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Abstract 

Controlled thermonuclear fusion offers a promising concept for safe and sustainable 
production of electrical energy. However, there are still many issues to be 

investigated on the way to a commercial fusion reactor. An important point for 
detailed studies is connected to wall materials surrounding hot thermonuclear 

plasma. The JET tokamak (the largest fusion experiment in the world) in the United 
Kingdom has completed a major upgrade in 2011 in which the materials of the vessel 

surrounding the fusion fuel have been changed from a carbon-fibre-composite (or 
JET-C wall) to Beryllium and Tungsten. These new materials are the same as those 

that will be used in a next step fusion device International Thermonuclear 
Experimental Reactor ITER (hence the name ITER-like wall or JET-ILW), designed 

to demonstrate the feasibility of fusion reactor based on the tokamak concept. One 
of the goals of JET with the ILW is to act as a test bed for ITER technologies and for 

ITER operating scenarios. 
The overall purpose of the thesis work is to characterise the effect of the ILW on 

the structure and stability of edge plasma phenomenon called the pedestal, a steep 
pressure gradient associated with the H-mode, an operational regime with improved 

confinement. The aim is to contribute to the understanding of the difference in the 
pedestal performance between JET-C and JET-ILW.  

The work is focused on experimental characterisation of the pedestal structure in 
deuterium discharges by analysing the experimental data (radial profiles of electron 
temperature and density measured in H-mode plasmas) from Thomson scattering 

diagnostics at JET and on investigating the differences in pedestal stability between 
JET-ILW and JET-C plasmas in terms of the pedestal modelling. The pedestal 

structure is determined using a modified hyperbolic tangent fit to the experimental 
Thomson scattering profiles. The modelling is performed with the pedestal 

predictive code Europed, based on the EPED model commonly used to predict the 
pedestal height in JET. 

The experimental analysis has shown several differences in the pedestal structure 
of comparable JET-ILW and JET-C discharges. One of the key differences 

introduced in this work is the pedestal relative shift (a separation between the middle 
of the pedestals of the electron density and temperature) that plays a major role in 

the difference in the pedestal performance between JET-C and JET-ILW. The work 
shows that the relative shift can vary significantly from pulse to pulse and that, on 

average, JET-C plasmas have lower relative shift than JET-ILW plasmas. The 
pedestal relative shift tends to increase with increase in the gas fuelling and the 
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heating power. Furthermore, the increase in the relative shift has been empirically 
correlated with the degradation of the experimental normalized pressure gradient 

exp.  

To understand the differences in the JET-C and JET-ILW pedestal stability, 
parameters that affect the pedestal stability and that tend to vary between 

comparable JET-C and JET-ILW discharges have been identified. These parameters 
are the pedestal relative shift, pedestal density neped, effective charge number Zeff, 

pedestal pressure width wpe, and normalized pressure N. The modelling performed 

with the predictive Europed code has shown that these five parameters are sufficient 

to explain the difference in the pedestal performance between JET-C and JET-ILW. 
Furthermore, the modelling has shown that the relative shift and neped play a 

major role in affecting the critical normalized pressure gradient crit (normalized 

pressure gradient expected by the model comparable to exp), while the relative shift, 

wpe and Zeff have a major impact on the pedestal pressure height. Finally, a possible 

mechanism that has led to the degradation of the pedestal pressure from JET-C to 
JET-ILW is proposed. 
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Sammanfattning 
 

(Swedish translation of the abstract) 
 

Kontrollerad termonukleär fusion erbjuder ett lovande koncept för säker och hållbar 

energiproduktion. Det finns dock fortfarande många frågor som ska undersökas på 
väg till en kommersiell fusionsreaktor. En viktig aspekt är väggmaterialet som 

innesluter det varma termonukleära plasmat. JET tokamak, världens största 
fusionsexperiment beläget i Storbritannien, har genomgått en stor översyn 2011 där 

kolfiberkompositvägg (eller JET-C vägg) som innesluter fusionsbränslet ersattes 
med beryllium och volfram. De nya materialen är identiska med de i nästa stegs 

fusionsexperiment, International Thermonuclear Experimental Reactor ITER 
(därav namnet “ITER-liknande vägg” eller JET-ILW), som förväntas demonstrera 

genomförbarheten av en fusionsreaktor baserad på Tokamak-konceptet. Ett av de 
experimentella målen med JET-ILW är att vara ett test för ITER-teknik och för 

ITER-driftsscenarier. 
Det övergripande målet för detta avhandlingsarbete är att beskriva hur 

strukturen och stabiliteten hos ett kantplasmafenomen som kallas piedestal 
påverkas av ILW. Piedestal är en brant tryckgradient associerad med H-mod, vilket 

är ett driftscenario med förbättrad inneslutning. Syftet är att bidra till förståelsen av 
skillnader i piedestalstrukturen mellan JET-C och JET-ILW.  

Avhandlingens fokus är att beskriva piedestalstrukturen i 

deuteriumurladdningar genom att analysera experimentella data (radiella profiler 
av elektrontemperatur och densitet mätt i H-mod plasma) från 

Thomsonspridningsdiagnostik vid JET, och att belysa skillnader i piedestalens 
stabilitet mellan JET-ILW och JET-C-plasma via modellering. Piedestalstrukturen 

kännetecknas av en modifierad hyperbolisk anpassning till experimentella 
Thomsonspridningsprofiler. Modelleringen utförs med prediktionskoden Europed, 

baserad på EPED-modellen som allmänt används för att förutsäga piedestalhöjden i 
JET. 

Analysen av experimentella data från JET-ILW och JET-C visar ett antal 
skillnader i piedestalstrukturen hos plasmaurladdningar under jämförbara 

förhållanden. En nyckelskillnad i piedestalens struktur som introduceras i detta 
arbete är piedestalens relativa skift, d.v.s. separering av piedestalens mittpunkt för 

elektrondensiteten och temperaturen. Det relativa skiftet kan variera avsevärt 
mellan pulser och i genomsnitt har JET-C-plasma ett lägre relativt skift än JET-ILW-

plasma. Piedestalens relativa skift tenderar att öka med ökande gasinflöde och 
uppvärmningseffekt. Vidare korrelerar ökningen i det relativa skiftet empiriskt med 

försämring av den experimentella normaliserade tryckgradienten exp. 



iv 

För att förstå skillnaderna i JET-C och JET-ILW-piedestalstabiliteten 
identifierades parametrarna som påverkar piedestalstabiliteten och som tenderar att 

variera mellan jämförbara JET-C- och JET-ILW-plasmasurladdningar. Dessa 
parametrar är det relativa skiftet för piedestalen, piedestalens densitet neped, det 

effektiva laddningstalet Zeff, piedestalens bredd wpe och det normaliserade trycket 

N. Modelleringen med den prediktiva Europed-koden visar att dessa fem 

parametrar är tillräckliga för att förklara piedestalens skillnader mellan JET-C och 
JET-ILW. Vidare visar modelleringen att det relativa skiftet och neped påverkar den 

kritiska normaliserade tryckgradienten crit (normaliserad tryckgradient som i 

modellen antas vara jämförbar med exp) medan det relativa skiftet, wpe och Zeff har 

en stor påverkan på piedestalens höjd. Slutligen föreslås en möjlig mekanism som 
har lett till försämring av piedestaltrycket vid övergången från JET-C till JET-ILW. 



v 

List of appended papers

I. Confinement and pedestal structure in high-performance
scenarios in JET-ILW and comparison with JET-C
E. Štefániková, L. Frassinetti, P. Lomas, I. Nunes, M. Baruzzo, F. Rimini,
S. Saarelma, S. Wiesen, M. Peterka and JET contributors
42nd European Physical Society (EPS) Conference on Plasma Physics,
Lisbon, P2.131, June 22-June 26, 2015

II. Effect of the relative shift between the electron density and
temperature pedestal position on the pedestal stability in JET-
ILW
E. Štefániková, L. Frassinetti, S. Saarelma, A. Loarte, I. Nunes, P. Lomas,
F. Rimini, P. Drewelow, L. Garzotti, U. Kruezi, B. Lomanowski, E. de la Luna,
L. Meneses, M. Peterka, B. Viola, C. Giroud, C. Maggi and JET contributors
43rd European Physical Society (EPS) Conference on Plasma Physics,
Leuven, O4.117, July 4-July 8, 2016

III. Effect of the relative shift between the electron density and
temperature pedestal position on the pedestal stability in JET-
ILW and comparison with JET-C
E. Štefániková, L. Frassinetti, S. Saarelma, A. Loarte, I. Nunes, L. Garzotti,
P. Lomas, F. Rimini, P. Drewelow, U. Kruezi, B. Lomanowski, E. de la Luna,
L. Meneses, M. Peterka, B. Viola, C. Giroud, C. Maggi and JET contributors
Nuclear Fusion 58 (2018) 056010

IV. Pedestal structure in high current scenarios in JET-ILW and JET-
C
E. Štefániková, L. Frassinetti, I. Nunes, F. Rimini, L. Garzotti, E. Lerche,  P.
Lomas, S. Saarelma, A. Loarte, P. Drewelow, U. Kruezi, B. Lomanowski, E. de
la Luna, L. Meneses, M. Peterka, B. Viola, C. Giroud, C. Maggi and JET
contributors
44th European Physical Society (EPS) Conference on Plasma Physics,
Belfast, P1.124, June 26-June 30, 2017

V. Comparison of Peeling-Ballooning limited JET-C and JET-ILW
plasmas
E. Štefániková, L. Frassinetti, S. Saarelma, C. Perez von Thun, J. Hillesheim
and JET contributors
To be submitted to Nuclear Fusion



vi 

Selection of other publications by the author 

I. Fitting of the Thomson scattering density and temperature
profiles on the COMPASS tokamak
E. Štefániková, M. Peterka, P. Bohm, P. Bilkova, M. Aftanas, M. Sos, J.
Urban, M. Hron, R. Panek
Review of Scientific Instruments 87 (2016), 11E536

II. Overview of the JET results in support for ITER
X. Litaudon et al., Nuclear Fusion 57 (2017) 102001

III. Contribution to the multi-machine pedestal scaling from the
COMPASS tokamak
M. Komm, P. Bílková, M. Aftanas, M. Berta, P. Böhm, O. Bogár,
L. Frassinetti, O. Grover, P. Háček, J. Havlíček, M. Hron, M. Imríšek,
J. Krbec, K. Mitošínková, D. Naydenkova, R. Pánek, M. Peterka, P.B. Snyder,
E. Štefániková, J. Stöckel, M. Šos, J. Urban, J. Varju, P. Vondráček,
V. Weinzettl and the COMPASS Team
Nuclear Fusion 57 (2017) 056041

IV. Role of the pedestal position on the pedestal performance in AUG,
JET-ILW and TCV and implications for ITER
L. Frassinetti, M.G. Dunne, U. Sheikh, S. Saarelma, C.M. Roach, E.
Štefániková, C. Maggi, L. Horvath, S. Pamela, E. de la Luna, E. Wolfrum,
M. Bernert, P. Blanchard, B. Labit, A. Merle, L. Guimarais, S. Coda, H. Meyer,
J.C. Hillesheim, the ASDEX Upgrade Team, JET contributors, the TCV Team
and the EUROfusion MST1 TEam
Nuclear Fusion 59 (2019) 076038



vii 
 
 

 

 
 

Acknowledgements 
 
 
Finalising this thesis offers a moment of reflection over the past few years I’ve spent 

working on this project. Having the opportunity to visit interesting places where 

great science is done, I’ve had the honour to meet many kind and brilliant people 
within the fusion community who contributed to this work in various ways. It is close 

to impossible to properly thank everyone by name here.    

On the first place, I would like to express my gratitude to my main supervisor, Dr. 

Lorenzo Frassinetti, for thorough guidance throughout my studies and for sharing 
his invaluable knowledge about pedestal physics. Also, for endless patience and 

countless hours spent discussing my work, rehearsing my presentations, reviewing 
my papers and many other related things that supervisors of PhD students usually 

suffer through. 
I am also very grateful to my co-supervisor Prof. Per Brunsell and to Prof. Jan 

Scheffel for reviewing this thesis. 
I would like to thank my senior colleagues at FPP department for interesting 

discussions and for giving useful courses in various topics of fusion physics: Prof. 
Marek Rubel, Assoc. Prof. Thomas Johnson, Prof. emeritus Michael Tendler, and Dr. 

Per Petersson. 
I would also like to acknowledge our KTH colleagues from administration, 

workshops and service - Ann Marklund, Tysse Norlindh Falk, Mikael Visén, Beatriz 
Berbegal Saura, Håkan Ferm, Jesper Freiberg, and especially Viktor Appelgren for 

keeping the academic staff alive by taking care of the department’s coffee machine. 
 

In addition, I am very grateful: 
 

To my long-time office mate Richard, who never forgot to ask for reward in the 

form of chocolate or other food after he was asked for help or advice. 
To my other fellow PhD students Alvaro, Petter, Armin, Pablo, Igor, Emmi, Chris, 

Yushan, Kristoffer, Moon, Erik, Björn and our visiting student Elmira for being an 
amazing bunch of smart, curious and funny (in various order) personalities that I’ve 

really enjoyed spending time with.   
To ALSUSPRBMQGB a.k.a. the Alfvén Lab Secret Underground Society for the 

Promotion of Really Bad Movies and Quite Good Beer, for relaxing afterworks and 
for introducing me to more obscure movies than I’ve ever asked for. 

To funny folks from the Space plasma residing in the depths of the department 
where no one else usually wanders, but with whom the occasional coffee break 

encounters have been very entertaining – Emil, Federico, Ladislas and others.  



viii 
 

 
 

 
 
 

To the friends from PhD council for a lot of fun, home-made tiramisu, but most 
of all for invaluable insight into organizational structure of our university and for 

showing me that student voices matter.  
To the amazing COMPASS tokamak team, and especially to the Thomson 

Scattering group with whom I worked during my master studies, who introduced me 
to the ‘real science’ for the first time and who were almost like a second family to me. 

Even though I’ve worked on a different project since then, I’ve greatly appreciated 

meeting you at various occasions during JET experimental campaigns and 

conferences.  
To the entire JET team at the Culham Science Centre, but namely to the 

colleagues with whom I worked on pedestal related projects and who provided 
invaluable scientific feedback to me: Costanza Maggi, Lászlo Horváth, Jon 

Hillesheim, Xavier Litaudon, Isabel Nunes, Luca Garzotti, Fernanda Rimini, Elena 
de la Luna, Ernesto Lerche, Carine Giroud, Christian Perez von Thun, Martin 
Valovič, and Vassili Parail.  

To Samuli Saarelma for introducing me to pedestal simulations (about which I’ve 
always thought, as an experimentalist, that I’ll stay away from) in a comprehensive 

way and for his help and guidance, when the error messages didn’t make any sense 
to me.  

To Alberto Loarte, for his ideas and interest about the relative shift that greatly 
helped this project in the earlier stages.  

To Emilia Solano, who was kind enough to invite me to join her social circles 
during my longer JET stays, for helping to improve my hopeless climbing technique, 

for sharing her senior scientist experience and insight and for her passionate 
engagement in improving the equality of women in science.  

Moving to a foreign country is never easy and would be even harder without the 
support from those dearest to me. I would like to thank my mom Jarmila, my brother 

Rado and my sister-in-law Janka for their always present, long-distance care and 
support and for helping me to unwind when I was overloaded with work. Also, to 

Lasse, for his care and much needed encouragement during finalising of this thesis. 

Finally, my biggest gratitude belongs to my late dad Jaroslav, who ever since my 

early age nurtured my curiosity and courage to follow it and made pursuing this 
scientific path possible for me. Words can’t describe how much I miss you and I 

would like to dedicate this work to you. 

  



ix 
 
 

 

 
 

Acronyms 
 
 
 
AUG  ASDEX-Upgrade 
DEMO Demonstration fusion power plant 
ELMs Edge localized modes 
ETB  Edge transport barrier 
F4E  Fusion for Energy 
HFS  High field side 
HRTS High-resolution Thomson scattering 
ICRH Ion cyclotron resonance heating 
IFMIF  International Fusion Material Irradiation Facility 
ILW  ITER-like wall 
ITER  International Thermonuclear Experimental Reactor 
JET  Joint European Torus 
LCFS  Last closed flux surface 
LFS  Low field side 
MHD  Magnetohydrodynamics 
NBI  Neutral beam injection 
PB  Peeling-ballooning 
RF  Radio frequency 
SOL  Scrape-off layer  
UNFCC United Nations Framework Convention on Climate Change 
 
 
 
 
  



x 

Contents 

List of appended papers v 

Acknowledgements vii 

Acronyms ix 

Contents x 

Chapter 1. Introduction  ................................................................................ 1 
1.1  Thermonuclear fusion ..................................................................... 5 
1.2  Magnetic confinement fusion - tokamaks ....................................... 7 
1.3  JET tokamak ................................................................................... 10 
1.4 H-mode pedestal and Edge Localized Modes ................................. 14 
1.5  Peeling-Ballooning model ............................................................... 19 
1.6  Thesis objectives .............................................................................. 23 

Chapter 2. Diagnostic and analysis methods ........................................... 25 
2.1  Thomson scattering ......................................................................... 25 
2.2  High-resolution Thomson scattering system on JET..................... 29 
2.3  Fitting of the edge pedestal ..............................................................30 
2.3.1  Pedestal parameters .........................................................................30 
2.3.2  Fitting procedure ............................................................................. 32 
2.4  Modelling tools ............................................................................... 35 
2.4.1  EPED model..................................................................................... 35 
2.4.2  Europed code ................................................................................... 37 
2.4.3  Other modelling tools ...................................................................... 38 

Chapter 3. Motivation for pedestal studies with JET-ILW .................. 41 
3.1  Pedestal performance with JET-ILW ............................................. 41 
3.2  Pedestal stability of JET-ILW .......................................................... 43 

Chapter 4. Results and discussion .............................................................. 45 
 Summary of included papers .......................................................... 47 

 4.1  Paper I – Confinement and pedestal structure in high-performance 
 scenarios in JET-ILW and comparison with JET-C ....................... 47 

4.2  Paper II – Effect of the relative shift between the electron density 
 and temperature pedestal position on the pedestal stability       
 in JET-ILW ...................................................................................... 48 



xi 

4.3   Paper III – Effect of the relative shift between the electron density 
       and temperature pedestal position on the pedestal stability in  

 JET-ILW and comparison with JET-C ............................................... 49 
 4.4   Paper IV – Pedestal structure in high current scenarios 

 in JET-ILW and JET-C ....................................................................... 51 
4.5   Paper V – Comparison of the peeling-ballooning limited JET-C 

 and JET-ILW plasmas ......................................................................... 52 

 Discussion and open questions for future work ................................. 57 

Chapter 5. Conclusions .................................................................................. 63 

References  65 



xii 
 

 
 

 
 
 

 
 
 
 
 



   1 

Chapter 1 

Introduction 

Our civilization is on a journey of continuous development and is therefore 
dependent on the supply of abundant sources of energy. The global energy 

consumption was close to 14000 mtoe (million tonnes of oil equivalent, where 1 toe 
= 42 GJ) in 2018 and it is growing steadily (Figure 1.1) [1]. The consumption is clearly 

dominated by fossil fuels (coal, oil, and natural gas), with only a small fraction 
consisting of renewable energy sources or nuclear power. So far, such energy 

portfolio has been able to meet the energy demands. However, this comes with a 
price. The world population is growing, and the known resources of fossil fuels on 
Earth are thinning. The predictions of how long the resources are expected to last 

slightly vary, but in the case of oil and gas, it is a matter of several decades. The 
reserves of coal could possibly last to the end of the century or slightly beyond. But 

their further extensive use is closely linked to the major concern about polluting the 
air and effect on the global climate.   

Despite occasional attempts to belittle the topic of environmental impact of 
human activity since the industrial revolution, there is a solid agreement within the 

scientific community that the emissions from consumption of the fossil fuels are 
major factor driving the climate change [2]. In 2018, the total carbon dioxide energy-

related emissions reached a historic high of 33 Gt [3]. The annual average 
atmospheric concentration of CO2 measured at Mauna Loa Observatory, Hawaii, has 

reached 408 ppm (parts per million) in September 2019. Mauna Loa provides the 
longest record of direct measurements of CO2 in the atmosphere, starting from 

March 1958 when the average CO2 concentration was 316 ppm. The globally averaged 
measurements show a similar trend [4]. However, the political decisions do not 

always necessarily consider scientific evidence. On one hand, a consensus has been 
reached on the international level acknowledging that the current state is 

unsustainable and that it is necessary to reconsider the energy production on a long-
term run. These efforts culminated in 2016, when parties to the United Nations 

Framework Convention on Climate Change (UNFCCC) have signed the Paris 
Agreement treaty. The agreement’s aim was to coordinate global response to the 
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threat of climate change by restraining the rise of the global temperature well below 
2 degrees Celsius above pre-industrial levels and to pursue to effort to limit the 

increase even further to 1.5 degrees Celsius [5]. Nonetheless, despite undeniable 
importance of such a global assent, the treaty has a lack of binding enforcement 

mechanisms, and the major industrialized nations do not head towards 
implementing the policies leading to the estimated target fast enough. Extrapolating 

the current development, the climatological computer models predict the rise of the 
global temperature by the end of this century in the range 1.5-4.5 degrees Celsius, 
causing irreversible changes to Earth’s climate system [6].  

Figure 1.1: Global energy consumption. Taken from [1]. 

These reasons give a strong motivation to gradually decrease the use of fossil fuels 

and find a long-term, sustainable, and environmentally friendly energy solution. 
With the technological knowledge that we have today, the other energy options for 

the near future (in terms of decades) apart from burning of fossil fuels consist of 
renewable energy sources and energy sources based on nuclear reactions, such as 

nuclear fission and fusion. Many countries in Europe (and elsewhere) have already 
started to implement various renewable energy sources. These include e.g. solar 

power, wind power, hydropower, geothermal power or bioenergy. The problematics 
of renewable sources is complex, under rapid development and it is beyond the scope 

of this thesis to give a detailed description. What can be said in general is that the 



   | 3 
 

 

renewables provide an important complement to other energy sources but cannot 
alone sufficiently cover energy needs in most countries. To give an example, in 

Europe the renewable energy directive from 2018 by European Commission 
established a binding renewable energy target of at least 32% of EU total energy 

needs by 2030 [7]. Towards the future, this number could increase up to 50%. There 
is still a number of problems to overcome. The available local conditions have to be 

carefully considered, as they can strongly vary from country to country. Renewable 
technologies often require usage of large areas of land, which is problematic in 

densely populated countries. Moreover, negative effects on the landscape and 
wildlife should not be neglected. Sources like the solar or the wind energy are 

intermittent and require costly development of new technological solutions for 
storage capacities and infrastructure. For all these reasons, other sustainable 

solutions that would provide remaining 50-70% energy sources have to be 
developed.  

 
A non-negligible share in energy production of today is covered with conventional 

nuclear fission reactors, based on the fission of heavy elements such as uranium by 
incident neutrons. It is worth to note that despite offering possibilities for energy 

production on a large scale, nuclear fission has many problematic aspects and the 
current generation of reactors does not offer a long-term energy solution. Uranium 

resources in the world would not last much longer than the supplies of the fossil 
fuels, around 100 years, when used in a way that the current technologies allow [8]. 

Moreover, building of new fission reactors is becoming increasingly unfavourable 
from the point of view of general public opinion and therefore of their political 
acceptance. This is mainly due to the high costs, risk of accident with severe 

consequences on lives and nature, generating of a long-term radioactive waste that 
needs to be stored for thousands of years, and possibility of nuclear proliferation. 

Some of these issues can be addressed with development of new generations of 
fission reactors. With the process of transmutation, based on irradiation with 

neutrons, radioactive isotopes transmute or split to short-lived or stable elements. 
This would reduce some problems related to the long-term storage of radioactive 

waste. Currently, the research on the fourth generation of fission reactors is in 
progress, testing new materials and technologies to make the usage of fission fuel 

more efficient. There is a possibility to breed the fissile fuel with fast neutrons using 
natural uranium or depleted uranium from existing nuclear reactors, which decay 

into plutonium [9]. However, such technologies are expensive and do not remove 
concerns about reactor safety and possible abuse for nuclear weapons production.         
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A promising alternative to nuclear fission energy production is to build a reactor 
based on principle of nuclear fusion, a process that powers the stars such as the Sun 

in our solar system. Although the concept still requires overcoming significant 
technological obstacles and gaps in understanding of processes in hot fusion 

plasmas, the progress in recent years has been significant. Fusion power has been 
also acknowledged by the European Commission in the strategical development plan 

for new technologies, expecting fusion to play a major role in energy production 
towards the end of the century [10]. The fusion research in Europe is coordinated 

through Fusion for Energy (F4E), the European Union’s joint undertaking for ITER 
(International Thermonuclear Experimental Reactor) and the development of fusion 

energy [11]. The problems related to the growing demands for global energy supply 
and the global warming described in previous paragraphs have strongly motivated 

fusion research community to intensify the international collaboration in recent 
years in order to build ITER. ITER is an experimental facility currently under 

construction in the south of France and its goal is to demonstrate the feasibility of 
fusion power, paving the way for the demonstration power plant (DEMO) and later 

for commercial fusion reactors. In parallel to ITER, the material testing facility 
IFMIF (International Fusion Material Irradiation Facility) is being built, filling in 

the gaps of knowledge on how materials behave under extreme doses of irradiation 
from high-energy fusion neutrons. One of the advantages of fusion reactors 

compared to fission power plants is that fusion reactions do not produce high-level 
radioactive waste. However, the components of a fusion reactor will be activated by 

neutrons and tritium retention processes in wall materials. Affected components will 
be classified as intermediate level waste and will require storage and radiation 
shielding for decades or centuries, until they could be re-classified as low-level waste 

according to regulations [12].  

In recent years, it has started to become more and more apparent that although 

the development of nuclear fusion reactors has a huge potential in terms of 
producing clean, carbon-emission free source of energy, it is progressing rather 

slowly and cannot provide solutions necessary to fight the climate change in the 
coming decades. The start of full operation of ITER reactor is currently scheduled for 

2035 [13]. According to the ‘Roadmap to the realization of fusion energy‘, a plan to 
realize fusion electricity by 2050 and supervised by EUROfusion (a consortium of 

national fusion research institutes in the EU), DEMO will not be available before the 
mid century [14]. This does not mean that the effort is worthless. In the case that the 

concept fusion reactor will be proven successful and economically feasible, fusion 
will most likely take part in transition from energy produced from fossil fuels to 

a combination of renewable sources and nuclear fission and fusion reactors in the 
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future. The fusion research also brings invaluable knowledge in high-temperature 
plasma physics, material research or behavior of materials under high neutron 

irradiation. The next section will describe basic principles of nuclear fusion.   

1.1 Thermonuclear fusion 

In general, thermonuclear fusion is a process where light nuclei fuse into heavier 

ones, releasing energy E proportional to the mass difference m and c2 (speed of 

light in vacuum). On Earth, the most promising fusion reaction for a future power 
plant is the D-T reaction between two isotopes of hydrogen, deuterium (D) and 

tritium (T), due to its high cross-section of fusion reaction at favourable 
temperatures compared to other reactions [15], [16]: 

+ → + + 17.6  (1.1) 

This is also illustrated in Figure 1.2, which shows a comparison of reaction rates as a 

function of temperature for D-T, D-D and D-He3 fusion reactions. The D-T reaction 
has maximum rate at the lowest temperature (compared to the other reactions), 
approximately 70 keV, but high reactivity is reached already at ~20 keV. The D-T 

reaction releases the energy of 17.6 MeV as kinetic energy shared between the He ion 

(3.5 MeV) and a neutron n (14.1 MeV). In a fusion reactor, helium must transfer its 

kinetic energy to the plasma in order to contribute to self-sustaining plasma heating 
before it is extracted as reaction ‘ash’.  

Figure 1.2: Velocity averaged cross sections for D-T, D-He3 and D-D fusion 
reactions as a function of temperature [16]. 
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The energetic neutrons produced in the D-T reaction pass through the plasma and 
deposit their energy in the so-called reactor blanket, a technologically advanced 

structure contained in the wall surrounding the plasma. In the blanket, the energy 
from the neutrons is transferred to the electricity generating systems of a power 

plant, and simultaneously, neutrons are used for tritium production [17].  

It is very important that the fusion reactor will be tritium self-sufficient. In terms 

of fuel reserves, deuterium is a non-radioactive hydrogen isotope, which can be 
extracted from seawater, so the resources are affordable and plentiful. However, 

tritium is a radioactive isotope with a half-life of 12.3 years, therefore existing 
naturally only in very small quantities on Earth that are insufficient for reactor 

operation [16]. Tritium is also generated as a minor fission product in current 
nuclear reactors. CANDU heavy water nuclear reactors have capabilities of 

producing T at a rate only around 100g per year [18]. Therefore, tritium has to be 
produced in self-sustained manner in the reactor blanket in a process called tritium 

breeding. This can be accomplished using neutrons produced in fusion reactions 
through one of the reactions with lithium:   

+ → + + 4.8   (1.2) 

+ → + + − 2.5  

Lithium has two stable isotopes, 6Li and 7Li. The natural abundance of is 6Li 7.6%, 
while of 7Li it is 92.6% [16]. However, reaction with 6Li is preferred. The reaction 

cross-section increases with a decrease in the neutron energy and reaches higher 
values compared to reaction with 7Li [19].  

In current fusion devices, the experiments are carried out mostly with deuterium 
or hydrogen plasmas. Experiments with D-T operation have so far been performed 

only at JET (Joint European Torus) in UK and TFTR (Tokamak Fusion Test Reactor) 
in USA, generating 16 MW and 10.7 MW of fusion power respectively [20]–[22]. One 

more set of D-T experiments is planned in JET tokamak during the experimental 
campaign in 2020 [23]. This will be an important step before ITER begins its 

operation. The ITER project will already have to demonstrate high power 
performance operation and most importantly, the feasibility of tritium generation in 
the reactor blanket [17].  
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1.2 Magnetic confinement fusion - tokamaks 

 

There are different methods for confining the plasma particles: gravitational 

confinement (massive stars like the Sun), inertial confinement, and magnetic 
confinement. Inertial confinement fusion is based on fast compression and heating 

of a fuel target using laser beams. The fuel is typically in the form of a pellet that 
contains a mixture of D and T. The largest operational inertial confinement 

experiment is the National Ignition Facility in USA [24]. In magnetic confinement 
fusion concepts, the most significant progress has been achieved with toroidal 

machines that confine the hot plasma using magnetic fields. Among toroidal devices 
(e.g. tokamak, spheromak, spherical tokamak, stellarator, reversed field pinch), the 

leading concept is the tokamak configuration. It has achieved the highest energy 
confinement so far and is the most promising candidate for a fusion reactor [15]. 

Therefore, in this thesis, only the tokamak concept will be further discussed.  

The tokamak was first described by Tamm and Sakharov in the 1950s [16], [25], 
[26]. It consists of a torus shaped chamber inside which the strong magnetic fields 

confine the hot plasma. A schematic layout of a tokamak is illustrated in Figure 1.3. 
The plasma is represented by a magenta doughnut-like shape. The magnetic field 

consists of two components, the toroidal and the poloidal field. The toroidal 

magnetic field B (white arrow in the toroidal direction) is generated by the toroidal 

field coils (green) located outside the torus chamber. A purely toroidal field does not 

effectively confine the plasma due to the particle drifts, which would cause the 
plasma to drift away from the symmetry axis of the torus. Therefore, in addition to 

B, the poloidal magnetic field B (yellow arrows) is generated by driving a toroidal 

electric current in the plasma (orange arrow). It is typically an order of magnitude 

weaker than B. The (outer) poloidal field coils (blue) contribute to the poloidal 

magnetic field and they are also used for plasma positioning and shaping [15], [16]. 
The resulting magnetic field produces helical magnetic field lines (purple arrow). 

The plasma electric current is generated inductively by the central solenoid (yellow 

cylinder in the centre of the figure), where the plasma acts as the secondary winding 

of the transformer. In this configuration, the tokamak can operate only in pulsed 
mode. To operate in steady state, the tokamak requires external current drive, 

provided by injection of fast neutral particles or electromagnetic waves resonating 
with the gyration frequencies of charged particles into plasma. The current drive 

efficiency of these methods is not very high, therefore, the tokamak operation relies 
also on existence of the so-called bootstrap current, a transport driven toroidal 

current generated by the plasma (originating in the momentum transfer between the 
trapped and the passing particles in the plasma) that can, in principle, provide up to 
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80% of the plasma electric current [15], [16]. A high (~80%) bootstrap fraction has 
been achieved e.g. in the DIII-D tokamak [27].  

 

 
 

Figure 1.3: Schematic layout of a tokamak device. Courtesy of EUROfusion [28].  
 
 
Plasma  
 
The strength of the magnetic field inside the torus typically decays as ∼ R−1, where R 
is the distance to the symmetry axis. The region of the torus closest to the symmetry 

axis is often referred to as the high field side (HFS) and the region furthest away from 
the axis is called the low field side (LFS). The gradient in the B strength poses a force 

on the charged particles, and so the magnetic pressure can be defined as B2/2µ0, 

where µ0 is the permeability of free space. The quantity called the plasma  defined 

as: 
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=            (1.3) 

where p is the particle pressure, is the measure of how effective a magnetic fusion 

device is at confining the plasma. It is therefore desirable to achieve high values of . 

Similarly, we can define the poloidal : 

=             (1.4) 

and normalized : 

=                  (1.5) 

 

Ignition 

In current fusion experiments, the produced fusion power is smaller than the input 
power. In order for a future power plant based on the tokamak reactor concept to be 

economically viable, the fusion output Pfus power must be significantly larger than 
the input power Pin. This ratio is quantified by the fusion gain factor Q, defined as: 

= .               (1.6) 

When Q=1, a break-even is obtained. The kinetic energies of the reaction products 

are inversely proportional to their masses, so the neutron particles carry away 4/5 of 
the energy and the alpha particles (He nuclei produced in the fusion reaction) 1/5. A 

self-sustained plasma reaction (plasma burning without the aid of external heating) 
is termed ignition and can be achieved above Q=5, when the plasma can maintain its 

temperature by heating provided by alpha particles. To achieve ignition, there must 
be a sufficient number of particles heated to a sufficient temperature and confined 

for a sufficient amount of time in a controlled way. This condition for ignition of D-
T plasma is quantified by the fusion triple product [29]: 

 nT  > 3 × 1021 keV s-1 m-3       (1.7) 

where n is the density,  is the energy confinement time (the time it takes for plasma 
to lose its energy without applied heating), and T is the temperature (1 eV~11600 K). 

To achieve a net fusion gain, major technological and physics challenges still have to 

be overcome.  
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Significant tokamak devices 

There are many operational experimental tokamak devices all around the world. In 

Europe, most significant tokamaks are the Joint European Torus (JET) and MAST 
Upgrade in United Kingdom, ASDEX-Upgrade in Germany, and TCV in Switzerland. 

Other significant machines are DIII-D, JT-60 in Japan, EAST in China or WEST in 
France. An exhaustive list can be found e.g. in [30].  

ITER is the next generation tokamak under construction in France. This project is 
an international collaboration between European Union, China, Russia, India, 

Japan, Korea, and the USA. It will be the largest magnetic confinement device built 
so far (with major radius R=6.2 m and minor radius a=2.0 m). First plasma is 

currently planned for 2025, and the project aims to achieve the net fusion gain of Q 
≈ 10 (500 MW of fusion power) by injecting 50 MW of input power for ~300 s. ITER 

is an essential step on the road to demonstrating the feasibility of future fusion power 
plant. 

 

1.3 JET tokamak 

 
The currently largest operating tokamak JET is located near Culham in the United 

Kingdom. JET has been in operation since the early 80s, with the main scientific 
focus aiming at investigation of plasma confinement and heating in a reactor 

relevant plasma conditions and the investigation of plasma-wall interactions [15]. 
JET holds the record in achieving the highest fusion power gain Q≈0.62 so far, 

obtained in operation with D-T plasma in 1997, as reported in [31].  

 

Upgrade to ITER-like wall 

In 2010-11, JET tokamak underwent a major upgrade of its plasma-facing 

components. The first wall consisting of carbon fiber composite (CFC; in this thesis, 
the plasmas performed in JET with carbon wall are referred to as JET-C) was 

replaced by the new ITER-like wall (ILW; JET-ILW plasmas in short). The new wall 
consists of beryllium in the main chamber and tungsten in the divertor, mirroring 

the  material choices for ITER tokamak [32]. Figure 1.4 shows view of the JET 
vacuum vessel with new metal wall and Table 1.1 summarizes the values of JET 

engineering parameters. 
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Despite the fact that carbon manifests excellent power handling properties and very 
low activation, it suffers from high erosion rates by the plasma and from the 

formation of thick co-deposited layers rich with hydrogen isotopes [17]. During 
operation with D-T plasma, this would inevitably lead to high tritium inventory in 

the machine, having serious impact on reactor safety and economy, as proven after 
the full D-T experimental campaign at JET [21], [33], [34].     

Since replacing of the first wall materials, significant changes compared to operation 
with carbon have been reported. Changes involve not only the physics directly 

related to plasma-wall interactions, but also the main plasma, impacting strongly 
many aspects of the tokamak plasma operation and performance [32]. 

 

 
 

Figure 1.4: View of the JET vacuum vessel, with a superimposed image of JET 
plasma taken with a visible light camera. Courtesy of EUROfusion [28]. 
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Table 1.1: Engineering parameters of JET tokamak [35]. 
 

  
  
 

 
 
 
 
 

 
 
 

ITER baseline and hybrid operational scenarios on JET 

In many experimental and modeling campaigns performed at JET, a substantial 
effort has been focused on developing scenarios that can be applied to the D-T 

plasma operation at ITER. There are still many very challenging issues that need to 
be addressed. These mainly involve a better understanding of the plasma-surface 

interactions, investigation of access conditions to high confinement with ITER first 
wall materials; prediction, suppression or mitigation of severe plasma instabilities 

like disruptions (sudden loss of plasma confinement) and ELMs (periodic bursts of 
plasma energy and particles towards the wall) or studies of fusion materials 

properties under irradiation with highly energetic neutrons. A comprehensive 
overview is given e.g. in [36]. In the next Section (1.4), more details about 

characteristics of operation with the so-called high-confinement mode (H-mode) 
and the ELM instabilities that typically accompany the H-mode will be provided, as 

they are closely related to the work presented in this thesis.   

Since no current operating fusion machine is large enough to test exactly the same 

experimental conditions as there will be in ITER, extrapolation of present plasma 
conditions to predict the fusion performance of ITER has to be done. A robust 
method of scaling the results obtained in various experimental devices is through 

dimensionless parameters [37], [38]. Due to its size and capability to operate at high 
plasma current and field, JET tokamak can achieve collisionality ν* and normalized 

ion Larmor radius ρ* close to ITER values [39]. The normalized collisionality 
(defined as the ion-electron collision rate normalized to the thermal ion-bounce 

frequency): 

 ∗= 6.92 ∙ 10
     

/  
       (1.8) 

 JET value 

Major radius R0 2.96 m 
Minor radius a 1.25 m 

Toroidal magnetic field B 3.45 T 

Plasma current Ip 4.5 MA 
Heating power 34 MW (NBI), 10 MW 

(ICRH), 7 MW (LHCD)  
Plasma volume 100 m3 
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where q95 is the safety factor at 95% of the minor radius (the safety factor is defined 
as q=m/n, with m and n as the number of toroidal and poloidal turns of the magnetic 

field line to be closed on itself); Zeff is the effective charge of the plasma ( =

∑ / ∑ , with  the ion density for species k,  the atomic unit charge); Te 

is the electron temperature, ne is the electron density, ε is the inverse aspect-ratio 

ε=a/R, and ln  is the Coulomb logarithm. The normalized ion Larmor radius is 
defined as: 

∗= , (1.9) 

where A is the mass number, mp is the proton mass, Ti is the ion temperature, e is 
the electric charge, and B is the magnetic field. Furthermore, reaching high plasma 

current and field is necessary to reach high plasma thermal energy and core 
temperature. However, with increasing plasma current, obtaining stationary ELMy 

H-mode becomes challenging. The loss of bulk plasma energy due to the ELMs
increases, causing enhanced plasma-wall interactions that can lead to impurity

influx and strong plasma radiation [39]. High currents also pose a challenging load
on the mechanical strength of the reactor structure [16].

The ITER objective to reach Q=10 in inductive scenario with Ip≈15 MA at a 
toroidal field of BT=5.3 T and q95≈3 has been based on such confinement scaling, 

derived mainly from ELMy H-modes data. Based on scaling from the 1998 ITER 
Physics Basis (IPB98) study [40], the plasma confinement factor required for this 

scenario is H98(y,2)=1 at a normalized pressure of N=1.8, and Greenwald density 

fraction n/ =0.85, where  

= (1.10) 

is an empirical scaling called the Greenwald density limit [41]. The density is often 

normalized to the Greenwald density, so the resulting density is independent of the 
tokamak dimension. Also, an averaged plasma triangularity (the shape of the 

poloidal cross section of the LCFS) av=0.45 is required, as observed from dedicated 

experiments in JET [42] and other tokamaks, e.g. [43]–[45], showing beneficial 
effects of plasma triangularity on energy and particle confinement. The confinement 

enhancement factor is a measure of a confinement performance. It is defined as 

( , )= / ( , ), i.e. ratio between  determined from the measurement and 

 calculated from the scaling relation determined from the H-mode database 

containing data from several machines [40], see Equation (1.12). 
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A second, the so-called ‘hybrid’ scenario considered for ITER is a scenario with 
reduced Ip=12 MA, but increased bootstrap current, leading to operation with higher 

( , )=1-1.2 and N=2-2.5, aiming for = 6 [46], [47]. For a given fuelling level, 

the normalized confinement of hybrid plasmas is comparable in both JET-C and 
JET-ILW plasmas [47], [48]. Apart from papers II and III, no major distinction 

between the two scenarios has been made in this work. 

 

1.4 H-mode Pedestal and Edge Localized Modes  

 
The tokamak machines can operate in three conventional modes, an ohmic mode, 
low confinement mode (L-mode), and high-confinement mode (H-mode). The key 

experimental conditions that determine the regime of operation are the amount of 
external heating power and the configuration of the plasma-facing surface [16]. The 

regimes also vary in their energy confinement time.  
  

The ohmic mode is a regime without any external heating, relying on the fact that 
the plasma is resistive. However, ohmic heating of the plasma due to Coulomb 

collisions of plasma particles will not be sufficient to reach high temperatures 
required for D-T fusion, as the resistivity and collisionality decrease with increasing 

temperature.  
To improve the plasma energy content, the ohmic heating can be complemented 

with additional plasma heating systems, such as the radio frequency heating (RF) 
and neutral beam injection (NBI). First experimental results with applied additional 

heating were disappointing, as the confinement was observed to degrade with 
increased heating power (thus the name low-confinement or L-mode) [49]. The 

confinement became worse due to a so-called anomalous transport (where the cross-

field transport is larger than what is expected from the classical transport) driven by 

plasma turbulence.  
By collecting and analysing the data from several larger tokamaks, an empirical 

scaling of the confinement time was obtained and named τE
ITER89-P (as for the 

prediction of confinement of the proposed larger tokamak reactor ITER) [50]: 

 
( ) = 0.048 . . . . . . . .   (1.11) 

 
where I is the plasma current (in MA), a and R the minor and major plasma radii (in 

m), n is the average electron density (in units of 1020 m-3),  is the plasma elongation, 
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B is the toroidal magnetic field (in T), A is the atomic mass of the ions, and P is the 
applied power (in MW).  

During neutral beam injection experiments on ASDEX tokamak in Germany in 
1982 it was discovered that as the external power was increased, there was an abrupt 

transition to higher confinement. This phenomena was subsequently observed on 
other large tokamaks as well and this regime with improved confinement was named 

H-mode (where H stands for high-confinement), in contrast to L-mode, where the
energy confinement time was typically two times lower. The discovery of the H-mode
regime represented a major step forward in the tokamak operation.

An analogous expression to the ITER89-P L-mode confinement time scaling was
derived for H-mode behaviour. A widely used expression that can be found in

literature [40] is:

( , )( ) = 0.145 . . . . . . . .  (1.12) 

with similar dependencies compared to L-mode. An example of plot of experimental 
versus empirical  for ITER H-mode database is shown in Figure 1.5. 

Figure 1.5: Comparison of the experimental values of confinement time  obtained 

from various tokamak machines, with the empirical  H-mode scaling [40]. 
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Limiter and divertor configuration 

In terms of the plasma-facing surface configuration, there are two configurations 

that are typically used – the limiter and the divertor configuration (schematically 

illustrated in Figure 1.6). The function of both configurations is to limit the contact 

of the hot plasma with the material of the first wall. The limiter has an advantage of 
having a simpler construction. As the plasma diffuses across the last closed flux 

surface (LCFS), plasma particles and energy are deposited on the surface of the 
limiter. Materials capable of sustaining high temperatures and retaining their 

physical and chemical properties such as tungsten or molybdenum are therefore 
used. However, the proximity of limiter to the hot plasma increases the number of 

impurities that can diffuse into plasma due to plasma-wall interactions, leading to 
radiative energy losses.  

The divertor is a more complex configuration containing additional coils that 

produce a so-called X-point in the LCFS. The LCFS in this configuration is referred 
to as the separatrix. As plasma diffuses across the separatrix, the plasma particles 

and energy travel along the field lines and are deposited on the target plates of the 
divertor. The divertor configuration has several advantages, the most important ones 

are its remote location, thus better isolation of the plasma from impurities, and 
easier access to the H-mode [51]. Disadvantages are robust and complicated 

construction as well as high heat loads onto the narrow area of the target plates, 
which can lead to material damage. Since the issues of isolating the impurities from 

the main plasma and access to H-mode are one of the key factors in tokamak 
operation, divertor configuration is preferred in most tokamak machines including 

ITER.  

Figure 1.6: Schematic diagram of plasma with limiter configuration (left) and with 
divertor configuration (right). The orange area depicts the plasma, limited by the 
last closed flux surface (also called the separatrix), with the white region depicting 
the scrape-off layer. Figure is not to scale. 
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Edge transport barrier 

One of the H-mode’s most significant characteristics is the formation of a so-called 
edge transport barrier (ETB), a narrow region that separates core plasma from the 

scrape-off-layer (SOL). It is often referred to as ‘pedestal‘ due to its characteristic 
shape. It is characterised by a rapid increase in the pressure gradient in the plasma 

edge region due to local suppression of the anomalous transport, leading to an 
improved edge confinement and to the increase in the fusion power gain [52]–[56]. 
Furthemore, the edge pedestal determines the boundary conditions for the core 

plasma as well as the source of particle and heat flows toward the SOL and divertor 
region, as illustrated in schematic Figure 1.7. Understanding the mechanisms that 

govern its behaviour is therefore essential for burning plasma performance. 

Figure 1.7: Schematic radial profile of plasma pressure with H-mode pedestal [56]. 

However, the improvement in confinement comes with the price of having some 
challenging aspects accompanying H-mode plasmas. One of the most severe ones are 

instabilities called the Edge Localized Modes (ELMs), short periodic bursts of 
plasma energy and particles to the wall. The reduction of the transport in the edge 
region leads to a build-up of the plasma energy density. After exceeding a certain 

threshold, it causes the edge energy gradients to relax. When enough energy is 
released, the pedestal restores and the whole process repeats [57]. On one hand, 

ELMs bring certain advantages to plasma operation. They are useful in removing the 
impurities and helium ash from the plasma. They can also prevent the plasma 

density from rising beyond the critical limit, leading to disruptions – events of fast 
loss of plasma thermal energy and current, terminating the plasma discharge. This 
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was part of the reason why ELMy H-mode was chosen as the baseline operating 
mode for ITER. 

 
On the other hand, the transient power loads on the divertor components 

released during ELMs might cause material erosion and melting of the affected 
surfaces [58], strongly degrading their functionality. Developing techniques for 

suppressing the ELMs or reducing the ELM peak power load such as resonant 
magnetic perturbations [59], [60], fast vertical plasma motion (also called ‘vertical 

kicks‘) [61], [62] or pellet pacing [63] have therefore been a subject of high research 
interest.         

ELMs are typically detected by increased radiation from the divertor region, also 

called D radiation, recognized by characteristic spikes. It is produced when the 

particles released during the ELM burst collide with neutral atoms near the divertor. 

In addition to D radiation, ELMs can be also observed on the signals of the edge 

line-averaged density from interferometer or electron temperature at the top of the 

pedestal from measurements of electron cyclotron emission. In JET-ILW, Be II 

(=527 nm) photon flux measured at the outer or inner divertor is commonly used 

as an ELM marker, e.g. [64].  

ELMs are classified into several distinctive types typically called type I, type II, 
and type III, as first described in [65]. Here only a brief distinction will be 

mentioned. Type I ELMs are often called ‘large‘ ELMs, as they are large in amplitude 
and with relatively low frequency. The frequency increases with increasing heating 
power. Type II ELMs are more typical for strongly shaped plasmas, with lower 

amplitude and higher frequency compared to type I. Type II ELMs are often called 
‘grassy‘ ELMs. Type III ELMs are small in amplitude and their frequency decrease 

with increase in the heating power. Type I and II ELMs do not strongly degrade the 
confinement, but cause a large transiet heat loads on the plasma facing components. 

On the contrary, type III ELMs cause a stronger confinement degradation compared 
to type I and II.  
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1.5 Peeling-Ballooning model 

 
The edge localized modes described in the previous section are a type of 
magnetohydrodynamic (MHD) instabilities. MHD theory treats the fusion plasma as 

a (electrically charged) single-fluid, controlled by the electromagnetic forces. A 
fusion plasma is a complicated system, composed of >1020 charged particles 

(electrons and ions) interacting with each other. In the present time, one model that 
would accurately capture all the phenomena in a fusion plasma does not exist. 

Kinetic plasma models implement statistical description of a large number of 
particles using the particle distribution functions, but in practice are very 

complicated to solve.  

On the other hand, the fluid model approach has the advantage of not having to 

know the positions and velocities of individual particles, allowing the description of 
complicated geometries in a simpler way for computations. Therefore, the MHD 

model is very useful and a widely accepted tool for studying the macroscopic 
equilibrium and stability properties of fusion plasmas crucial for reactor operation 

[66], [67]. The MHD plasma description has several approaches. In the so-called 
ideal MHD approach, the plasma is considered perfectly conducting. A resistive 

MHD approach implements a finite resistivity in the model. Since the plasmas 

relevant for a fusion reactor have high electrical conductivity, the ideal MHD model 

is often used for studying the fusion plasma phenomena. Particularly, investigation 
of ideal MHD stability is important as there is a class of ideal MHD instabilities that 

can lead to catastrophic loss of plasma with a potential to damage the reactor first 
wall [68].  

 

MHD instabilities (peeling and ballooning modes) 

There are three main categories of MHD instabilities, as described in [16], [66]. 

These involve internal and external modes, pressure driven and current driven 
modes, and the last category distinguishes between the conducting or non-

conducting wall.  

ELMs, the periodic collapse of the pedestal, are associated with crossing the 

peeling-ballooning stability limit [69]. This limit is combination of the edge-localized 
external ‘kink’ type peeling mode with the ballooning mode. An external instability 

is a type of instability that can affect the entire volume of the plasma. The kink mode 
is a current-driven type of instability, while the ballooning mode is a pressure driven 
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instability manifesting itself at a ‘bad curvature’ at the LFS of the tokamak. By bad 
curvature is meant where the curvature vector of the magnetic field and pressure 

gradient point in the same direction. The ballooning modes exist at high toroidal 
mode numbers. While the kink mode exists only at low toroidal mode numbers, the 

peeling modes can also exist at higher mode numbers, giving rise to the peeling-
ballooning (PB) coupling. Coupled PB mode is thought to be responsible for the type 

I ELM instabilities. Figure 1.8 shows a schematic diagram of the ideal MHD stability 
cycle of a type I ELM crash, as proposed in [69]. The cycle starts with a low pressure 
gradient as a result of a previous ELM crash. A steep pressure gradient develops at 

the edge (1). The growth of the pedestal stops at the ballooning stability limit (2). The 

bootstrap current ~
/

 builds up, driving the plasma ideal peeling mode 

unstable (3), leading to an ELM crash and the loss of edge pedestal pressure (4). 

Figure 1.8: A sketch of the marginal stability curve (full line), together with 
interpretation of type I ELM cycle (dashed line). Courtesy of EUROfusion [28].  



1.5 PEELING-BALLOONING MODEL   | 21 
 

 

As described above, the driving forces of the PB instability are the edge current 
density (the peeling component), and the edge pressure gradient (the ballooning 

component). The PB stability boundary can be represented in a figure of the 

normalized edge current jped versus the normalized pressure gradient , as illustrated 

schematically in Figure 1.9 (a).  

The red solid line represents the stability boundary. Inside this boundary, the 
plasma edge is considered stable. Above this boundary, the plasma edge is peeling 

unstable (at high jped), PB unstable (at the corner of the boundary) or ballooning 

unstable (at hight ). The (dimensionless) normalized pressure gradient is defined 

as in [70]: 

= −
( )

          (1.13) 

 

with  the poloidal flux, V the plasma volume, R the major radius, 0 permeability in 

vacuum, and p the pressure. This definition allows a direct comparison of the 

experimental normalized pressure gradient exp and the critical normalized pressure 

gradient crit expected by the PB model, used throughout this work. A more detailed 

description of how crit is estimated, is given in Section 2.4.1 (EPED model). 

The PB stability boundary can be determined using ideal MHD stability codes 

such as MISHKA [71] or ELITE code [72], with the use of an equilibrium solver code 

HELENA [73]. HELENA provides the equilibrium for specified values of j and . 

MISHKA or ELITE evaluate the growth rate for a given toroidal mode number and 
equilibrium, which is then repeated for a range of toroidal mode numbers. The 

highest growth rate defines the most unstable toroidal mode number. The process is 

repeated for a range of j and  values to obtain stable and unstable region. MISHKA 

works better for low to intermediate mode numbers, while ELITE for intermediate 

to high mode numbers. 

Figure 1.9 (b) shows an example of PB (j-) stability diagram, as obtained from 

MHD stability code MISHKA with HELENA as the equilibrium solver, for a JET-C 
discharge. The color gradient from blue to red represents the growth rate of the most 

unstable mode. The stability boundary (thick dashed line) is defined by the contour 

of a constant growth rate =0.03 , where  is the Alfven frequency ( =

/( ) , with ρ the mass density). A black star represents the so-called 

operational point, which corresponds to the plasma state at the pre-ELM phase.  
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Here in this section it will be only briefly mentioned that not all the JET-ILW 
plasmas have operational point exactly on the PB boundary. Since this fact has 

a strong impact on this work, a further discussion and possible explanation will be 
provided in Chapters 3 and 4. 

Figure 1.9: (a) A sketch of peeling-ballooning stability limit as a function of edge 
current density (normalized to the volume-averaged current density) jped/<j> and 
normalized pressure gradient  (b) Example of peeling-ballooning stability 
diagram for JET-C discharge calculated using MISHKA. The numbers represent 
the most unstable mode. Taken from [47].  
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1.6 Thesis objectives 

 
 
The overall purpose of the thesis work is to characterise the effect of the ILW on the 
pedestal structure and stability in JET in comparison with JET-C, with the final goal 

to contribute to the understanding of the difference in the pedestal performance 
between JET-C and JET-ILW.  

The work is focused on:  

 experimental characterisation of the pedestal structure in unseeded 
deuterium discharges by analysing the experimental data (radial profiles of 

electron temperature and density measured in H-mode plasmas) from 
Thomson scattering diagnostics at JET, 

 

 investigation of the pedestal stability in terms of the peeling-ballooning 
model.  

The thesis is further structured as follows: Chapter 2 introduces the diagnostic 
principle of Thomson scattering, TS diagnostic set-up on JET, description of the 
tools used for pedestal analysis on JET, and description of the modelling tools. 

Chapter 3 gives a motivation for JET-ILW pedestal studies, providing a background 
for the attached papers. A summary of papers included in this thesis with the 

description of author’s contribution is given in Chapter 4 and the conclusions and 

outlook are given in Chapter 5. 
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Chapter 2 

Diagnostic and analysis methods 

 

The main diagnostic method providing the experimental data for this work is the 

Thomson scattering diagnostics. The main advantage of this method is that it does 
not perturb the plasma and provides simultaneous and reliable measurements of the 

electron temperature and density profiles with high resolution and high repetition 
rate throughout the plasma discharge. Other diagnostic methods for measurements 
of temperature or density profiles (e.g. the reflectometer, Lithium beam diagnostics, 

ECE JET diagnostics), have been in some cases used to crosscheck the data from the 
Thomson scattering. 

To give a broader background for the analysis described in this thesis and in the 
attached papers, this section gives an overview of the Thomson scattering from a 

theoretical and practical point of view. First, the diagnostic principle is outlined, 
followed by the description of the High-resolution Thomson scattering system on 

JET, and by the fitting procedure applied to the experimental profiles.  

  

2.1 Thomson scattering 

 
Thomson scattering diagnostics is based on the phenomena of the scattering of 
electromagnetic radiation on free electrons, described by J.J. Thomson in 1906 [74]. 

Thomson scattering is a powerful method of determining the plasma electron density 
and temperature. In 1968, this technique was used in T-3 tokamak to confirm the 

record in achieved electron temperature. Thomson scattering diagnostics is 
commonly used in current tokamak machines such as JET [75], D-IIID [76], ASDEX-

U [77], and others. It is a non-perturbing method, only requiring access of radiation 
to the plasma. Such diagnostics are beneficial in fusion experiments, where avoiding 

disturbance of the plasma is vital. From a technical point of view, it is rather 
challenging diagnostics [78]. 
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From the theoretical point of view, the full derivation of the Thomson scattering 
spectrum requires to involve complex electrodynamics and by far exceeds the scope 

of this thesis. Furthermore, at high electron temperatures (>10 keV) expected at next 
step fusion devices such as ITER, high order relativistic effects play a role in the 

shape of Thomson scattering spectrum. A thorough derivation including the 
relativistic effects can be found in [79].  

 

Diagnostic principle 

 

An incident electromagnetic wave impinges on the charged plasma particle. The 
particle is accelerated as a result of experiencing the electric and magnetic field of                                      

the wave. When undergoing the acceleration, the charged particle emits 
electromagnetic radiation in all directions; the emitted radiation is the scattered 

wave (Figure 2.1). In a classical limit, the photon momentum is much smaller than 
the particle momentum. Then the scattering by free charged particles is called the 

Thomson scattering. The case where photons are sufficiently energetic that their 
momentum cannot be neglected is called Compton scattering. The applications in 

fusion plasma diagnostics deal with the Thomson scattering (TS) case where incident 
photons have much less energy (~eV) than the rest mass of an electron (~500 keV). 

Since the ions are much heavier than the electrons, their acceleration and 
consequent radiation is considered negligible. Therefore, it is the radiation coming 

from scattering on electrons that is collected by the Thomson scattering diagnostics 
[78]. 

 
In tokamak plasmas, the diagnostic technique is based on incoherent Thomson 

scattering, where the motions of electrons are independent of the surrounding 

electrons. The scattering regime is determined by the so-called Salpeter parameter 

kD, where k is vector related to the incident (e.g. laser) wavelength L as k=2π/L, 

and D is the plasma Debye length [80]. If the condition kD>>1 is fulfilled, then the 

scattered fields of the electron and surrounding cloud of electrons will be incoherent 

and the total scattered power is a sum of single electron powers [78].
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Figure 2.1: Schematic illustration of the Thomson scattering on free electrons. 

Taken from [79].  

Relativistic effects on the TS spectrum 

The total number of scattered photons (calculated by integrating the scattered 

spectrum with respect to the wavelength) is proportional to the electron density and 
the width of the scattered spectrum is used to determine the electron temperature. 

When electron thermal energies exceed a fraction of a percent of their rest mass (i.e. 
Te>1 keV), the relativistic corrections become significant in the observed scattering 
spectrum [78]. These effects include the blue shift of the spectrum, the 

‘depolarization’ (fast moving electrons ‘observe’ change in the orientation of the 
lasers electric field vector, resulting in a change in polarization of the scattered light), 

and the ‘finite transit time effect’ (the electron moving towards the observer appears 
to spend less time in the scattering volume compared to the electron moving in the 

opposite direction, resulting in a small red shift on an already strongly blue shifted 
spectrum).   

The scattered spectrum is broadened by Doppler effect; the moving electron ‘sees’ 

the incident wave at a different frequency to the input wave. Also, the scattered 
radiation is Doppler shifted with respect to the observer. The scattered spectrum is 

blue-shifted relative to the incident laser wavelength. Furthermore, high-speed 
electrons (with a non-negligible fraction of the speed of light) scatter radiation 

predominantly in their direction of motion. The scattered radiation collected by the 
diagnostics is therefore more likely to be scattered from an electron travelling 
towards the observer, resulting in a net blue shift of the spectrum. This phenomenon 
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is called the ‘headlight effect’ [79]. The analytical formula describing the relativistic 
TS spectrum can be found e.g. in [81]. Figure 2.2 shows an example of theoretical 

relativistic TS spectral shapes for electron temperature varying between 2-50 keV 
[78].  

To produce a sufficient number of scattered photons for diagnostic purposes, 
Thomson scattering diagnostics requires usage of lasers with high power (≈1 GW) 

and high energy (≈5 J) as the source of incident radiation. This is because the 
scattering cross section is very small, and the collection optics of the diagnostic 
system is capable to capture only a fraction of the scattered radiation. The total 

Thomson cross section σ=8πre2/3, where re is the classical electron radius (re =2.82 
× 10-15 m), so σ =6.65 × 10-29 m2. For radiation passing through a plasma of a density 

ne for a distance L, a fraction (σneL) of the incident photons will be scattered and 
even smaller fraction will be detected [78].  

For incoherent plasma scattering experiments, the ruby laser (D=694.3 nm) or 

Nd:YAG laser (neodymium, yttrium aluminium garnet; D=1064 nm) is used as 

incident radiation source due to high power and energy with low divergence of the 

beam.  The advantage of Nd:YAG laser is the ability to fire repetitively at up to ~100 
Hz, enabling to follow the time evolution of Te and ne in long plasma pulses.  

Figure 2.2: Theoretical spectral shapes for relativistic incoherent Thomson 

scattering for several different electron temperatures. Taken from [78].  
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2.2 High-resolution Thomson scattering system on JET 

The High-Resolution Thomson Scattering (HRTS) system on JET is a passive plasma 
diagnostic that measures radial electron temperature (Te) and density (ne) profiles. 

The system started to operate in 2007 and complements two other Thomson 
scattering diagnostic systems on JET; the main and edge LIDAR systems (light 

detection and ranging) are based on a time-of-flight method [75]. The key 
requirement for the new system is to provide a good resolution of the steep Te and ne 

gradients formed during operation with H-mode plasmas. HRTS diagnostics on JET 
is a conventional 90° geometry system, where light scattered from the plasma is 
collected vertically above the laser beam, as can be seen from a schematic layout of 

the diagnostics shown in Figure 2.3 [82].  

Figure 2.3: Schematic setting of the High-resolution Thomson scattering system on 
JET. Taken from [82]. 

As discussed in the previous section, TS diagnostics requires high power, high-

energy radiation source to provide a detectable signal level. The laser used for JET 
HRTS system is Q-switched, linearly polarized Nd:YAG, with λ=1064 nm, 5 J energy 

per pulse, 20 ns pulse duration, and 20 Hz repetition rate across the plasma 
discharge [75], [82]. 
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The incoming laser beam is aligned by optical components consisting of spherical 
and cylindrical lenses. The beam then enters the vacuum vessel through a diagnostic 

port, crosses the plasma and is terminated at a beam dump on the back wall that 
consists of a stack of vertical, stainless steel blades. Scattered radiation is collected 

through an upper vertical port by a linear array of optical fibres, providing 
measurements of Te and ne profiles with up to 63 points along the outer radius of the 

plasma (R=2.9-3.9 m) with spatial sampling ≈8 mm. [82]. 
The optical fibres are led to 21 filter spectrometers, each spectrometer receives 6 

fibres. The spectrometers are 4 channel filter polychromators designed to isolate 
different wavelength bands of light. Part of the spectrometers are equipped with 

filters suitable for low temperatures (50 eV – 5 keV), the rest of the filters allow 
measurements in the range 500 eV – 20 keV. Avalanche photodiodes (APDs) with 

good spectral sensitivity are used as detectors. The signal from the APDs is amplified 
and sent to analogue/digital converters to digitize the measured data. The amplifiers 

provide a DC output for plasma background light and an AC output for scattering 
signals. The AC output goes into 1 GS/s, 150 MHz, 8-bit transient recorders. The DC 

output is recorded by a slower recording system, using the signal to check that the 
system is within the dynamic range. A more detailed description of the diagnostics 

setup is given in [75].  
 

 

2.3 Fitting of the edge pedestal 

 

2.3.1 Pedestal Parameters 

 

Edge radial profiles of electron temperature (Te) and electron density (ne) measured 

by the Thomson scattering diagnostics during the H-mode have characteristic 
shapes, knows as pedestals (see Chapter 1.4). It is widely accepted that the pedestal 

form for both Te and ne is well described by the so-called modified hyperbolic 
function (mtanh), a five parameters model introduced in [83]. The pedestal ne profile 

is shown to be described by the mtanh function with neutral penetration modelling 
[84], while the pedestal Te profile is observed to have the mtanh shape empirically. 
By fitting the pedestal with an mtanh function, essential parameters governing the 

behaviour of the edge transport barrier are obtained. The most important 
parameters are the pedestal height, width, and position. The remaining two 

parameters that can be obtained from the fit are the core slope (the slope under 
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which pedestal profile connects to the core part) and the Scrape-off layer offset. The 
mtanh function is described by following expressions [85]: 

( ; ) =
h

, + 1 +  

 (r ;  = , (2.1) 

where  is a vector containing the mtanh parameters: 

= , , ,  ,  . 

The meaning of the mtanh parameters is illustrated in Figure 2.4. 

Figure 2.4: Meaning of the mtanh function parameters (pedestal height, width, 
position, core slope, and scrape-off layer offset), illustrated on a pedestal density 
profile. Furthermore, an alternative pedestal width definition (awidth=1, used in 
paper V) that considers only the pedestal part that lies within the LCFS is shown in 
the figure. Taken from [86].  
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2.3.2 Fitting procedure 

For performing mtanh fitting of the JET pedestals, a fitting tool has been developed 

for JET data using a method described in [82]. On JET, the HRTS laser fires every 
50 ms and the ELM period is observed to vary between ≈5-200 ms [64], [86]. On 

average, typically 1-2 profiles per ELM period are obtained (for type I ELMs) with 2-
3 spatial points defining the pedestal region [87]. To maximize the number of points 

defining the pedestal as well as to increase the reliability of the estimated pedestal 
parameters, a so-called ‘composite’ (or ‘ELM-synchronized’) profile is constructed 

by overlapping profiles from the same phase of the ELM cycle. Typically, pre-ELM 

profiles (profiles within the last 70-99% of the ELM cycle) are selected from a 

stationary phase of the discharge that is at least 0.5 s long, see Figure 2.5 illustrating 

this part of the cycle on the D radiation signal. This is done also in earlier pedestal 

studies on JET, e.g. [88]–[90], since for comparison with the PB model the pre-ELM 
pedestal pressure has to be used. Due to the uncertainty in the absolute position 

(≈0.5 cm) of measured TS profiles and in the (standard) magnetic equilibrium 
reconstruction (≈2-3 cm), the profiles are systematically shifted to have a certain 

value of temperature at the separatrix Tesep. This value has been estimated using a 
two-point model for the power balance at the separatrix [91] and for JET plasmas it 

is Tesep≈100 eV [92]. This value has been further supported by EDGE2D-EIRENE 
simulations showing that in unseeded JET-ILW gas and power scan discharges the 

variation in the separatrix temperature can be ≈10%, i.e. ≈90-110 eV [93]. As shown 
in [94], such variation has no significant effect on the pedestal positions or on the PB 

stability. The uncertainties in the pedestal parameters are in the range 2-8% for the 
pedestal height and 10-20% for the pedestal width. 

Figure 2.5: Illustration of the short time intervals (blue color) corresponding to 

70-99% of the ELM cycle before an ELM crash on D radiation signal.
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On the other hand, the relative position of the pedestal density nepos and pedestal 
temperature Tepos is very accurate. nepos and Tepos are defined as the position of the 

maximum gradient of the corresponding mtanh fits. The advantage of using the 
Thomson scattering is that the diagnostic provides the simultaneous measurement 

of both density and temperature. To preserve this information about the relative 
position of neped and Teped, the same shift as applied to the Te profiles is applied to the 

ne profiles as well. Here is it important to note that Te and ne pedestals vary in their 
relative positions (see Figure 2.6). The difference in nepos and Tepos (nepos- Tepos) is in 
this thesis termed as the ‘relative shift’. As it will be discussed in the following 

Chapter 4 and in the attached papers II, III, IV and V, it plays an important role in 
the pedestal PB stability. 

The ‘composite’ profiles selected in the pre-ELM phases of a stationary time 
interval of a discharge are fitted in real space, shifted in order to have Tesep≈100 eV 

as described above, and then mapped to the normalized poloidal flux (N) 

coordinate, where N=1 indicates the separatrix. The relative errors on Te are in the 

range 7-13% and 4-7% on ne [75]. An example of HRTS experimental Teped and neped 

of a JET-ILW plasma discharge #83481 is shown in Figure 2.6. The solid line 
indicates fit with mtanh function. The last frame illustrates the relative shift, where 

the dashed line indicates the separatrix.  

Figure 2.6: TS profiles of (a) electron temperature and (b) density in the pedestal 
region for JET-ILW discharge #83481, fitted with mtanh function (solid lines) 
using the JET pedestal fitting tool. The relative error of each data point is in the 

range 7-13% for the temperature and 4-7% for the density [75]. Profiles are shown 

in normalized poloidal flux units N. Frame (c) illustrates the relative shift, where 

the profiles are normalized to 1 at the pedestal top. The dashed line indicates the 

separatrix [Figure 2 in paper V]. 
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HRTS Instrument function 

To correctly estimate the pedestal width, the diagnostic measurement accuracy 

(represented by the instrument function) has to be taken into account. For pedestal 
widths smaller than the full width half maximum (FWHM) of the instrument 

function, the uncertainty of the deconvolved width is significant. On JET, the FWHM 
of the HRTS instrument function in the pedestal region is ≈1 cm [82]. This is less 

than the minimal pedestal width (≈1.5 cm) observed at JET plasmas, e.g. [88], [95]–
[97]. 

The JET HRTS instrument function is calculated numerically using information 
about the geometrical layout of the laser beam, collection optics, and the orientation 

of the magnetic flux surfaces in the pedestal region [82]. The density profiles are 
deconvolved using a forward convolution technique that requires knowledge of the 

profiles and the instrument function [82], [85]. The temperature profiles are treated 
with the weighted deconvolution technique, i.e. they are weighted by the density 

profiles to account for the density variation across the scattering volume 
corresponding to a single spatial point [85]. However, no deconvolution technique 

for the pressure profiles has been developed so far. Therefore, the fit to the pressure 
is obtained as the product of the density and temperature fits. The systematic error 

due to the deconvolution technique is described in [82].  
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2.4 Modelling tools 

This section gives a brief description of the modelling tools used in this work to study 
the pedestal stability and to predict the pedestal pressure height. The simulations 
described in papers III and V have been performed using the Europed code [98], 

based on the EPED model, as described below.  

2.4.1 EPED model 

The most common approach to predict the pedestal height in JET (and other 
tokamaks) is to use the EPED1 model, a widely accepted theoretical PB model first 

described in [99]. The model assumes that the pedestal height is determined by 
combination of the kinetic ballooning mode limit (KBM) that sets the pressure 

gradient [99] and the PB limit that triggers the ELM [72]. Between the two limits, 
the pedestal height increases via the widening of the width. The model assumes that 

the pedestal pressure width wpe increases as  

= (2.2) 

with D=0.076, as determined from an experimental fit to the low collisionality 

plasmas on DIII-D [99]. An illustration of the model two constrains corresponding 
to prediction for one exemplar DIII-D experimental discharge is given in Figure 2.7. 

The pedestal width and the height increase till the PB boundary is reached and 
the ELM is triggered. A more recent version, EPED1.6 [100], allows a variation of D 

from pulse to pulse, determining its value assuming that the gradient is limited by 
the kinetic ballooning modes. Experimentally, D can vary from machine to machine. 

In JET-ILW and TCV, D can vary in the range of 0.06-0.13 [101], [102], while in 
Alcator C-mod and in both AUG and JT-60U values of D=0.084 [103] and D=0.11 

[104]–[106] have been observed respectively.  

As briefly described in Section 1.5, the PB stability is represented by the plot of j-

 stability diagram where j is the current density (consisting of fully diffused ohmic 

current and the bootstrap current) and  is the normalized pressure gradient as 

defined by Equation (1.13).  
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Figure 2.7: An illustration of the EPED1 model constraints for DIII-D discharge 
132010. The solid line, calculated by ELITE using series of model equilibria, is the 

PB stability constraint. The dashed line corresponds to the width relation 

wpe=0.076( )1/2. The intersection of the two lines (black circle) gives the EPED1

prediction of pedestal height and width. The open square corresponds to DIII-D 

experimental discharge conducted with the same set of input parameters. Taken 
from [99]. 

To determine the stability boundary, the normalized pressure gradient and the 

current density are perturbed from their experimental values. This gives the position 

of the operational point, i.e. experimental  and j. Then, in order to calculate the 

pedestal height expected by the PB model, the so-called self-consistent path is 

calculated [92]. This is done by varying the height of the pedestal temperature and 
calculating the current profile self-consistently in order to estimate the marginally 
stable pedestal temperature height. The self-consistent path is then starting from the 

operational point and continues until the stability limit is reached, determining the 

value of the so-called critical normalized pressure gradient crit. crit is the maximum 

 expected by the PB model (the intersection of the self-consistent path with the PB 

boundary). This value is used for comparison with the experimental normalized 

pressure gradient, exp.  
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2.4.2 Europed code 

The pedestal predictive code Europed [98], [107], based on the EPED model, offers 
several improvements. The pedestal width can be used as an input (determined from 

the experimental data). This approach has the advantage of easier interpretation of 
the simulations results and it is therefore preferred to the standard EPED1 approach. 

Furthermore, as described above, the value of the D constant D=0.076 is not 

universal and can vary from plasma to plasma, so the pedestal width input provides 
a more accurate approach. Furthermore, the Europed code allows to set the value of 

the relative shift as an input as well, allowing to directly study its effect on the 
pedestal stability. 

The pedestal stability is determined by ELITE or MISHKA and HELENA for the 
equilibrium (see Section 1.5). For calculating the jbs term, either the Sauter model 

[108] or Hager model [109] can be used. Both models show good agreement for low
collisionality plasmas. However, for high collisionality plasmas, the Sauter model

tends to overestimate jbs [64], [110]. The stability criterion <0.03  is considered. 

Furthermore, mode numbers from n=5 up to n=70 are typically considered. 
However, as shown in [64], the impact of high mode numbers or different stability 

criteria on the result is not significant.   
The code can be run in two versions – the basic β-constrained version (where it 

is necessary to set β as an input parameter) and the self-consistent core-pedestal 
version, briefly described below. 

The input parameters to the Europed code in the basic β-constrained version are 

plasma shape (R, a, elongation , triangularity ), plasma current Ip, toroidal 

magnetic field BT, Zeff, experimental pedestal density neped, and the (global) 
normalised βN. As mentioned above, it is also possible to specify the pedestal density 

position (thus taking into account the pedestal relative shift) as well as either the 
value of the D constant or the pressure pedestal width directly, providing an option 

to study their effects on the pedestal stability. 

Self-consistent core-pedestal version 

In the standard EPED model, it is assumed that the global  is known in advance. 

However, in experiments it is often the heating power that is set in advance and is 

a result of the experiment. The main advantage of the self-consistent core-pedestal 
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version of the Europed model compared to the -constrained version is that the code 

implements a simple core transport model and the constraint on N is released ( is 

no longer used as an input parameter).  

In the H-mode plasmas, the core  affects the stability of the ballooning modes, 

and simultaneously, the edge pedestal provides the boundary condition for the core 
transport. This can lead to a (positive or negative) feedback which amplifies the effect 

on the pedestal. For example, the reduction of  reduces the stability of the 

ballooning modes which, in turn, reduces the pedestal height. The reduction of the 

pedestal height further reduces  which can further reduce the pedestal. Another 

advantage in using the self-consistent core-pedestal simulations is that the feedback 
is included self-consistently. A more detailed description is given in [107]. 

2.4.3 Other modelling tools 

To investigate possible origins of the relative shift in JET plasmas, the pedestal 

analysis described in papers III and V is complemented by modelling performed 
using the tools from the JINTRAC ‘modelling suite’ (FRANTIC, JETTO, EDGE2D-

EIRENE). More detailed description on the integrated modelling JINTRAC system 
on JET is provided e.g. in [111], [112]. Here only a brief description of the 

aforementioned codes is given since they have been used only to produce Figure 4.3 
(by L. Garzotti) and Figure 4.8 (by L. Frassetti, V. Parail and B. Viola) in the 

discussion related to paper V.   

JINTRAC (Jet INtegrated TRAnsport Code) is a system of 25 physics modules for 
the integrated modelling of all phases of tokamak scenarios.  

FRANTIC model is used to perform a fast 1D neutral gas transport calculations 
for tokamak core plasmas. It considers the charge exchange and impact ionisation 

atomic reactions in a simplified nested toroidal flux surface geometry [113]. The 
model is a generalization of the code described in [114] with extensions to include 

multiple ion and neutral species. FRANTIC then calculates neutral density, 
temperature, and toroidal velocity profiles for each of the neutral species associated 

with the given neutral source specified in the input. 
The codes adopted in JINTRAC to model the edge and SOL regions of plasma are 

EDGE2D and EIRENE, which can also work as a coupled EDGE2D-EIRENE code 
[111]. The dynamics in the open field line region is described by the 2D fluid code 
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EDGE2D [115], which is coupled to a kinetic Monte Carlo code EIRENE for 
calculating the trajectories of the neutral particles, taking into account atomic and 

molecular physics processes [116]. The divertor plates and the vessel wall act as a 
source and sink for the heat and the particles [111]. 

The dynamics in the core plasma region can be simplified to 1D multi-species 
plasma by exploiting the toroidal symmetry and taking averages of the fields over the 

magnetic surfaces [111]. JINTRAC module for solving the transport equations for the 
flux-averaged fields of two fluid plasmas are solved using a transport code JETTO 

[117]. 
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Chapter 3 

Motivation for pedestal studies with 
JET-ILW 

3.1 Pedestal performance with JET-ILW 

To put the work presented in Chapter 4 in this thesis into context, a brief overview 
of pedestal performance with JET-ILW plasmas is given and compared to the 

pedestal performance achieved with JET-C.  

As mentioned in Chapter 1 (Section 1.3), the reference operational scenario for 

ITER to achieve the operation at = 10 is type I ELMy H-mode plasmas. This so-

called ‘baseline’ scenario has been developed based on results from many tokamak 
machines worldwide. Alternatively, the ‘hybrid’ scenario, where operation with 

reduced plasma current (compared to baseline scenario) is compensated by 
improved energy confinement due to increased bootstrap current fraction, is also 

considered [47].  
Both baseline and hybrid ITER plasma scenarios have been successfully tested in 

JET-C. Baseline scenario experiments performed with low [118] and high 

triangularity  [89], [119], [120] shaped plasmas have shown that ITER requirements 

are well fulfilled with high  JET-C plasmas. On the other hand, both JET-C low and 

high hybrid scenario studies have well exceeded ITER performance requirements 

[89], [121], [122], though high has shown to be more viable for ITER due to strong 

coupling of ions and electrons [89].  

In preparation for ITER, the JET carbon plasma facing materials have been 
replaced with Be/W JET-ILW. Since then, many experimental and modelling studies 

have been carried out to understand the impact of the new wall materials on plasma 
performance. Experiments performed in ASDEX-U with full W wall [123], [124] and 

in Alcator C-mod with full molybdenum wall [125] suggest that machines have to 
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operate with increased plasma density in order to minimize high-Z impurity influxes 
into the plasma [47], [126], [127]. Here it should be also noted that the number of 

available JET-C experimental discharges for the analysis described in this work is 
not only limited by the end of operation with the carbon wall, but also due to the edge 

TS diagnostic measurement spatial resolution, which was improved to the sufficient 
quality before the start of the last JET-C experimental campaign.  

Both the baseline and hybrid type I ELMy H-mode plasmas has been re-
established in JET-ILW [121], [126]. However, for the baseline plasmas a reduction 

in the normalized global confinement compared to JET-C has been observed, likely 
due to the operation with increased gas fuelling to avoid high impurity content [47]. 

For the high triangularity baseline plasmas, a further reduction of the confinement 
has been observed, which has been caused by lower pedestal temperatures [47], 

[128], [129]. For hybrid plasmas at a given fuelling level, the normalized confinement 
is comparable for both wall materials. However, for the JET-ILW hybrid plasmas it 

has been observed that the distribution of the pedestal and core confinement has 
changed. The reduction in the pedestal confinement has been compensated by an 

increase in the core profile peaking [47]. The understanding of the physics 
mechanisms that have led to the difference in the pedestal height between the JET-

C and JET-ILW has not been achieved yet. This thesis brings a major contribution to 
the understanding of these mechanisms. 

Summary of the main differences in JET-ILW/JET-C pedestal 
performance 

This is a list of the main differences in the pedestal performance between JET-C and 
JET-ILW. The contribution of this thesis to the investigation of these differences is 
briefly described for each bullet.  

 During the first experimental campaign with the new JET-ILW, the baseline 

scenario operation has shown a 10-20% degradation of energy confinement 
compared to the operation with JET-C, which has been ascribed to a lower 

pedestal temperature [47], [130], [131].  

A contribution to the understanding of the JET-ILW pedestal degradation has 

been an objective of the work described in papers I and IV.  

 JET-ILW experiments targeting studies of the isotope effect on the 
confinement have shown a deviation from the Cordey scaling (a power law 

that correlates the pedestal stored energy of type I ELMy H-modes with the 
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engineering parameters). It is possible that this might have an impact on the 
D-T operation predictions for JET-ILW and ITER.  

These effects are not studied in this work. 

 Various experimental results show that the increase in gas fuelling is
correlated with the decrease of pedestal pressure, as described e.g. in [64],

[97], [132] for JET-ILW.

This thesis gives a major contribution to these studies by showing that the

increase in the gas fuelling leads to the increase of the relative shift which in
turn degrades the pedestal stability and hence the pedestal performance. This

is described in papers II, III, and V.

Papers II and III have triggered a series of other detailed works across several

machines to investigate the link between pedestal stability and density
position. See, for example, the pedestal analysis in TCV [102] and the

comparison of the density effect in JET-ILW, AUG and TCV discussed in [94].
It is worth to mention that the results on effect of the density position on the

pedestal stability in AUG [133] have been achieved independently from the
work carried out in this thesis and during the same period as paper II.

 Pedestal height in JET-ILW is also affected by the divertor configuration

[132], [134]–[136] and by the seeding of low-Z impurities [96], [130], [132].

These effects are not studied in this work.

3.2 Pedestal stability of JET-ILW 

Most of the machines, including the JET-C, have shown an agreement with the PB 
model, e.g. [89], [132], [137] where the pedestal reaches the PB boundary just before 

the ELM is triggered. However, a substantial number of JET-ILW discharges have 
been observed to have the pedestals far from the PB boundary and the ELM is 

triggered before the PB boundary is reached. This applies for the plasmas especially 
at high gas and high power, e.g. [64], [86], [94].  

This introduces complications to the interpretation of the stability analysis 

results obtained in terms of the PB model, since the model assumes that pedestal 
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should reach the boundary before an ELM is triggered. An example is shown in 
Figure 3.1, where the JET-ILW pedestal is in the stable region and the ELM is 

triggered before reaching the PB boundary (black dashed line). Hence, the ELM 
triggering mechanism is likely governed by different physics processes than what is 

included in the PB model. Therefore, these types of plasmas are referred to as ‘non-
PB limited‘. The exact reasons that lead to the non-PB limited pedestals are not fully 

understood yet. However, an investigation is ongoing [86] and the preliminary 
hypotheses is discussed in Section 4.   

For these reasons, the work in the last paper V focusing on detailed investigation 

of the differences in the experimental pedestal structure and stability between JET-
ILW and JET-C plasmas with similar operational parameters has been strictly 

limited to analysis of the PB limited plasmas. 

Figure 3.1: Example of peeling-ballooning stability diagram for JET-ILW discharge 
87341 that is far from the PB stability boundary, calculated using HELENA and 

ELITE. Taken from [64]. 
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Chapter 4 

Results and discussion 

In this chapter, a brief summary of the papers included in this thesis is given. The 

common objective of these papers is to contribute to the understanding of the 
differences in pedestal performance of unseeded deuterium JET-ILW plasmas in 

comparison with JET-C plasmas. The chapter starts with an overview, which 
describes the logical links among the five papers. Then, the chapter continues with a 

more detailed summary of each paper’s results. Finally, the chapter presents a 
discussion on the open issues and the next steps. 

Overview 

The first paper presents an empirical pedestal structure description in a broad, JET-
C/JET-ILW plasma current scan dataset of baseline plasmas with a wide range of 

engineering parameters values (plasma current, NBI heating power and gas 
fuelling). The work describes the key experimental differences in the pedestal 

structure and stability between these JET-C and JET-ILW plasmas. In papers IV and 
V, these datasets are extended and analysed in more detail (especially in the view of 
the findings of papers II and III) in order to identify (part of) the reasons for the 

differences in the pedestal performance between JET-C and JET-ILW. 

In the second paper, the focus has been shifted towards more detailed 

investigation of the pedestal structure and how this could affect the pedestal stability 
itself. Specifically, progress has been achieved by identifying a significant feature of 

the pedestal structure, the pedestal relative shift (defined as the difference between 
the position of the pedestal density and position of the pedestal temperature). The 

work shows that the relative shift can vary significantly from pulse to pulse and that, 
on average, JET-C plasmas have lower relative shift than JET-ILW plasmas. The 

pedestal relative shift tends to increase with increasing gas fuelling and/or NBI 
heating power. This has been demonstrated on a specific JET-ILW dataset of a gas 
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scan performed at constant in order to eliminate the influence of  on the pedestal 

stability. Furthermore, the increase in the relative shift has been empirically 

correlated with the degradation of the experimental normalized pressure gradient, 

as demonstrated on an extended JET-C/JET-ILW dataset with comparable *,ped and 

 pol
ped. This has indicated a non-negligible role of the relative shift in the pedestal 

stability.   

The third paper closely follows up on the previous one and (i) extends the analysis 

with the Europed code simulations, (ii) compares the TS pedestal density position 
with data from reflectometer, and (iii) investigates the possible origins of the relative 

shift by studying the ionisation source profile by FRANTIC simulations and by 
looking for a presence of the high field side high density region (which is correlated 

with the outward shift of the density as observed on AUG).   

The fourth paper extends the investigation of the pedestal structure to a broader 

dataset. This broader dataset is basically an extension of the dataset used in paper I. 
The goal is the experimental characterisation of the differences between JET-C and 
JET-ILW parameters which can affect the pedestal stability (relative shift, pedestal 

pressure width, pedestal pressure position, and separatrix density). 

The final paper builds up on the results from all the previous papers and offers 

the most detailed investigation of the pedestal structure and stability of JET-C and 
JET-ILW plasmas with similar engineering parameters. The work has been targeted 

on the subset of JET discharges that are peeling-ballooning limited, i.e. the 
operational point in the stability diagram of the respective discharge is located on 

the peeling-ballooning boundary. The paper discusses the parameters that have the 
major role in affecting the pedestal PB stability and the pedestal height. Then, their 

effects on the stability and on the pedestal pressure height are quantified using the 
Europed code. Finally, the work proposes a possible mechanism that can lead to the 

degradation of the pedestal pressure from JET-C to JET-ILW peeling-ballooning 
limited plasmas.
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Summary of the included papers 

4.1 Paper I – Confinement and pedestal structure in high-performance 

scenarios in JET-ILW and comparison with JET-C 

The first paper presents an empirical description of the pedestal structure and its 

dependence on the plasma current in JET-C plasmas and the JET-ILW baseline 
plasmas from the very first JET-ILW experimental campaign, where the 

performance at high plasma current was not yet optimised. Experimental results 
from this campaign have reported a 10-20% degradation of energy confinement 

compared to the operation with JET-C, as described in Section 3.1. To clarify, the 

conclusions of this paper are valid for the JET-ILW baseline plasmas obtained in the 

first ILW campaign.  

The most important results from this paper are: 

 For low plasma currents, the confinement enhancement factor H98 is
comparable for both JET-ILW and JET-C. However, for plasma current
higher than 2.5 MA, H98 of JET-C tends to be higher compared to H98 of JET-

ILW.

 A similar behaviour with Ip is observed for the total stored thermal energy Wth,
which tends to be ~20% lower for JET-ILW at high plasma current compared
to JET-C.

 The pedestal density and temperature increase with Ip for JET-C. However,

for JET-ILW, a good overlap with JET-C data is achieved only with the
pedestal density. JET-ILW pedestal temperature increases only until Ip~2.5

MA and for higher plasma current it is relatively constant. A similar behaviour
is observed for the JET-ILW core density and temperature. The difference in

behaviour with Ip might be related to the increased gas fuelling in JET-ILW
due to tungsten accumulation control.

 The pedestal pressure in JET-ILW does not reach values comparable to JET-
C at high Ip. Also, at high Ip, the pressure gradient of JET-ILW is strongly
reduced.

 The low pedestal temperature propagates to the core through the profile

stiffness. Furthermore, low density peaking also reduces the contribution of
the pedestal to the core thermal stored energy.

 JET-ILW tends to have larger pedestal widths compared to JET-C.
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4.2 Paper II – Effect of the relative shift between the electron density and 
temperature pedestal position on the pedestal stability in JET-ILW 

The electron temperature and density pedestals tend to vary in their relative radial 

positions, in this work termed ‘the relative shift’ (see Figure 4.1). This has been first 
observed earlier in DIII-D [95]. However, in this paper it has been shown for the first 

time that the pedestal positions of density and temperature are different also on JET. 
The relative shift later turned out to be one of the key parameters to understand the 

pedestal performance in JET-ILW (see papers III and V and references [90], [94]). 

The most important results from this paper are: 

 The increase in the gas fuelling and/or power has led to the increase of the
relative shift.

 With the increase of the relative shift, a degradation in the experimental

normalized pressure gradient has been observed.

 Stability analysis performed in terms of the PB model has shown
improvement in the pedestal stability with reduction of the relative shift in

agreement with the experimental results. The improvement in the stability
has been ascribed to the increase in the edge bootstrap current as well as the

inward shift of the pedestal pressure.

Figure 4.1. The TS profiles of ne (green colour) and Te (blue colour) in the pedestal 

region for the JET-ILW discharge with low-gas puffing (left), and JET-ILW 
discharge with high-gas puffing (right). The high-gas puffing discharge has a 

larger separation between the middle of the pedestals, the so-called relative shift 
[Figure 1 in paper II].

ne
Te
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4.3 Paper III - Effect of the relative shift between the electron density and 

temperature pedestal position on the pedestal stability in JET-ILW and 

comparison with JET-C 

This work is a follow up and an extension of the analysis introduced in the paper II 
on the effect of the relative shift on the pedestal stability in JET-ILW. The 

experimental analysis carried out on JET-ILW baseline, low  gas scan dataset 

performed at constant affects the stability) has shown an experimental 

correlation between the degradation of the energy confinement time and the increase 

in the relative shift. The analysis on an extended JET-C and JET-ILW (baseline and 
hybrid) dataset with a systematic comparison between the JET-C and JET-ILW 

discharges has been performed.  

The most important results from this paper are: 

 Experimental correlation between the degradation of the experimental

normalized pressure gradient exp and the increase in the relative shift, shown

on low  discharges with similar polped and *,ped [see Figure 4.2 (a)].

 JET-C tends to have a smaller relative shift compared to JET-ILW.

 For similar values of the relative shift, exp of JET-C is comparable to exp of

JET-ILW.

 The relative shift of JET-ILW does not access (except a small overlapping

region of relative shift ~1% N) average values of the JET-C relative shift (<1%

N). This suggests that the plasma facing materials might play a role in

affecting the position of the pedestal density.

 Modelling performed with the pedestal predictive code Europed shows a

qualitative agreement with the experimental correlation; especially for the
low values of the relative shift [see Figure 4.2 (b)].

 Possible origins of the relative shift have been investigated by studying the
ionisation source profile (the particle source due to the gas puffing and the

ionisation of the neutral atoms recycling at the wall) with FRANTIC
simulations. The simulations have shown that the reduction of the relative

shift is correlated with a slightly deeper position of the ionisation source
profile compared to the case with high gas and high relative shift (see Figure

4.3). However, it has not been possible yet to make conclusive claims.
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Figure 4.2. (a) Experimental correlation of the experimental normalized pressure 

gradient exp and the relative shift for JET-C (open symbols) and JET-ILW (full 

symbols) plasmas with similar polped and *,ped. (b) Comparison of the exp with the 

critical normalized pressure gradient crit determined with the Europed code 

[Figure 10 in paper III].
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Figure 4.3. Comparison of the ionisation source profile for the discharges with low 
(red color) and high relative shift (black color) [Figure 15 in paper III].  

4.4 Paper IV - Pedestal structure in high current scenarios in JET-ILW 

and JET-C 

This work extends the analysis performed in paper I using the knowledge from 
papers II and III. The goal has been to identify the key parameters that lead to the 

difference in the pedestal performance between JET-C and the first JET-ILW 
experimental campaign. The work focuses on investigation of the pedestal 

parameters that play a role in the pedestal stability (the relative shift, pedestal 
pressure width, pedestal pressure position, and the separatrix density). The dataset 

consists of JET-ILW and JET-C low , baseline unseeded discharges with a broad 

range of operational parameters. The focus is on the phenomenological differences 

between JET-C/JET-ILW.  

The most important results from this paper are: 

 Analysis of the experimental dataset has shown that the pedestal relative shift,

pedestal pressure width and separatrix density tend to be higher in JET-ILW
compared to JET-C.

 In principle, all three factors can contribute to the reduction of the pedestal

stability compared to the JET-C discharges. (i) The increase of the pedestal
relative shift produces a reduction in the bootstrap current in the middle of

the pedestal. (ii) With a wider pedestal, more modes could fit in the edge
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region making the pedestal unstable. (iii) Experimental correlation between 
the reduction of the pedestal pressure top and increase in the separatrix 

density has been observed in other tokamaks (e.g. AUG), as described in the 
paper.  

 The pedestal stability analysis shows a qualitative agreement with the

experimental results (Figure 4.4).

Figure 4.4. Comparison of the critical normalized pressure gradient (crit) trend 
with Ip for JET-C (red symbols) and JET-ILW (blue symbols). The relative errors 
on the crit are proportional to errors on the pedestal width which are ~20% 
[Figure 4 from paper IV].  

4.5 Paper V - Comparison of Peeling-Ballooning limited JET-C and JET-
ILW plasmas 

In this work, a detailed investigation of the pedestal structure and stability of JET-C 
and JET-ILW plasmas with similar engineering parameters has been performed. The 

work has been targeted on the subset of all JET discharges that are so-called peeling-
ballooning limited (i.e. the operational point in the stability diagram of the respective 

discharge is located on the peeling-ballooning boundary). This is important since a 
non-negligible subset of the JET-ILW discharges has been observed to have the 

operational point far from the PB stability boundary. The mechanism that triggers
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the ELMs in such plasmas has not been yet fully understood and the ideal PB model 
cannot be used to study these plasmas.

Experimental characterisation of the dataset has shown the differences in the 
pedestal structure of comparable JET-C and JET-ILW discharges. JET-ILW pulses 

tend to have higher pedestal density (likely due to the higher gas fuelling), lower 
pedestal pressure, higher pedestal relative shift (nepos- Tepos), higher nesep/neped, and 

higher pedestal width (using the standard definition) compared to the JET-C 
discharges. 

To explain the differences in the pedestal stability between JET-C/JET-ILW 
discharges, modelling with the pedestal predictive code Europed based on the EPED 

model has been performed. Critical normalized pressure gradient crit and predicted 

pedestal pressure height peped from the model can be directly compared with the 
experimental values. In this work, the parameters that affect the pedestal stability 

and that tend to vary the most between comparable JET-C/JET-ILW discharges have 
been identified. These parameters are the pedestal relative shift nepos- Tepos, pedestal 

density neped, effective charge number Zeff, pedestal pressure width wpe, and 

normalized pressure N. Europed code is used to qualitatively explain the effect of 

each parameter on the pedestal stability and to quantify their contributions to the 
change in pedestal height and pressure gradient from JET-C to JET-ILW. 

The most important results from this paper are: 

 The simulations with the pedestal predictive code Europed performed on a 
specific JET-C (#78672) and JET-ILW (#83583) ‘couple’ (two PB limited 

pulses with comparable engineering parameters apart from the gas fuelling 

rate) have shown that the change in the (nepos-Tepos, neped, Zeff, wpe, N) 

parameters is the cause of the degradation of the predicted pedestal height 
and the normalized pressure gradient. Results of the modelling are in a good 

agreement with the experimental results. 
 

Figure 4.5 shows a gradual change in critical normalized pressure gradient 

(crit) and predicted pressure height (peped) of JET-C discharge #78672, when 

parameters (nepos-Tepos, neped, Zeff, wpe, N) from comparable JET-ILW 

discharge #83583 are used as an input. The starting point is the magenta open 

symbol (with error bars) which represents the experimental values of exp and 

peped for #78672. First, the scan with the relative shift has been performed 

(dark green symbols). The scan of each new parameter started where the 

previous scan finished. At the end, a full ‘path’ in the crit-peped space has been 

created. The path reconstructs the gradual change from #78672 JET-C 
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parameters only (first dark green point at the top of the figure) to #78672 
discharge with JET-ILW parameters (last red point in the chain). The final 

point of the analysis is in good agreement with the JET-ILW experimental 
case #83583 (light blue symbol with error bars). More details are given in 

Section 4 of paper V.  

Figure 4.5. Results of the Europed simulations with JET-C discharge #78672 

described in Section 4 in paper V. The starting point is magenta open symbol 

which represents experimental values of exp and peped for #78672. The final 

point of the analysis (last red point in the chain) is in good agreement with 

the JET-ILW experimental case #83583 (light blue symbol with error bars) 
[Figure 12(a) in paper V].  

Figure 4.6 shows j- stability diagram determined with MISHKA for the JET-

C/JET-ILW couple. It is interesting to note that even though both pulses are 
located on the PB boundary, the stability boundaries are rather different. In 

the stability diagram of the JET-C pulse (on the left), the operational point 

(white star) reaches higher values of j and  compared to the JET-ILW pulse 

(on the right), and it is located in the region sometimes referred to as the ‘nose’ 

of the stability boundary. Furthermore, the most unstable mode as predicted 
by MISHKA is in the range n=5-30 for JET-C case and in the range n=30-70 
for the JET-ILW case.  
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Figure 4.6. j- stability diagram for two PB limited plasmas. (a) The JET-C 

discharge #78672, (b) the JET-ILW discharge #83585. In both frames, the white 
line highlights the stability boundary, the numbers highlight the most unstable 

mode, and the white star identifies the operational point [Figure 3 in paper V, 
provided by L. Frassinetti]. 

 The modelling with the pedestal predictive code Europed performed on the

extended JET-C/JET-ILW dataset shows that the relative shift and neped play

a major role in affecting crit, while the relative shift, wpe, and Zeff have a major

impact on the pedestal pressure height. Furthermore, a possible mechanism

that leads to the degradation of the pedestal pressure from JET-C to JET-ILW
PB limited plasmas is proposed. The causal links are illustrated in the diagram

below (Figure 4.7) and described in more detail in the discussion part of the
paper V.
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Discussion and open questions for future work 

There are still several causal links in the diagram 4.7 which have not been fully 

understood and are currently under investigation. As described in Section 6 of paper 
V, the change of the wall material from C to Be/W has led to four key differences:  

 change of the main plasma impurity to Be,

 reduction of Zeff,

 operation with increased gas fuelling due to the safety reasons,

 possibly also a different recycling.

The effects of the increased fuelling and different recycling are complex. They might 
lead to a higher neutral pressure, as suggested in a recent work [86]. It is reasonable 

to assume that higher neutral pressure leads to the higher pedestal density. 
Furthermore, the increase of the neutral pressure is then experimentally seen as the 

increase in the separatrix density. This idea is based on experimental observations, 
where separatrix density is shown as a simple proxy for the neutral density in JET-

ILW; and on the modelling using EDGE2D-EIRENE simulations in L-mode plasmas 
[138]. However, further investigation is necessary.  

The direct link between the increase in the separatrix density and reduction of the 

PB stability (dashed line in Figure 4.7) is not properly understood yet and can be 
further investigated in the future work. 

A clear correlation between the increase in the separatrix density and the outward 
shift of the pedestal density at JET has been observed in paper V, Figure 5.  

Furthermore, the increase of the gas fuelling rate is correlated with the widening 
of the pedestal width, as observed in the earlier works [86], [97], [139]. However, 

this link has so far remained only empirical. 
On the other hand, the links in the lower part of the diagram are well understood. 

As shown with the Europed code modelling in paper V, the changes of the main 
impurity and Zeff do not lead to significant changes of the pedestal stability. Instead, 

they strongly affect the electron pedestal pressure via the dilution effect.  
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On the possible origin of the relative shift 

As described in paper III, the relative shift has been investigated by studying the 

ionisation source profile with FRANTIC code. The simulations suggest that the 
reduction of the relative shift is correlated with slightly deeper position of the 

ionisation source profile compared to the high relative shift case. 

To understand the possible physics mechanisms behind the origin of the pedestal 

relative shift, the link between the increase of the pedestal density position and the 
increased gas fuelling is currently being investigated with JINTRAC modelling 
(JETTO code in the core, EDGE2D-EIRENE in the SOL, and with a simple model for 

the ELMs). It is still work in progress that will be presented in the near future. Figure 
4.8 shows JINTRAC simulations for JET-ILW discharges of the gas scan dataset (low 

gas discharge #84600 and high gas discharge #84598) that has been discussed in 
detail in papers II and III. The JINTRAC simulations have been performed by 

selecting the transport coefficients to reproduce the high gas discharge #84598 
(yellow star). Then, the simulations have been repeated by changing the gas fuelling 

rate to correspond to the low gas case #84600 (light blue star) while keeping the 
transport coefficients unchanged. Preliminary results show a good qualitative 

agreement with the experimental cases for the dependence of the nesep/neped on the 
gas fuelling (figure on the left) and for the dependence of the nepos on the gas fuelling 

(figure on the right). 

Figure 4.8. JINTRAC simulations showing dependence of nesep/neped on gas fuelling 
(left) and of nepos on gas fuelling (right), and comparison with the experimental 

discharges #84600 (low gas) and #84598 (high gas). Figure provided by L. 
Frassinetti, V. Parail and B. Viola.  
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Missing links in the diagram 4.7 

A large subgroup of JET-ILW discharges does not seem to reach the PB boundary 

[64], [86], [94]. This has been empirically observed for plasmas with high gas 
fuelling rate and high power [64]. However, so far, a clear threshold in gas fuelling 

or power have not been observed. As shown in [86], the link between the engineering 
parameters (gas fuelling rate, power, divertor configuration) and the pedestal 

stability is complicated because of the interplay between the pedestal width and 
neutral pressure with the pedestal position. Increase of the power leads to the 

increase of the pedestal temperature width which then leads to an inward shift of the 
temperature position. The increase of the gas fuelling rate and/or change in the 

divertor configuration leads to the increase of the neutral pressure and the separatrix 
density, leading to the outward shift of the density position [86]. Therefore, both 

effects (increase of gas fuelling and increase of power) lead to the increase in the 
relative shift. As shown in Figure 4.9, a strong correlation between the increase of 

the relative shift and the increase of crit/exp have been observed. This adds an 

explanation to the empirical observation in [64] that discharges with high gas 
fuelling and high power (and therefore high relative shift) are far from the PB 
boundary. When the experimental normalized pressure gradient is significantly 

reduced, this, in turn, produces a strong pedestal degradation [86].  

The exact physics mechanism is not yet understood, but hypotheses has been 

proposed in [86]. The first hypothesis for the pressure gradient degradation is linked 

to the increase of the turbulent transport [94], [140].  This is due to an increase in e 

(defined as e=Lne/LTe, with Lne and LTe the gradient length of ne and Te respectively) 

and R/LTe (the normalized gradient length of Te) that has been observed empirically 
with the increase in the relative shift. Simultaneously, an increase in the separatrix 

resistivity has been observed, hinting that the ideal MHD is insufficient to explain 
the ELM triggering mechanisms in this case and the resistive MHD needs to be 

considered. Both hypotheses are based on the experimental correlations only, and 
therefore future further theoretical investigation has to be performed [86].    
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Figure 4.9. Correlation between crit/exp and the pedestal relative shift. Colours 

highlight different values of N. Taken from [86]. 
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Author’s contribution to appended papers 
 
 
Paper I:  

The author selected the experimental data, performed analysis of the experimental 

data from HRTS diagnostics, and wrote and submitted the paper. Stability analysis 
was provided by M. Peterka.  

 

Paper II:  

The author selected the experimental dataset, performed analysis of the 
experimental data from HRTS diagnostics, and wrote and submitted the paper. 

Stability analysis was provided by S. Saarelma. 

The outcome of this work was also presented as an oral contribution at the 43rd 

European Physical Society (EPS) Conference on Plasma Physics, Leuven, Belgium. 

 

Paper III:  

The author selected the experimental dataset, performed analysis of the 

experimental data from HRTS diagnostics, and wrote and submitted the paper. The 

calculation of the normalized pressure gradient expected by the PB model (crit) 

using the ELITE code was performed by M. Peterka.  

 

Paper IV:  

The author did the selection of the experimental dataset, performed analysis of the 

experimental data from HRTS diagnostics and simulations with Europed model in 

-constrained settings, and wrote and submitted the paper. Stability analysis was 

provided by S. Saarelma, FRANTIC simulations of neutral penetration were 

performed by L. Garzotti. Figures showing the comparison of the pedestal density 
position with data from the reflectometer diagnostics, comparison of the electron 

density in the HFS region from the inner divertor high-resolution spectrometer 
diagnostics, and the tomographic reconstruction of the radiated power from 

bolometric diagnostics were provided by L. Frassinetti using the input from other 

co-authors.  
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Paper V:  

The author did the selection of the experimental dataset using the JET pedestal 

database, performed analysis of the experimental data from HRTS diagnostics and 

simulations with Europed model in -constrained settings, and wrote and submitted 

the paper. Modelling with self-consistent core-pedestal settings of Europed code in 

Section 4.2, and the stability analysis was performed by L. Frassinetti.  
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Chapter 5 

Conclusions

This work studies the effect of the ILW on the pedestal structure and stability in JET 
and discusses the differences in comparison with the JET-C. To contribute to the 

understanding of the difference in the pedestal performance between JET-C and 
JET-ILW, two main objectives have been set:  

 experimental characterisation of the pedestal structure in deuterium

unseeded discharges by analysing the experimental data (radial profiles of
electron temperature and density measured in H-mode plasmas) from

Thomson scattering diagnostics at JET,

 investigation of the pedestal stability in terms of the peeling-ballooning
model.

The experimental analysis has shown several differences in the pedestal structure of 

comparable JET-ILW and JET-C discharges. One of the key differences described in 
this work is the pedestal relative shift (a separation between the middle of the 

pedestals of the electron density and temperature). The relative shift plays a major 
role in the difference in the pedestal performance between JET-C and JET-ILW. It 

is therefore vital to include this effect in the pedestal predictive models and in 

optimising of the pedestal scenarios.  

The modelling with the pedestal predictive code Europed (based on the EPED 
model) performed on the peeling-ballooning limited discharges has contributed to 

finding of the causal links between the parameters that play a role in affecting the 
pedestal stability and the pedestal pressure height. These results have led to the 

proposal of a possible mechanism governing the degradation of the pedestal pressure 
from JET-C to JET-ILW peeling-ballooning limited plasmas with comparable 

engineering parameters. 
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