons cyclotron motion 
resonates with electromagnetic 
(EM) waves whenever their 
frequencies match as:

• Energized electrons ionize the 
propellant injected

• Electrons accelerate along the 
Magnetic nozzle expansion

• An electrostatic potential 
develops, which accelerates the 
ions
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• Axisymmetric Time HArmonic Maxwell’s Equations Solver (ATHAMES)

• Solves Maxwell’s inhomogeneous wave equation in weak form 2D axisymmetric.

• Finite element method based on a mixed basis formulation.

• Coded in C++; use of MFEM FE discretization library:

• Also used by Petra-M analyzing the EM waves in the 

scrap off layer of a tokamak.

• Inhomogeneous anisotropic permittivity tensor.

• Boundary conditions:

• Perfect electric conductor (PEC).

• Perfect magnetic conductor (PMC).

• Symmetry axis.

• Unstructured grids (GMSH):

• Complex geometries (e.g., curved). 

• Non-uniform meshes.

• Predictive mesh refinement.

ATHAMES

ECR UHR
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• Mathematical formulation (weak form) after boundary conditions:

• and     chosen following Galerkin method.

• Harmonic expansion in azimuthal direction 

• Mixed FE discretization

• In-plane: Nédélec vector elements (    ) 

• Out-of-plane: Lagrange nodal elements 
• Polynomial order 

ATHAMES
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• Block matrix assembly (A)

ATHAMES
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• Axisymmetric boundary conditions

• Discretization dependent on mode number 

• Combined with PEC boundary conditions on the azimuthal fields at the 
symmetry axis.

ATHAMES
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• Code verification using:
• The Method of Manufactured solutions

• Manufactured solution

• Error convergence agreement with FE order used
• Tangential fields (vector) order 2

• Azimuthal fields (nodal) order 3

ATHAMES

ATHAMES
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• Predictive mesh refinement

• Fast oscillations in specific
CMA regions
• Similar oscillations observed

in other research for the
lower hybrid resonance (LHR) 
in the context of fusion.

• Spurious character since fast
oscillations wavelength is
much smaller tan physical, 
and in the order of the mesh
characteristic length.

• Predictive refinement allows to
mitigate these oscillations from
the solution.

ATHAMES

UNIFORM MESH PREDICTIVE MESH
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COUPLED ECRT SIMULATION 

PLASMA TRANSPORT

ELECTROMAGNETIC RESPONSE
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• Validation campaign carried out at 
ONERA facilities

• Dielectric-coated ECRT

COMPARISON TO EXPERIMENTS
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• Good agreement with experimental results along the magnetic nozzle

COMPARISON TO EXPERIMENTS

ANGULAR AXIAL
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• Predictive mesh refinement based 
on estimated characteristic 
wavelengths depending on EM 
plasma regions

• Petra-M: 3D + HPC capabilities

• Preliminary E-field solution with 
uniform tetrahedral mesh, ND elements 
order 2. Further refinement required in 
resonances.

Petra-M Simulations
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• Direct application of MFEM to the modeling of space plasma thrusters.

• 2D axisymmetric electromagnetic simulation code based on mixed finite elements 

• capable of solving the electromagnetic wave propagation and absorption in ECRT plasmas 

• Predictive mesh refinement based on the plasma and magnetic properties.

• Allowed to obtain:

• First coupled simulations of an ECRT by coupling plasma transport and electromagnetic 
problems. 

• First validation of the model against experiments of benchmark ECRT prototype at ONERA 

• Good agreement between simulations and experiments and also to identify potential model 
improvements.

• Petra-M allows for the obtention of solutions efficiently and with 3D capabilities, crucial for 
non-axisymmetric thruster configurations.

CONCLUSIONS
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