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Introduction 

The next major step in the process of developing controlled nuclear fusion power plants generating 

electricity for the grid is ITER (International Thermonuclear Experimental Reactor), which is 

currently under construction in international cooperation and will be operational in 2025 [1] [2]. One 

of the device’s aims is to produce ten times as much energy as it uses for its operation (500 MW 

output power at 50 MW input power), continuously for at least 300 seconds [3]. ITER's planned 

primary operational scenario is a high-confinement, so-called H-mode, in which the plasma-state fuel 

produces edge instabilities (Edge Localized Mode - ELM) [4]. The H-mode was discovered in the 

ASDEX Tokamak in 1982 [5] and is characterized by the quasi-periodic appearance of ELMs, which 

can expel up to 10% of the plasma’s particles and energy, and have the possibility of damaging the 

wall elements of the device. Despite these drawbacks, it is not necessarily a good idea to get rid of 

these instabilities, as the impurities are also "flushed" out of the plasma, i.e. the ELMs prevent the 

accumulation of particles that are harmful for the plasma. Based on the above, it can be seen that 

ELMs can be fundamentally useful, but it is important to have reliable control over them to avoid 

their harmful properties. A promising candidate for this is the ELM pacemaking by pellets. Pellets 

are solid material pieces (mostly frozen deuterium with a typical cryogenic temperature of 5-10 K 

and the typical size in the mm range) that are injected into the plasma at a few hundred m/s. Pellets 

are able to artificially trigger ELMs under certain conditions. 

The cold pellets are sublimating while passing through the few million K temperature plasma, 

forming a cold, dense, spherically symmetric and expanding cloud of neutral particles around the 

solid core [6]. These particles later dissociate and then become ionized. Since the plasma of the ITER-

relevant devices is confined by a magnetic field, the ionized particles can only travel along the 

magnetic field lines and they whirl a portion of the neutral cloud, forming a cigar-like, field-line-

elongated cloud, which emits light in the visible range. This cloud may later stick to the magnetic 

field lines, depending on the properties of the background plasma, and some parts may be detached 

due to various instabilities. The complete process is called pellet ablation. To date, the description or 

simulation of this complex process in a self-consistent manner cannot be considered a solved task. 

Existing models capture only a few aspects of the full process, for example, describe the properties 

of a cloud consisting of neutral atoms that expand in a spherically symmetric manner. Since the exact 

process of ELM triggering is not known to date, the study of the properties and time development of 

pellet ablation, including pellet clouds forming around the pellets, is an important task for 

understanding the mechanism of ELM triggering. 
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Objectives 

During my PhD work, I sought to find out what mechanism is responsible for generating ELMs during 

pellet ablation. Since the pellet itself can only be taken into account as a source of material during the 

ablation process (because of the shielding effect of the cloud forming around it), I focused on the 

properties of the pellet clouds during the ablation study. One essential question is whether typical 

cloud shapes can be observed during ablation, i.e. what classes and types of clouds can be 

distinguished based on their visual appearance. If typical types can be distinguished, it is advisable 

to examine what kind of density and temperature distributions are causing this shape within the cloud. 

This information can be used to determine the pressure within the cloud, which then can be used to 

determine the properties of the pressure-induced perturbation directly caused by the cloud. This is 

one of the main candidates among the various possible ELM-triggering mechanisms. For example, it 

is possible to determine the spatial extent of the pressure perturbation and the magnitude of the 

pressure compared to the background plasma. Another important question is how the physical 

expansion of the clouds depend on the properties of the background plasma and the pellet that is the 

material source of the cloud.  From this it can be estimated how the pressure perturbation changes 

within a given range of pellet and plasma parameters. The parameters of the pellet clouds cannot be 

measured directly, we can only detect the light emitted by the pellet cloud (using high-speed cameras), 

so to achieve the above objectives, it is also necessary to develop a software package that can, among 

other things, determine the physical parameters of pellet clouds and simulate real measurements. The 

latter is called – in accordance with the literature – synthetic diagnostics. It is also a goal that this 

program package should not be device-specific, i.e., the same code can be run in the data processing 

system of several different fusion experiments, which is an important requirement for both time 

management and reproducibility. 

Models, methods, algorithms 

The basis of image processing in my work is the spatial calibration algorithm, which allows one to 

determine the real physical extent of the pellet clouds on the snapshots recorded with a fast framing 

camera. During spatial calibration, a projection matrix is defined that projects the three-dimensional 

coordinates onto a two-dimensional plane, which is the plane of the sensor of the fast camera, so the 

resulting two-dimensional coordinates can be interpreted as pixel information. The transformation is 
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reversible – that is, three-dimensional coordinates can be produced from two-dimensional pixel 

coordinates – but only if we can define additional constraints for this "back projection". An example 

of such additional constraint is to observe the investigated phenomena in a specific plane not parallel 

to the field of view. Using these additional constraints, the actual physical parameters of a given 

object can be determined on a given image. 

Another, uncommon method used in the thesis is the nonlinear least squares curve fit, implemented 

by the Levenberg-Marquardt algorithm. This algorithm is robust and provides very good convergence 

in cases where the given fitting problem cannot be traced back to a linearized case. I have chosen this 

nonlinear fitting algorithm in my investigations because although the formula itself used for the fitting 

is a power function, so in principle it could have been linearized by taking the logarithm of both sides, 

in this case the error of the fitting parameters would not be symmetric after the back transformation. 

Since this problem does not exist in the nonlinear fitting case, I thought it would be useful to use the 

algorithm mentioned above for proper error estimation. 

The synthetic diagnostics is an essential element of the thesis. It is a kind of simulation the result of 

which is directly comparable to the actual physical measurement. In this particular case, we want to 

compare the measured fast camera images to the images (two-dimensional brightness distributions) 

produced by the synthetic diagnostics. The main advantage of the synthetic diagnostics is that by 

matching measured and synthetic images, it can provide insight into physical processes and quantities 

that cannot be measured directly.  

Thesis points 

1. I have created a virtual software environment to analyse three-dimensional transient processes 

on the snapshots of high-speed cameras (individual images can be processed and spatial calibration 

can be applied to them), working in the visible range on different fusion experimental devices (JET, 

ASDEX Upgrade, Wendelstein 7-X), and using the same software package one can create a 

simulation of real measurements. The simulation of real measurements is the so-called synthetic 

diagnostics. With the help of this package, the pellet-induced plasma edge instabilities (Edge 

Localized Modes - ELMs), the instantaneous position of the pellets, the instantaneous shape of the 

pellet clouds and their physical dimensions, as well as turbulent, three-dimensional, filamentous 

structures were investigated. [1][2][3][4][5]. 
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2. Using the above described software environment, I have created a pellet cloud database that 

contains the physical parameters, shape, radiation distribution, and the most important pellet and 

plasma parameters of the pellets shot from the magnetic High Field Side (HFS) of the ASDEX 

Upgrade tokamak. Using this database, I empirically categorized the clouds and determined the four 

major cloud shapes that include 96% of all the observed clouds. [2]. 

3. Using data from this database, I determined a scaling that connects the extent of pellet clouds 

along the magnetic field lines and the most important pellet (speed, size) and plasma parameters 

(density, temperature). I have used several different fitting formulas depending on the specific 

analysis to determine how the cloud width depends on these parameters [2]. 

4. Using the synthetic diagnostics and the output of a pellet ablation simulation code I 

determined the three-dimensional brightness distribution of a pellet cloud, and I projected this 

distribution to a two-dimensional plane, which resulted in a synthetic “camera image”. Using this 

method, I’ve reconstructed one of the most commonly observed cloud shapes. With this, I validated 

the pellet simulation data. With the help of this data, I found a correlation between the width of the 

clouds and the pressure perturbation caused by them, which is one of the most important parameters 

in the study of the pellet induced ELMs. [2]. 
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