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CONTEXT AND STATE-OF-THE-ART.

Space missions to the outer solar system remain challenging, and current propulsion systems limit
both travel time and payload mass. Plasma-based electric propulsion is already widely used in
satellites because of its high propellant efficiency. The challenge is to scale this technology from a few
kilowatts to the megawatt range required for deep-space travel. MagnetoPlasmaDynamic (MPD)
thrusters' are among the few concepts capable of reaching this power range, but at megawatt power
they enter an unstable “onset” state that causes severe performance loss and component damage.
The plasma processes behind this behaviour remain poorly understood, mostly due to a lack of
adequate computational modelling. Indeed, we have recently developed state-of-the-art
two-dimensional resistive magnetohydrodynamic (MHD) models of these thrusters and showed that
while they accurately recover the global properties of the thruster, they fail to capture the onset at
high-power?. Our work indicates that fully three-dimensional extended-MHD?® models, combined with
kinetic modelling*, are required to describe this regime within a predictive multi-scale approach.

OBJECTIVES, PARTNERS AND SCIENTIFIC ADDED VALUE OF THE COTUTELLE.

Addressing this challenge requires a coherent multi-scale approach that links global plasma dynamics
to measurable experimental signatures. The project's methodological objective is therefore to
develop the first predictive three-dimensional modelling framework with embedded synthetic
diagnostics® for megawatt-class plasma propulsion systems. This is essential to achieve the scientific
objective of identifying the plasma physics mechanisms responsible for the onset instability and to
open the way to new designs capable of mitigating or suppressing it. This is not an engineering
optimisation issue but a fundamental, three-dimensional plasma physics problem requiring cutting
edge computational modelling. To achieve our objectives, we propose a structured collaboration
between 4EU+ Alliance partners bringing complementary expertise in computational modelling
(Sorbonne University) and advanced plasma diagnostics (Charles University). The project is further
reinforced by a strategic collaboration with the French aerospace laboratory ONERA, currently
developing a high-power pulsed MPD thruster prototype.

At Sorbonne University, the group led by Professor Ciardi builds on established expertise in
large-scale kinetic and magneto-hydrodynamic plasma simulations, including the extension of the
FLASH code® to thruster applications. At Charles University, the group led by Professors Tichy and
Kudrna brings expertise in advanced, high-frequency plasma diagnostic instrumentation. This
complementarity enables a fully integrated modelling and diagnostic strategy, while the prototype
under development at ONERA will serve as an experimental test bench to validate, under realistic

' High-power space propulsion systems that utilize electrical power and magnetic fields to accelerate a charged
gas (plasma), generating propulsive force (thrust) to accelerate a spacecraft.

2 Tkachenko, Ciardi and Khiar, Journal of Electric Propulsion, Journal of Electric Propulsion, 4, 43 (2025)

3 Extended MHD refers to plasma models that include additional physical effects not captured by standard
magneto-hydrodynamics (fluid description of magnetised plasmas).

4 Kinetic modelling includes small-scale particle effects that influence plasma behaviour and that are not
described by standard fluid models.

5 Synthetic diagnostics are "virtual instruments" placed within simulations to generate the signals that real
experimental probes would measure.

5 FLASH code website: https://flash.rochester.edu/site/flashcode/



conditions, the Alliance's computational framework and measurement techniques.
WORKPLAN AND TIMELINE.

- Year 1 — Sorbonne University. Three-dimensional modelling of thruster megawatt operation.
The code FLASH already provides a mature three-dimensional extended-MHD capability. The
doctoral work consists in adapting this code to MPD thruster geometries in full 3D configurations
and operating conditions, following the strategy developed in the validated 2D case. The main
objective is to resolve the three-dimensional structure and evolution of onset instabilities in pulsed
megawatt regimes and to identify the physical processes driving performance degradation under
realistic conditions. The work builds on an established access to the FLASH "git developer branch”
and close collaboration with the group developing the code at the University of Rochester.

- Year 2 — Charles University. Synthetic diagnostics and validation.
During a 12-month residency in Prague, the student will implement models of plasma probes
directly within the 3D simulations and develop diagnostic configurations for megawatt operation.
These synthetic diagnostics reproduce signals directly comparable to probe measurements,
enabling quantitative validation rather than qualitative comparison. Special attention will be devoted
to identifying the high-frequency signatures of micro-instabilities and to analysing the imprint of
global MHD instabilities on measurable plasma properties (plasma potential, density, etc).

- Year 3 — Sorbonne University. Modelling-guided application to the MPD thruster prototype.
The student will work in Paris in close collaboration with the experimental teams. The validated
three-dimensional model and synthetic diagnostics will be applied to the ONERA prototype. The
diagnostics developed within the Alliance will be deployed on the prototype and analysed using the
techniques described in year 2. The prototype will serve as a validation environment to test and
refine the modelling approach. The modelling framework will be used to determine stability
boundaries and operational regimes, providing quantitative guidance for prototype optimisation and
next-generation thruster design.

Risks. The main risk is the computational cost of fully 3D simulations. This is mitigated by building on
our validated 2D FLASH framework, using incremental verification, and relying on our well established
access to HPC facilities. The modelling and synthetic diagnostics remain independent of the prototype
schedule.

TRAINING AND STRATEGIC IMPACT.
The project will train an interdisciplinary young researcher at the interface of fundamental plasma
physics and aerospace engineering, with strong skills in advanced modelling and diagnostics.

The involvement of ONERA adds a concrete R&D dimension to the project and illustrates how
Alliance 4EU+ fundamental research can engage with major industrial partners. The project
demonstrates how modelling tools and physical insight developed in fundamental plasma physics,
including astrophysics and laser plasma research, can be transferred to applied aerospace research,
linking frontier science with innovation in next-generation space propulsion.

PROFILE OF THE CANDIDATE

The candidate should have a strong background in plasma propulsion and space systems, ideally with
prior research experience in plasma modelling. A solid training in aerospace engineering or applied
physics, demonstrated research excellence, and strong motivation to work at the interface of
advanced computational modelling and plasma diagnostics are essential.



