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Summary

Visualisation of instabilities at the edge
of ASDEX-Upgrade plasmas

For more than sixty years, since 1951, the scientists of the whole world are trying to solve
the problem of the controlled nuclear fusion. The essence of the problem is to perform on the
Earth one of the fusion reactions which are the source of the energy for the Sun and other
starts, namely, the transmutation of hydrogen into helium. When it becomes possible, the
humanity will get rid of the lack of the energy forever. Unlike oil, coal or uranium, which are
not renewable energy sources, the reserves of a hydrogen isotope deuterium in the oceans are
almost unlimited. The achievement of the controlled fusion is an incredibly complex problem
and only with the cooperation of the whole humanity it is possible to solve it on a reasonable
time scale.

Any atom consists of a nuclei and of electrons around it. The idea behind the nuclear
fusion is to fuse two atom nucleus, e.g. of hydrogen, into a heavier one, helium, with a release
of an extra energy. This energy can be converted then into electricity. In order to fuse the
nucleus, or so-called ions, one should make them come very close to each other, then a nuclear
reaction takes place. But as the ions are positively charged, they are a subject to a electrostatic
repulsion, which prevents them of mutual convergence. The electrostatic repulsion can be
overcome, if the ions have high enough relative velocity: then they can reach each other before
the repulsion takes over.

When describing a macroscopic object - an object with a high amount of atoms, the
velocity of the atoms which constitute the object is related to its temperature. The higher is
the temperature of the object, the higher is the velocity of each atom inside of this object.
Therefore, in order to overcome the electrostatic repulsion, one should heat the object high
enough and then the atoms, constituting it, will start to fuse. In practice the necessary
temperatures are in the order of hundreds millions degrees. Any matter at this temperature
transits into the plasma state: the state where all the atoms become unbounded and loose
their electrons.

For a fusion reactor the only high temperature of the plasma is not sufficient. The fusion
reaction itself should also have a sufficiently high rate in order to be efficient. The reaction
rate is proportional to the plasma density: the higher is the density the more ions collide,
fusing at the sufficient temperature to a heavier nuclei.

When such a dense plasma is heated to hundreds millions degrees it is not possible to just
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hold it inside of a chamber, as the plasma will immediately melt anything it touches. However,
plasma interacts with electromagnetic fields, which provides a solution: confinement by a
magnetic field, which prevents the contact of the plasma with the chamber walls.

Nowadays the most promising configuration for the plasma to be confined is a torus. A
toroidal chamber is covered by different magnetic coils which create a field confining the
plasma inside. There are two basic types of toroidal fusion devices: tokamaks and stellarators.
The pressure gradients created by plasma inside of such devices are extremely high. For
example, the small radius of plasma in the fusion device ASDEX-Upgrade, used for the
experiments in this thesis, is a half of a meter. That means that on the scale of just 50 cm the
temperature increases from several hundreds degrees up to over 100millions degrees! Such
extreme gradients in complex geometry of the confining magnetic fields create a lot of different
plasma instabilities.

One of those instabilities is called Edge Localized Mode (ELM) and this thesis is mostly
dedicated to study of its properties. The ELM is a periodic distortion of the plasma boundary,
which rotates with the velocity of several kilometres per second and exists for about a half of a
millisecond. The ELMs usually occur in the plasma with a stable frequency, which varies from
several tenth to hundreds Hertz. This instability (or ’mode’) is important as it always appears
in a standard operation regime called H-mode and leads to a crash (’ELM crash’), which
causes plasma to eject the particle bursts on the chamber wall. The particle bursts caused
by the ELMs in the bigger future devices will lead to the destruction of the plasma facing
components (PFCs) and, therefore, should be mitigated. Despite of the existence of different
successful methods to control ELMs, the underlying physics is still not fully understood, which
is needed to develop reliable operation schemes for the future reactor.

In this thesis the investigation on ELMs is carried out on a German tokamak ASDEX-
Upgrade with a Dutch Electron Cyclotron Emission Imaging (ECEI) diagnostic used as the
main instrument. This diagnostic allows to obtain 2D distribution of the plasma temperature
at the edge of the tokamak, providing broad information on the processes happening there
with both high temporal (1µs) and spatial (1.5× 2.5 cm) resolution.

There exist different ELM types. The most dangerous ones are the type-I ELMs, as they
cause the highest energy losses among the other types. One of the methods for type-I ELM
mitigation is modification of the magnetic field on the edge by application of resonant magnetic
perturbations (RMP). When successful, ELMs become smaller while the frequency of their
occurrence simultaneously increases.

In chapter 5 different characteristics of the ELMs before and during their mitigation with
RMPs were extracted from the experimental data; the ELM evolution has been observed and
analysed. The transition from the type-I ELM regime to the mitigated (small) ELM regime
occurs gradually: while type-I ELMs occur less frequent, the small ELMs become more often
observed, until they take over. At the same time the amplitude of each ELM type does not
change during the transition.

During the investigations many similarities were found between type-I ELMs and small
ELMs: spatial localization, spectral characteristics and velocities are all very similar. However,
some differences have also been found: after a small ELM crash most of the modes continue
to rotate with the same velocity as before the crash, while for type-I ELMs the velocity goes
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down and does not recover that fast. Moreover, for type-I ELMs some velocity oscillations are
seen immediately after the crash, which is never observed after small ELMs.

Ending the application of RMPs during the discharge leads to the reappearance of the
type-I ELMs. They gradually start to appear more frequently, while the frequency of the small
ELMs is gradually decreasing. The back transition has the same dynamics as the forward
transition.

Summarizing, the analysis accomplished in chapter 5 has indicated, that the nature of the
mitigated ELMs is the same as that of the initial type-I ELMs.

Chapter 6 introduces another way to reduce the negative effects of type-I ELMs, namely,
puffing of a small amount of nitrogen gas into the hydrogen plasma. Small amounts of nitrogen
decrease the temperature of the particles outside of the magnetically confined plasma region
and additionally affects ELMs, making them smaller. The mechanism of this effect is not
fully understood, however, nitrogen seeding is considered to be a very promising method for
reducing power loads of PFCs caused by the ELMs.

It was found that the key role in the difference of the energy losses caused by the
conventional type-I ELMs and nitrogen seeded ELMs is played by the ejection of the so-called
filaments from the plasma. Filaments are relatively hot elongated structures that can be
ejected out of the plasma after an ELM crash. The phase when the filaments are ejected is
only present during type-I ELMs, but not in the nitrogen seeded ELMs. Further investigations
have indicated the presence of a correlation between the number of ejected filaments and the
ELM duration as well as the ELM related energy loss. These observations are supported by
the calculations performed with the JOREK code for MAST tokamak.

Summarizing, the nitrogen seeded ELMs are associated with a smaller energy losses than
the conventional type-I ELMs. The channel of the additional losses in the absence of nitrogen
was not identified for a long time (although filaments were one of the likely candidates). With
the help of ECEI on AUG it became possible to prove that filaments are the cause of these
additional losses.

Previous chapters were concentrating on the ELMs, whereas chapter 7 digs into what
happens between the ELMs, where the instability called ’inter-ELM’ mode occurs. This mode
is of an interest as it delays the following ELM crash and, thus, maybe conceals a new window
for ELM control.

The inter-ELM mode on ASDEX-Upgrade is clearly seen simultaneously by the ECEI
diagnostic and by the magnetic pick-up coils (MPCs). However, the frequencies of the mode
appearing on the ECEI system and on the MPCs differ in one order of magnitude, which implies
that these are two different modes. Nevertheless as they are nearly always seen simultaneously
by the both diagnostics, they are strongly connected to each other.

The ECEI-mode appears in most cases slightly before the MPC-mode. However, the mode
observed by the ECEI system can exist without the existence of the mode observed on the
MPCs, still delaying the following ELM crash. This suggests that most likely the temperature
fluctuations, which are detected by the ECEI, affect the ELM stability rather than current
density fluctuations, observed by the MPCs.
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A small additional contribution of this thesis is devoted to the calculation of the so-called
plasma optical thickness. This plasma parameter indicates how transparent is the plasma for
the electromagnetic waves of a particular frequency. It is important, as it allows to make
conclusions on the reliability of the ECEI measurements, which is based on the detection of
the electromagnetic radiation. The optical thickness drastically reduces towards the plasma
edge and previously it was unclear, whether the plasma is optically thick on the edge of the
plasma, as only a rough approximation was used for its estimation. In chapter 4 more precise
calculations were performed. The general result is that in most cases the plasma on the edge
is fully absorbing, which makes the ECEI data there reliable.
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Samenvatting

Visualisatie van instabiliteiten aan de rand
van ASDEX Upgrade plasma’s

Voor meer dan zestig jaar, sinds 1951, proberen wetenschappers over de hele wereld het
probleem van gecontroleerde kernfusie op te lossen. De essentie van het probleem is het op
aarde nabootsen van dezelfde fusiereactie die ook de energiebron van de zon en andere sterren
is, namelijk de omvorming van waterstof naar helium. Als dit lukt is het energietekort op
aarde voor altijd opgelost. In tegenstelling tot olie, kolen en uranium, die geen duurzame
energiebronnen zijn, is de voorraad van de waterstofisotoop deuterium in de oceanen bijna
ongelimiteerd. Het bereiken van gecontroleerde fusie is een enorm complex probleem, en vergt
samenwerking van de hele mensheid om op een redelijke tijdschaal opgelost te worden.

Elk atoom bestaat uit een door electronen omgeven kern. Het idee achter kernfusie is
het samenvoegen van twee atoomkernen (bijvoorbeeld waterstofkernen) tot een zwaardere
(heliumkern), waarbij energie vrijkomt. Met deze energie kan dan electriciteit opgewekt worden.
Om twee atoomkernen, zogenaamde ionen, te laten fuseren moeten ze zeer dicht bij elkaar
gebracht worden om een atoomreactie plaats te laten vinden. Maar aangezien ionen positief
geladen zijn stoten ze zich electrostatisch af wat het samenvoegen verhindert. Deze afstoting
kan echter overwonnen worden als de ionen met hoog genoege snelheid tegen elkaar botsen.

In een macroscopisch object (een object met een groot aantal atomen) is de snelheid
van de atomen gerelateerd aan zijn temperatuur. Hoe hoger de temperatuur van het object,
hoe sneller de atomen in het object. Daarom moet men om de electrostatische afstoting te
overwinnen en fusiereacties plaats te laten vinden het object heet genoeg maken. In de praktijk
zijn temperaturen in de orde van enkele honderden miljoenen graden nodig. Elke materie
zal op zulke hoge temperaturen overgaan in een plasma, een toestand waarin alle atomen
ongebonden zijn en al hun electronen verloren hebben.

Enkel een hoge temperatuur is niet voldoende voor een fusiereactor. Voor een efficiente
reactor moeten de fusiereacties vaak genoeg plaats vinden. Het aantal reacties is evenredig
met de dichtheid van het plasma: hoe hoger de dichtheid, hoe meer ionen bij hoge temperatuur
botsen en fuseren tot zwaardere atoomkernen.

Een tot enkele honderden miljoenen graad heet plasma kan niet gewoon in een vat
opgesloten worden, aangezien de wanden van het vat meteen zouden smelten. Een oplossing
wordt echter geboden doordat Plasmas reageren op magnetische velden: magnetische opsluiting
voorkomt dat het plasma direct in contact komt met de wanden van het vat.

Tegenwoordig is de meest veelbelovende configuratie om een plasma op te sluiten een torus.
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Een toroidaal vacuumvat is uitgerust met meerdere magnetische spoelen die een magneetveld
vormen dat het plasma in het vat opsluit. De twee belangrijkste types van fusiereactoren
zijn tokamaks en stellaratoren. De drukgradiënten in het plasma in dergelijke reactoren zijn
extreem hoog. De kleine straal van het plasma in de ASDEX-upgrade tokamak, waar de in
dit proefschrift beschreven experimenten zijn uitgevoerd, is een halve meter. Dat betekent
dat de temperatuur over slechts 50 cm toeneemt van enkele honderden graden tot meer
dan 100miljoen graden! Dergelijke extreme gradiënten in de complexe geometrie van het
opsluitende magnetische veld creëren veel verschillende plasma-instabiliteiten.

Een van deze instabiliteiten is de ’edge localized mode’ (ELM), en dit proefschrift is
hoofdzakelijk gewijd aan de studie van de eigenschappen van deze instabiliteit. De ELM is een
periodieke verstoring van de plasmarand, die met enkele kilometers per seconde roteert en
ongeveer een halve milliseconde duurt. ELMs hebben normaalgesproken een stabiele frequentie
die varieert van enkele tientallen tot honderden Hertz. Deze instabiliteit (of ’mode’) is belangrijk
omdat hij optreedt in de zogenaamde ’H-mode’, het standaard operatie-regime in tokamaks, en
leidt tot een instorten (’ELM crash’) van de plasmarand, waarbij het plasma grote hoeveelheden
deeltje en warmte uitstoot en op de wand werpt. Deze door ELMs veroorzaakte uitbarstingen
zullen in toekomstige grote fusiereactoren leiden tot beschadiging van de reactorwand en moeten
daarom worden afgezwakt. Ondanks het bestaan van verschillende succesvolle methoden om
ELMs te controleren is de onderliggende fysica, die nodig is om een betrouwbare toekomstige
reactor te ontwikkelen, nog steeds niet volledig begrepen.

Het in dit proefschrift beschreven onderzoek naar ELMs is uitgevoerd op de Duitse toka-
mak ASDEX-Upgrade, waarbij de Nederlandse Electron Cyclotron Emission Imaging (ECEI)
diagnostische als belangrijkste diagnostiek gebruikt is. Deze diagnostiek meet de 2D verdeling
van de plasmatemperatuur aan de rand van het plasma, en levert informatie over de zich daar
afspelende processen met zowel hoge temporele (1microseconde) als ruimtelijke (1.5x2.5 cm)
resolutie.

Er bestaan verschillende types ELMs. De meest gevaarlijke daarvan zijn de type-I ELMs,
zij veroorzaken de hoogste energieverliezen. Eén van de methoden om type-I ELMs te
onderdrukken is het modificeren van het magneetveld aan de plasmarand door toepassing van
resonante magnetische verstoringen (RMP). Bij succesvolle onderdrukking worden de ELMs
kleiner, en tegelijkertijd treden ze met hogere frequentie op.

In hoofdstuk 5 worden de verschillende ELM eigenschappen voor en tijdens hun onder-
drukking met RMPs uit de experimentele data afgeleid; de evolutie van de ELMs is gemeten
en geanalyseerd. De overgang van het type-I ELM-regime naar het onderdrukte (kleine) ELM-
regime gaat geleidelijk: de frequentie van de type-I ELMs gaat omlaag, terwijl tegelijkertijd
de kleine ELMs steeds frequenter optreden, totdat ze uiteindelijk de type-I ELMs volledig
verdrukken. Tijdens deze overgang blijft de amplitude van elk ELM-type onveranderd.

Tijdens het onderzoek zijn veel overeenkomsten gevonden tussen type-I ELMs en kleine
ELMs: de ruimtelijke lokalisatie, spectrale eigenschappen en snelheden zijn allemaal zeer
vergelijkbaar. Er zijn echter ook een aantal verschillen gevonden: na een kleine ELM-crash
blijft de rotatiesnelheid van de meeste modes onveranderd, terwijl deze na een type-I ELM-crash
naar beneden gaat en niet snel herstelt. Bovendien worden na een type-I ELM-crash vaak
oscillaties in de rotatiesnelheid waargenomen die bij kleine ELMs nooit voorkomen.
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Het beëindigen van de verstoringen door RMPs leidt tot het terugkomen van de type-I
ELMs. Hun frequentie neemt geleidelijk toe, terwijl de frequentie van de kleine ELMs geleidelijk
afneemt. Deze overgang heeft dezelfde dynamiek als de voorwaartse overgang.

Samenvattend toont de analyse in hoofdstuk 5 aan dat de aard van de onderdrukte kleine
ELMs dezelfde is als die van de oorspronkelijke type-I ELMs.

Hoofdstuk 6 introduceert een andere manier om de negatieve effecten van type-I ELMs te
onderdrukken, namelijk het injecteren van een kleine hoeveelheid stikstofgas in het waterstof-
plasma. Een kleine hoeveelheid stikstof verlaagt de temperatuur van de deeltjes buiten het
magnetisch opgesloten plasmagebied en beïnvloedt bovendien de ELMs, waardoor ze kleiner
worden. De werking van dit effect is niet geheel bekend, maar stikstofinjectie wordt beschouwd
als een veelbelovende methode om de door ELMs veroorzaakte warmtebelasting op de wand
te verminderen.

Het verschil in energieverlies tussen gebruikelijke type-I ELMs en stikstof-ELMs hangt samen
met het uitstoten van zogenaamde filamenten. Filamenten zijn relatief warme, langgerekte
structuren die na een ELM crash uit het plasma worden gestoten. De fase waarin de filamenten
worden uitgestoten treedt alleen op tijdens type-I ELMs, maar niet tijdens stikstof-ELMs.
Verder onderzoek heeft aangetoond dat er een correlatie bestaat tussen het aantal uitgestoten
filamenten en zowel de duur van een ELM-crash als het energieverlies tijdens de crash. Deze
waarnemingen worden ondersteund door berekeningen, uitgevoerd met de Jorek code, voor de
MAST tokamak. Samenvattend worden de stikstof-ELMs geassocieerd met kleinere energiev-
erliezen dan conventionele type-I ELMs. De oorzaak van de extra verliezen in afwezigheid van
stikstof was lange tijd niet geïdentificeerd (hoewel filamenten een waarschijnlijke kandidaat
waren). Met behulp van ECEI op ASDEX Upgrade is aangetoond dat filamenten de oorzaak
van deze extra verliezen zijn.

In de vorige hoofdstukken stonden de ELMs zelf centraal, terwijl hoofdstuk 7 zich concen-
treert op wat er gebeurt tussen twee ELM-crashes, waar de zogenaamde ’inter-ELM-mode’
optreedt. Deze instabiliteit is van belang omdat hij de volgende ELM-crash vertraagt en dus
nieuwe mogelijkheden voor ELM-controle biedt.

De inter-ELM-mode wordt op ASDEX Upgrade gelijktijdig waargenomen door zowel de
ECEI diagnostiek als met magnetische spoelen (’magnetic pick-up coils’, MPCs). De frequenties
waarop de ECEI en MPC diagnostieken deze mode waarnemen verschillen echter een orde van
grootte, wat betekent dat het twee verschillende instabiliteiten betreft. Maar aangezien ze
bijna altijd gelijktijdig worden waargenomen door beide diagnostieken moeten ze sterk met
elkaar verbonden zijn.

De ECEI-mode verschijnt in de meeste gevallen iets eerder dan de MPC-mode. Echter,
de door de ECEI diagnostiek waargenomen mode kan soms voorkomen zonder dat de MPCs
een mode waarnemen. In deze gevallen wordt de volgende ELM crash nog steeds vertraagd.
Dit suggereert dat het waarschijnlijker is dat de ELM stabiliteit wordt beinvloed door de
door ECEI waargenomen temperatuurfluctuaties, dan door de door de MPCs waargenomen
stroomdichtheidsfluctuaties.

Een kleine extra bijdrage van dit proefschrift is gewijd aan de berekening van de zogenaamde
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optische dikte van het plasma. Deze parameter geeft aan hoe transparant het plasma is voor
elektromagnetische straling met een bepaalde frequentie. Deze parameter is belangrijk, omdat
hiermee conclusies getrokken kunnen worden over de betrouwbaarheid van de ECEI metingen,
die baseren op de detectie van elektromagnetische straling. De optische dikte vermindert
drastisch richting plasmarand, en voorheen was het onduidelijk of het plasma aan de rand
optisch dik genoeg was, aangezien slechts een ruwe benadering voor de optische dikte werd
gebruikt. In hoofdstuk 4 zijn nauwkeurigere berekeningen uitgevoerd. Het algemene resultaat
is dat in de meeste gevallen het plasma aan de rand volledig optisch dik is, wat de ECEI
resultaten betrouwbaar maakt.
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Обзор

Коту токамак от уток.

–Палиндром

Визуализация неустойчивостей
на границе плазмы

токамака АСДЕКС—апгрейд

Уже более шестидесяти лет, с 1951 года, учёные всего мира пытаются решить про-
блему управляемого термоядерного синтеза. Их цель — провести на Земле ту же реак-
цию, которая является источником энергии Солнца и других звёзд, — синтез ядра гелия
из ядер водорода. Управляемый термоядерный синтез навсегда избавит человечество
от недостатка энергии. В отличие от нефти, угля или урана, являющихся невозобновля-
емыми источниками энергии, океанические запасы дейтерия — изотопа водорода, ко-
торый будет применяться в качестве топлива в термоядерных реакторах, — практиче-
ски безграничны. Однако достижение управляемого термоядерного синтеза является
очень сложной проблемой, в решении которой задействованы огромные интеллекту-
альные и производственные мощности человечества.
Любой атом состоит из ядра и окружающих его электронов. Суть термоядерного

синтеза состоит в слиянии двух ядер (например, водорода) в более тяжёлое ядро (на-
пример, гелия), что происходит с выделением энергии. Эту энергию затем можно ис-
пользовать, преобразовав в электричество. Для того чтобы произошло слияние ядер,
также называемых ионами, они должны сблизиться друг с другом на достаточно малое
расстояние (порядка 10−15 м). Однако ионы имеют положительный заряд, вследствие
чего электростатическое отталкивание препятствует их сближению. Тем не менее, ес-
ли относительная скорость летящих навстречу друг другу ионов достаточно высока, то,
несмотря на взаимное электростатическое отталкивание, они всё же смогут сблизиться
настолько, чтобы началась ядерная реакция.
При описании макроскопических тел — объектов, состоящих из достаточно боль-

шого количества атомов, — хаотическая скорость этих атомов может быть выражена
в виде температуры. Чем выше температура физического тела, тем выше хаотическая
скорость составляющих его атомов. Таким образом, чтобы преодолеть электростатиче-
ское отталкивание, требуется разогреть рабочее тело до достаточно высоких темпера-
тур, запустив тем самым термоядерную реакцию. На практике минимальные темпера-
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туры, необходимые для проведения термоядерного синтеза, составляют сотни милли-
онов градусов. Любое вещество при столь высоких температурах переходит в состоя-
ние плазмы, распадаясь на отдельные атомы, которые, в свою очередь, распадаются
на ядра и более не связанные с ними электроны.
Однако для создания эффективного термоядерного реактора недостаточно одной

лишь высокой температуры. Помимо этого, термоядерные реакции должны происхо-
дить в достаточном количестве. Это количество, а точнее частота реакций, прямо про-
порциональна плотности плазмы: чем выше плотность, тем больше ионов сталкивают-
ся друг с другом и, если температура достаточно высока, сливаются в более тяжёлые
ядра. Достаточно плотную, разогретую до сотен миллионов градусов плазму уже невоз-
можно просто так удерживать внутри камеры: всё, к чему она прикоснётся, будет мгно-
венно расплавлено. К счастью, плазма хорошо взаимодействует с электромагнитными
полями, которые позволяют удерживать её бесконтактно, не давая касаться стенок ре-
актора.
На данный момент наиболее удачной конфигурацией камеры для удержания плаз-

мы считается тор. Тороидальная камера обматывается магнитными катушками, кото-
рые создают электромагнитные поля, удерживающие плазму внутри. Существует два
основных типа тороидальных установок термоядерного синтеза: токамаки и стеллара-
торы. Перепады давления (градиенты) в этих установках невероятно высоки. Для при-
мера, малый радиус установки АСДЕКС—апгрейд, использовавшейся для настоящего
диссертационного исследования, составляет пятьдесят сантиметров. Это означает, что
температура плазмы возрастает с нескольких сотен градусов вблизи стенки камеры
до свыше ста миллионов градусов в её центре, на расстоянии всего лишь в пятьдесят
сантиметров! Такие колоссальные градиенты в условиях сложной геометрии удержи-
вающих магнитных полей создают огромное количество разнообразных плазменных
неустойчивостей: плазма ведёт себя очень нестабильно.
Одна из этих неустойчивостей носит название «локализованная на границе мода»

(англ. edge localized mode), или просто «эльм». Настоящая диссертация главным об-
разом посвящена изучению свойств этой неустойчивости. Эльм представляет собой
периодическое возмущение границы плазмы, вращающееся со скоростью несколько
километров в секунду и существующее порядка пятисот микросекунд. Частота возник-
новения эльмов в плазме обычно варьируется от нескольких десятков до нескольких
сотен герц. Работа термоядерных установок в стандартном режиме всегда сопровож-
дается возникновением эльмов, при этом горячие частицы плазмы выбрасываются на
стенку камеры. Поскольку новые установки будут иметь больший размер и более высо-
кий выброс частиц, возникновение эльмов в них приведёт к неизбежному разрушению
камеры реактора. По этой причине уже сегодня, до создания рабочего прототипа тер-
моядерной электростанции, физики должны понять природу возникновения эльмов.
Несмотря на существование различных методов управления эльмами, физика осно-
вополагающих процессов исследована не полностью, а это просто необходимо для
разработки надёжных схем управления эльмами и их подавления в реакторах буду-
щего.
В настоящей диссертации описывается исследование эльмов, которое проводилось

на немецком токамаке АСДЕКС—апгрейд, в основном при помощи голландского устрой-
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ства диагностики отображения интенсивности электронного циклотронного излучения
из плазмы (англ. electron cyclotron emission imaging), или ЭЦИ. Это устройство диа-
гностики позволяет получать двумерное изображение, показывающее распределение
температуры электронов плазмы на границе токамака с высоким временны́м (до 1мкс)
и пространственным (1, 5× 2, 5 см) разрешением.
Существуют различные типы эльмов. Наиболее опасными являются так называе-

мые эльмы первого типа (англ. type-I ELMs), так как они приводят к наибольшему вы-
бросу частиц плазмы и наибольшей потере энергии по сравнению с другими типами,
в частности малыми эльмами. Один из методов управления эльмами заключается в
изменении свойств границы плазмы при помощи резонансных возмущений магнитно-
го поля (англ. resonant magnetic perturbations). При удачном выборе параметров маг-
нитного возмущения эльмы первого типа уменьшаются, превращаясь в малые эльмы
других типов, при этом частота их возникновения возрастает.
В пятой главе диссертации рассматриваются различные характеристики эльмов,

экспериментально полученные до и после внесения резонансных возмущений в маг-
нитное поле, а также исследуется динамика эльмов в этих двух режимах. Переход от
эльмов первого типа к малым эльмам происходит постепенно: первые медленно исче-
зают, в то время как последние начинают появляться всё чаще и чаще. В то же время
амплитуда каждого типа эльмов, характеризующая величину энергетического выбро-
са, остаётся постоянной на протяжении всего перехода.
В ходе исследований было обнаружено много сходств между эльмами первого ти-

па и малыми эльмами: их расположение в пространстве, спектральные характеристи-
ки и скорости оказались очень близкими друг к другу. Различия же были связаны в
основном с характеристиками флуктуаций электронной температуры: при возникно-
вении малых эльмов флуктуации продолжали вращаться с той же скоростью, что и до
их возникновения, в то время как появление эльмов первого типа приводило к па-
дению скорости вращения флуктуаций. Кроме того, эльмы первого типа могут также
приводить к колебаниям в скорости вращения плазмы, что никогда не наблюдается в
случае малых эльмов.
При отключении резонансных возмущений эльмы первого типа возникают снова.

Частота их появления постепенно возрастает, в то время как частота появления ма-
лых эльмов снижается. Обратный переход (к эльмам первого типа) показывает ту же
динамику, что и прямой переход (к малым эльмам). Основной вывод из пятой главы
заключается в том, что малые эльмы имеют ту же физическую основу, что и эльмы
первого типа.
В шестой главе исследуется другой способ устранения негативных последствий эль-

мов первого типа, а именно газонапуск небольшого количества азота в водородную
плазму. Это понижает температуру частиц вне магнитно-
удерживаемой области плазмы, а также уменьшает размер эльмов. Хотя физический
механизм этого явления до конца не изучен, введение примеси азота считается пер-
спективным методом снижения тепловых нагрузок, вызванных эльмами, на стенки ка-
меры термоядерных установок.
В ходе исследований, описанных в диссертации, было обнаружено, что обычные

эльмы первого типа и эльмы, модифицированные азотом, имеют разные показатели

XV



Summary in Russian

энергетических потерь, и ключевую роль в этом различии играют так называемые фи-
ламенты (англ. filaments). Филаменты— это относительно горячие нитеобразные струк-
туры, которые плазма может испускать непосредственно после появления эльма. Фаза
испускания филаментов присуща эльмам первого типа, но не наблюдается в присут-
ствии азота. Последующие наблюдения показали наличие корреляции между числом
испущенных филаментов и такими переменными, как длительность эльма и величина
сопутствующих потерь энергии.
Подводя итог, эльмы первого типа при наличии примеси азота в плазме приводят к

меньшим потерям энергии, чем эльмы первого типа без азота. Причины дополнитель-
ных потерь энергии при отсутствии азота долгое время были неизвестны, хотя предпо-
лагалось, что филаменты могут играть в этом роль. При помощи диагностики ЭЦИ на
токамаке АСДЕКС—апгрейд удалось достоверно определить, что именно филаменты
являются причиной этих дополнительных потерь.
В то время как основная часть диссертации посвящена исследованию эльмов, седь-

мая глава описывает процессы, происходящие в промежутке между эльмами, когда
проявляет себя другая неустойчивость плазмы, так называемая «интерэльмовая мода»
(англ. inter-ELM mode). Эта неустойчивость интересна тем, что она задерживает появ-
ление последующих эльмов, а значит, может являться ключом к контролю над ними.
Интерэльмовые моды на токамаке АСДЕКС—апгрейд одновременно наблюдаются как
при помощи диагностики ЭЦИ, так и при помощи катушек Мирнова. Однако модовые
частоты, отображаемые в этих средствах диагностики, различаются на один порядок
величины. Это предполагает существование не одной, а двух разных неустойчивостей.
При этом они возникают практически одновременно, что говорит об их сильной вза-
имной связи.
Последующие исследования показали, что интерэльмовая мода в сигналах диагно-

стики ЭЦИ возникает немного раньше, чем в сигналах с катушек Мирнова. В то же
время мода на ЭЦИ может наблюдаться и без появления моды на катушках Мирно-
ва, даже в этом случае задерживая появление последующего эльма. Это говорит о том,
что флуктуации электронной температуры, обнаруживаемые при помощи ЭЦИ, играют
более важную роль в устойчивости эльмов, чем флуктуации плотности тока, наблюда-
емые при помощи катушек Мирнова.
Небольшой дополнительный вклад диссертационной работы состоит в вычислении

оптической толщины плазмы. Этот параметр определяет, насколько прозрачной являет-
ся плазма для электромагнитных волн определённой частоты. Знание оптической тол-
щины плазмы требуется для определения степени достоверности данных, полученных
при помощи диагностики ЭЦИ. Оптическая толщина сильно уменьшается вблизи грани-
цы плазмы, ставя под вопрос достоверность измерений ЭЦИ в этой области. В связи со
сложностью вычислений оптическая толщина на границе всегда рассчитывалась лишь
по приближённым формулам. В четвёртой главе настоящей диссертации впервые про-
изведён полноценный расчёт коэффициента поглощения, что позволило определить
соответствующую оптическую толщину с высокой точностью. Результат расчёта пока-
зал, что в большинстве случаев плазма на границе полностью поглощает электронное
циклотронное излучение, что снимает вопрос о достоверности измерений, получен-
ных при помощи диагностики ЭЦИ.
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На страницах печатной версии диссертации находится анимация, представляющая
собой температуру электронов на границе плазмы токамака АСДЕКС—апгрейд, визу-
ализированную при помощи ЭЦИ в момент возникновения эльма первого типа. Вре-
менной интервал между двумя соседними кадрами составляет одну микросекунду.
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Chapter 1

Introduction

The whole is more than the sum of the parts.

--Aristotle

1.1 Background

Power production Nowadays economically advantageous energy production is largely based
on the use of the energy of organic fuels, the energy of nuclear fission and hydropower.
Especially energy production based on fossil fuels has caused ecological problems, while the
resources are finite, which stimulates humanity to develop other energy sources. Solar and
wind energy are clean and affordable, however, the "density" of these energies is quite low:
they need relatively large areas and also require special conditions for their placement [ 1]. A
special place among prospective energy sources is held by nuclear fusion. Nuclear fusion can
give humanity a clean, safe and almost unquenchable energy source. This is the force, which
drives scientists all over the world to work on the realisation of a fusion reactor for already
more than 60 years [2].

Nuclear fusion The basis of nuclear fusion is the fundamental law, formulated by Albert
Einstein in 1905, which relates the mass and the energy via the speed of light: E = mc2.
According to this law, each mass m has a corresponding energy E, and each mass excess ∆m
is followed by a change in energy ∆E. The largest part of the mass of matter is concentrated
in atomic nuclei. The total interaction energy of nucleons in a nucleus is determined by
the balance between the strong attractive nuclear force and the repulsive electrostatic force
between the protons. This energy maintains the particles of a nucleus in a bounded state and
is called binding energy. Nuclear reactions transform energy into mass and vice versa and this
makes nuclear fusion possible.

Formation of two lighter nuclei via fission of a heavier nucleus is also accompanied by
energy release; this idea is used in present nuclear power plants. But fusion of two lighter
nuclei releases even higher energy. In the early 50s of the last century the possibility of gaining

1



Chapter 1. Introduction

energy from fusion on Earth was demonstrated by means of a thermonuclear weapon. Since
then a large part of scientific work was concentrated on the development of devices, in which
the fusion reaction is not only created, but also controlled.

In order to create a fusion reaction it is necessary to bring two light nuclei on a very short
distance from each other, where the atomic forces start playing a role. This distance is in order
of 10−15 m. However, Coulomb repulsion hinders the charged particles to approach each other.
In order to overcome this repulsion, the particles should have high enough a kinetic energy.
With the increase of charge number Z the Coulomb repulsion also increases proportionally
to the product of the charges of both nuclei. That is why it is easier to make fusion for the
lightest nuclei, like nuclei of hydrogen isotopes as they have Z = 1 [3].

Triple product. The easiest reaction to perform in a fusion reactor is the reaction between
deuterium (D) and tritium (T), so-called D − T reaction. The D − T reaction requires the
lowest temperature T , density n and confinement time τE compared to other reactions. These
parameters are the most important ones for reaching the conditions for a fusion reaction: the
temperature is required to overcome the Coulomb repulsion, the density is needed in order to
have high enough a fusion reaction rate and the confinement time needs to be high enough to
make the reaction self-sustainable. These parameters multiplied with each other are called the
"triple product", which gives an estimation how close the plasma is to the conditions for a
self-sustainable fusion reaction:

nTτE > 5 · 1021 m−3keV s (1.1)

Overcoming the critical value in eq. 1.1 will lead to a working fusion reactor with no need
of additional external heating from energetic point of view: the energy necessary for the
self-sustainability will be produced and absorbed inside the reactor itself. The exact value on
the right hand side depends on the shape of the temperature and density profiles.

The most promising reactions As was mentioned before, the easiest possible reaction is the
D − T reaction:

2
1H +3

1 H →4
2 He+1

0 n+ 17.6 MeV (1.2)

Apart from the relatively simple realization, this reaction gives the highest energy output,
while the fuel it uses is cheap. The drawback is that in this reaction fast neutrons are produced,
that can activate the reactor structure.

There are also two D −D and one T − T reaction possible:

D +D → p+ T + 4.0 MeV (1.3)
D +D → n+3 He+ 3.3 MeV (1.4)

T + T → 2n+4 He+ 11.3 MeV (1.5)

TheD−D fusion reaction has a branching ratio of 50% for the two reactions (1.3) and (1.4).

2



Magnetic confinement and tokamakMagnetic confinement and tokamak

Figure 1.1: Required triple product nTτE for a self-sustained reactor for three different
reactions: D − T , D −D and D −He3. The easiest reaction to achieve is the D − T one.

Also so-called ’aneutronic’ reactions are considered - these reactions do not produce
neutrons. Their benefit is in the absence of induced radioactivity. The most promising reaction
of such kind is

p+11 B → 3 4He+ 8.7 MeV, (1.6)

which, however, requires a much higher performance of the fusion reactor, demanding a
triple product that is two orders of magnitude higher than the one for the D − T reaction [4].

1.2 Magnetic confinement and tokamak

Magnetic confinement In order to achieve thermonuclear fusion, temperatures of hundreds
of million degrees are necessary. At these temperatures matter can be present only in the
plasma state. Plasma can be loosely described as a form of matter in which many of the
electrons wander around freely among the nuclei of the atoms. At these high temperatures,
plasma would melt any material it contacts. Therefore, only non-contact methods can be used
to confine the hot fuel. One way is to use confinement by magnetic fields. Magnetic fields
effect trajectories of charged particles which can be used to confine them.

A charged particle rotates in a magnetic field. If the strength of the field is about several
teslas, then the rotation radius, also called Larmor radius (eq. 1.7)

ρL = mv⊥
|q|B

(1.7)

for a deuteron is in the order of a few millimeters. By closing the magnetic configuration
into a torus shape it is possible to confine the plasma.
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It is possible to invent a wide variety of devices with different magnetic configurations,
however, most of these configurations are unstable. Long years of investigation resulted in the
two most promising classes of magnetic confinement devices: tokamaks and stellarators [5].

Figure 1.2: Magnetic fields in a tokamak. Image: wiki

Tokamak The word ’tokamak’ is an abbreviation for ’toroidal camera with magnetic coils’
(Russian: òîðîèäàëüíàÿ êàìåðà ñ ìàãíèòíûìè êàòóøêàìè) [6].The concept of tokamak
implies a relatively simple construction. Here it becomes clear where the name of the device
comes from: tokamak is based on a toroidally shaped vacuum chamber, where the plasma is
created, with coils over the chamber. The plasma is confined inside by a combined magnetic
field: toroidal and poloidal. The toroidal magnetic field is created by the external toroidal
magnetic coils, whereas the poloidal field is created by a current which is induced in the plasma
(see Fig. 1.2). The use of the plasma current is the main feature of the tokamak class devices.
A transformer is used to induce the current in the plasma, being the secondary coil. The
current in tokamaks is also used to heat the plasma by means of ohmic heating. In the other
prospective device called stellarator, both poloidal and toroidal magnetic fields are created by
external coils and, therefore, no plasma current and transformer are needed [6].

1.3 H-mode and ELMs

ITER is the most advanced tokamak device in the world. It will come into operation in the
next decade and it is designed to generate a factor of 10 more fusion power than input power.
The operational regime of ITER is the so-called H-mode. ’H’ here comes from the word
’high’, with the meaning of ’high confinement’. In this regime, due to the formation of a
transport barrier just inside the last closed magnetic surface - separatrix, a reduction of plasma
turbulence is observed. The reduction of turbulence leads to a two times higher performance in
comparison with the usual, ’low confinement’ L-mode. However, this high performance regime
is accompanied by a magnetohydrodynamic (MHD) instability, called Edge Localized Mode
(ELM). A model depiction of an ELM is presented in Fig. 1.3. During an ELM event, which has
a repetition rate of tens to hundreds of hertz, a large amount of energy is deposited from the
plasma onto the wall of the fusion device (Fig. 1.4). These power loads, apart from decreasing
the performance of the fusion device, can cause damage to the plasma facing components
(PFCs) and, therefore, they should be minimized. The underlying physics of ELMs is very
important for the control of this instability, but at the moment is not fully developed.
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Figure 1.3: Typical structure of an ELM in the DIII-D tokamak, calculated by the MHD
stability code ELITE. Image: US Department of Energy

The current understanding of ELMs is largely based on phenomenology. Still, there are
some models, which are in more detail explained in chapter 2. The existing MHD models can
be divided into two main groups: linear and nonlinear. Generally speaking, the linear models
give an answer to the question if the plasma is stable at certain conditions, whereas nonlinear
models also give details on ELM development [7].

In general, ELMs are not desired in tokamaks, as they cause power loads on PFCs, however,
they also can be beneficiary for a fusion reactor. The particle bursts expelled during an ELM
crash prevent impurity accumulation in the plasma, removing helium ash as well [8].

Figure 1.4: Pressure profile collapse due to an ELM. Image: US Department of Energy

Currently built fusion devices generally do not suffer from ELM power loads. However
starting from ITER, ELMs will become a serious issue for the plasma facing components.
Another ELM related issue is their potential to trigger other MHD instabilities, for example,
Resistive Wall Modes (RWM) or Neoclassical Tearing Modes (NTM) [9]. All in all that means,
that successful operation of a fusion reactor will need a possibility to control ELMs. This
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thesis makes a step towards improving the understanding of ELMs.

1.4 This thesis

ELMs are studied for more than 30 years and still there are gaps in understanding the underlying
physics. The complexity of ELMs from the theoretical point of view comes from their non-linear
nature, whereas the practical study of ELMs is complicated by the small time scales during
which an ELM crash occurs: in the order of microseconds.

The importance of ELM studies in the field of fusion is hard to overestimate. No tokamak-
based fusion power plant will be able to operate without a substantial ELM control system.
Strong and reliable ELM control in a fusion reactor is necessary for two main points:

• To avoid PFCs damage by reducing the heat flux bursts, produced by ELMs,

• To provide an impurity flushing off the plasma, which otherwise would lead to a radiative
collapse of the discharge.

This work is based on the experimental scenarios specially conducted to study ELMs in
different regimes. These include: application of magnetic field perturbations, which can be
very efficient in ELM mitigation and which are planned to be used in the next generation fusion
device ITER; different plasma shaping, which can change the ELM behaviour; variation of
gas puffing, and impurity gas seeding also affect ELMs. The originality of the present work is
based on the application of the unique Electron Cyclotron Emission Imaging (ECEI) diagnostic,
which provided most data for the analysis. The ECEI system installed on ASDEX-Upgrade
(AUG) tokamak is a powerful 2D diagnostic with high, up to 1microsecond, time resolution,
consisting of an array of 128 detectors which allows to observe the ELM development process
in detail. Based on the ECEI data obtained in five experimental campaigns, along with results
of theoretical predictions, a deeper understanding of ELM physics has been achieved.

The remainder of the thesis is organised as follows. Before introducing the physics results,
a deeper introduction into the thesis-related topics is given. Chapter 2 introduces the ELMy
H-mode, it describes the corresponding ELM models as well as the processes which accompany
ELMs.

In chapter 3 the tokamak AUG is described along with some of its diagnostics. Special
attention is given to the diagnostics, which were used to perform the work described in this
thesis.

Chapter 4 gives a detailed explanation of the ECEI diagnostic, which is the main diagnostic
for ELM studies in the current work. The description of the diagnostic goes together with a
discussion of the underlying physical principles. Operational limits are discussed, including an
original investigation on the plasma optical thickness.

Chapter 5 is based on an article published in Nuclear Fusion and is dedicated to type-I
ELM mitigation with magnetic perturbation fields. The most common ELM type, which
accompanies most H-modes is the so-called ’type-I’ ELM. Without mitigation of type-I ELMs
the plasma facing components (PFCs) of a future fusion reactor will be damaged in a few
seconds due to the high peak heat fluxes. There are also other ELM types with smaller ELMs
which are characterized by lower energy losses. The regimes with smaller ELMs are preferable

6



This thesisThis thesis

as they produce smaller heat fluxes to the PFCs. One way to achieve a small ELMs regime
is the application of special in-vessel saddle coils (’B-coils’) which modify the magnetic flux
surfaces. Despite successful ELM mitigation with magnetic perturbation fields, the underlying
physics is not fully understood, which is needed for stable and safe operation of the future
reactor. In chapter 5 some of the still unknown issues related to type-I ELM mitigation and
their transition to smaller ELM regimes are revealed. Based on the unique possibilities of the
ECEI diagnostic, various ELM characteristics are extracted from the experimental data which
allowed to present new details on ELM crashes and pose the following questions:

• How does the transition from type-I ELMs to mitigated ELMs occur?

• Is the nature of the mitigated ELMs the same as that of the initial type-I ELMs?

– Are they localized in the same region?
– What is the difference in their mode structure?
– Do they have the same velocity?

• How does the back transition to type-I ELMs look like?

The following chapter 6 is dedicated to another important issue, namely, the effect of
nitrogen seeding on ELM filaments. Nitrogen seeding is important as it opens another way
to reduce the power loads on the PFCs. The general mechanism here is in the increase
of radiative power which decreases the temperature of the particles moving to the divertor.
Nitrogen is the most favourable gas as it mostly radiates in the scrape-off layer (SOL) and the
divertor region, which is the most beneficiary for reducing the divertor power loads. Under the
influence of nitrogen the ELMs become significantly smaller. The mechanism of this change
is not fully understood. As nitrogen seeding is considered to be a very promising method of
reducing the power loads, the effect of nitrogen on ELMs should be examined in detail.

• What makes a nitrogen seeded ELM become smaller in comparison to a conventional
type-I ELM?

• How is the size of the ELMs connected to the amount of nitrogen puffed?

• How is the energy loss, caused by an ELM, distributed over time?

During the investigations, it was also found, that nitrogen-seeded ELMs are accompanied by a
precursor mode, which could play a role in ELM stability. A detailed description of the mode
has been performed as side branch of the main study. The results on this topic are submitted
to Nuclear Fusion.

Despite that the previous two chapters contain observations on what is happening in
between ELMs, they are mostly concentrated on the ELM behaviour itself. Chapter 7 is
filling this gap by digging into what happens between ELMs. Particularly it investigates an
inter-ELM mode - a mode which under some circumstances can occur in between subsequent
ELM crashes. The presence of this mode in case of type-I ELMs is important to study as it
delays the following crash, thus, playing a role in the ELM stability. On AUG two different
inter-ELM modes are almost simultaneously observed to appear in the signals of magnetic
pick-up coils (MPCs) and ECEI. This observation gives rise to the following questions:
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• Is any of these two modes in charge of the ELM stability?

• What is the possible mechanism of stability regulation by these modes?

The detailed studies of the mode characteristics with ECEI have helped to answer these
questions, meanwhile providing a detailed description on the mode structure, position, velocity,
duration and their effect on the plasma kinetic profiles.

The last chapter 8 summarizes the results of the thesis. The answers to the above-mentioned
questions are given as well as some propositions for possible future work in the field.
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Chapter 2

Theory of Edge Localized Modes

Equation (2.2) is a second order, nonlinear, vector, differential
equation which has defied solution in its present form. It is here
therefore we depart from the realities of nature to make some
simplifying assumptions...

--Bate, Müller & White, 1971,
"Fundamentals of Astrodynamics"

In early 80’s of the last century, Wagner et al. [1] discovered on the ASDEX tokamak, that
above a threshold for additional heating power the plasma shifts to a new regime which is
characterized by a better confinement. The regime was called H-mode, where the ’H’ stands
for ’high’, meaning high confinement. The conventional regime was correspondingly called
the L-mode (’Low’). The shots within the H-mode have steep edge gradients (Fig. 2.1) in
density and in both electron and ion temperatures, and, as a consequence, they feature an
improved confinement. Apart from that, an edge instability was found which was seen as
periodic bursts of Dα emission, caused by enhanced plasma-wall interactions. Shortly after, it
was confirmed, that the H-mode and the associated periodic bursts are generic to all divertor
tokamaks. The instabilities occurring in the plasma edge region of H-mode discharges were
called Edge Localized Modes (ELMs) [2].

The ELM is a periodic instability, which occurs at the periphery of the plasma in tokamaks
in the H-mode, resulting in a lowering of the plasma kinetic profiles (Fig. 2.1). Apart from this,
ELMs also cause a high energy and particle transport from the edge to the divertor plates.
The heat loads deposited in the divertor plates due to this transport can potentially cause
damage in future devices, such as ITER. Therefore it is important to study ELMs and the
ways to control them either by complete suppression or partial mitigation [2].

Schematic plasma pressure profiles corresponding to L and H-mode are presented in Fig. 2.1.
The pedestal region where the edge transport barrier occurs, is marked in yellow.

The remainder of the chapter is organised as follows: first, the ELMs are classified in
section 2.1, where different ELM regimes, as well as the conditions to achieve them, are
described. Then, section 2.2 briefly explains the most popular model of the ELMs: the Peeling-
Ballooning model, which gives the constraints for ELM stability on the pressure gradient and
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Figure 2.1: Schematic pressure profiles in L-mode and H-mode. The dashed line indicates
the H-mode profile after an ELM crash.

plasma current. The following section 2.3 is dedicated to an extension of the Peeling-Ballooning
model, the so-called EPED model, which is a first principles model, meaning that it does not
have any parameters fitted to observations [4]; this model is in good agreement with most
experimental observations. The chapter is closed by section 2.4, where the ways of the ELM
control are presented.

2.1 ELM types

Importance of ELMs ELMs are associated with their energy losses and corresponding divertor
heat fluxes. The impact of the ELMs on the energy confinement can be estimated by the
formula, proposed in ref. [4]. It indicates the reduction in the energy confinement due to ELMs,
compared to the ELM-free regime:

η = 1−
[
1−

(
rELM

a

)2
](

fELM · δWELM

P

)
, (2.1)

where η is the energy confinement reduction due to ELM impact, rELM is the inner radius
of the region, affected by ELMs, a corresponds to the minor radius of the plasma, fELM is
the ELM frequency, δWELM is the energy loss per ELM and P is the heating power. Typical
values for η, according to the energy confinement databases [5][6], find themselves around
η = 0.85.

Though, the impact of the ELM released energy to the divertor is not an issue for present
day devices, it can cause serious damage to the divertor tiles of future tokamaks, such as
ITER. This is due to the fact that for constant parameters of plasma the ELM energy scales
as (size)3, whereas the divertor plates area scales only as (size)2. This makes ELMs a very
important instability to study and to control [2].
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General ELM features As magnetic pickup coils detect some oscillations prior to the energy
transfer to the divertor caused by the ELM, this suggests the involvement of magnetic
reconnection processes in the ELM evolution. The Ballooning instability is suggested due to
the collapse of the density profile, which is mainly on the low field side (LFS) [7][8]. ELMs
have a filamentary structure as was found on MAST using high-speed visible cameras [9][10].

The filamentary structures are accompanying the ELMs on all tokamak devices. They
typically have the following characteristics: aligned along the magnetic field lines, toroidal
mode numbers of n ∼ 10− 15, a radial extent of several centimetres and they move radially
with velocities up to one km/s [11][12][13].

Variety of ELM types In the early days only three types of ELMs were discovered. The first
classification has been performed in the DIII-D tokamak according to the following three
criteria: (1) the dependence of the ELM frequency (fELM) on the heating power (P ), (2) the
occurrence of magnetic precursors, (3) the MHD stability [14]. Over the years other types of
ELMs were found. Now there are officially six types identified: types I-V and ’Grassy’ ELMs [2].
Special cases in this classification are dithering cycles and ELM-free regimes.

Type-I ELMs All ELMs cause losses of plasma energy δWELM and plasma particles δNELM.
Type-I ELMs usually cause a 10− 20% loss of the pedestal energy δWped with about 4% of
the pedestal particles [5][6]. The ELM frequency for type-I ELMs, which is in the order of
fELM ∼ 10− 200Hz, increases with increase of the heating power (P ): dfELM/dPsep > 0 [4].
The signal of D-alpha radiation shows large isolated bursts, which has given to type-I ELMs
their second name: large ELMs. Type-I ELMs are both pressure and edge current density
driven[15]. It is expected, that type-I ELMs will cause unacceptable high heat loads on
the Plasma Facing Components (PFCs) of future fusion devices and, therefore, have to be
avoided [16].

All other ELM types, which will be discussed below in terms of caused energy losses (δWELM)
are smaller than type-I ELMs.

Type-II ELMs Type-II ELMs are small ELMs which can be achieved in highly shaped plasmas
(both high elongation κ and triangularity δ of the plasma cross section) with the X-point
in the proximity to double null configuration. Also the operational region of type-II requires
high density: n/nGW ∼ 0.5− 1.0 (where nGW denotes the Greenwald density [5][6]). Type-II
ELMs have lower magnitude of the bursts and higher frequency than type-I ELMs, while the
confinement stays almost as high. The instability is pressure driven which is indicated by
its closeness to the ’ballooning’ limit. In comparison to type-I ELMs, enhanced magnetic
turbulence is observed in the inter-ELM phase of type-II ELMs. [ 15]. Type-I ELMs are often
seen together with type-II ELMs [2] [15]. Due to their small energy losses, the type-II ELMs
regime is quite attractive for use in ITER. However, its the operational window is narrow,
which makes it unclear whether these ELMs are achievable in a burning fusion plasmas [2].

Type-III ELMs Type-III are small and frequent ELMs, which cause intermediate energy losses
between type-I and type-II ELMs [17][18]. Typically, type-III ELMs cause 1− 5% losses of both
plasma energy and particles [4][5][6]. They are often accompanied by magnetic precursors
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with frequencies fELM ∼ 100 kHz with corresponding poloidal mode numbers m > 10 [19][20].
Type-III ELMs are current density driven and appear at rather high resistivity, which require
low edge temperature T edge [15]. The ELM repetition frequency, contrary to type-I ELMs,
decreases with increasing heating power: dfELM/dPsep < 0 [4]. On most of the machines the
type-III ELMs transit into type-I ELMs with increase of the injected power P [2]. Although the
energy loss of a single type-III ELM event is lower than in a type-I ELM, the corresponding
ELM frequency (∼ 2 kHz [4]) is much higher, which leads to a lower energy confinement of
the plasma [15].

The relative position of type-I,II,III ELMs is schematically shown on the Peeling-Ballooning
stability diagram in Fig. 2.4b.

Other ELM types These ELM types are more exotic and are only observed on a limited
number of devices.

In low density discharges of MAST, small ELMs have been called type-IV, which are
described as the low collisionality branch of type-III ELMs. Peeling-Ballooning stability analysis
has shown that these ELMs lie in a completely stable region, meaning that they are not
Peeling-Ballooning driven, but driven by resistive MHD instabilities [26]. Also the term type-IV
ELM was used in the mid-1990s on DIII-D referring to the ELMs occurring during pumping
experiments [22].

On the National Spherical Torus eXperiment (NSTX) tokamak type-V ELMs have been
observed. Type-V ELMs are observed over a wide heating power range in the Lower Single-Null
(LSN) configuration. Type-V ELMs have a magnetic precursor different from other ELM types
and do not require any specific shaping. They occur at high pedestal collisionality. The impact
of these ELMs on the stored energy has not been measured [22].

Grassy ELMs are small ELMs, which have been observed on the Japanese JT-60U [23].
These ELMs have a narrow operational window: they require high poloidal beta βp, high
triangularity δ > 0.5 and a safety factor on the edge, q95, more than six [25]. Sometimes
type-II ELMs are also called ’grassy’ ELMs (i. g. see ref. [22]).

Dithering cycles One more distinct edge localized phenomenon is the so-called ’dithering
cycle’. The dithering cycle represents a repetitive series of L-H-L transitions. These series
occur, when the energy flux through the separatrix is close to the L-H transition threshold
power: Psep ≈ P LH

thr . The frequency of the L-H-L transitions decreases slightly with the increase
of Psep. A typical feature of the L-H-L transition is the absence of a magnetic precursor
oscillation [4].

ELM-free regimes The ELM-free regime is very attractive due to the absence of the periodi-
cally high divertor loads as well as sustainment of the high energy confinement. However, the
operation in the ELM-free regime only is not considered as an operational scenario for future
devices, as it leads to uncontrolled accumulation of impurities in the plasma [2].

Three different ELM-free regimes have been identified, however, all of them have with very
limited operational windows.
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The first regime is called the Enhanced D-Alpha mode (EDA), which was observed for
the first time on C-Mod [27]. In this regime there is always a quasi-coherent mode observed,
limiting the density at a constant value. The quasi-coherent mode has typical frequencies of
f ∼ 50− 120 kHz and is characterized by both high poloidal and toroidal mode numbers m,
n. One of the candidates for the underlying instability is the micro-tearing mode (MTM) [28].
This regime requires high density, high collisionality at the edge, n/nG > 1.5 and modest
heating power [27].

The second ELM-free regime is called Quiescent-H-mode (QH-mode). It was found on
DIII-D [29] and later it was successfully achieved on AUG [30]. During this mode an oscillation
with frequencies in the range of f ∼ 5 − 11 kHz appears: the so-called Edge Harmonic
Oscillation (EHO). The QH-mode needs counter-current NBI injection with a large distance
between the wall and the plasma, which suggests that fast ions can be responsible for the
regime. The density for the QH-mode has to be low (n/nG ∼ 0.1) [31] with a pedestal pressure
similar to that of type-I ELMy H-mode [29].

The third ELM-free regime is the High Recycling Steady (HRS) H-mode, found on JFT-2M.
This regime is reminiscent to the first one: EDA, as is also accompanied by an edge mode
activity with similar frequencies (f > 100 kHz), however, the density to access HRS is lower:
n/nG > 0.4 [32].

2.2 Peeling-Ballooning model

It is generally agreed by the fusion society, that ELMs are an MHD instability, which is caused
by the steep plasma pressure gradient in the presence of the edge plasma current, described
by the ’peeling-ballooning’ (PB) model. This section briefly describes this model with some
simplifications: the described modes are radially localized with the size of localization in the
order of the distance between neighbouring rational surfaces. In other words, the ballooning
structures which involve many rational surfaces are not included here, resulting in the stability
criterion (eq. 2.3), which, therefore, provides necessary, but not sufficient conditions for
stability. The model described here is only suitable for plasmas in limiter configuration [19].

Fig. 2.2 shows a PB mode simulation performed by the non-linear MHD code JOREK, the
ballooning structures are clearly seen.

Basic principles During the L-H transition in the edge of the plasma a transport barrier is
generated (Fig. 2.1). It is thought to be due to formation of a potential well in the radial
electric field Er, which, due to ErxB rotation of the plasma, causes the rotation velocity to
shear on the edge, leading to a decorrelation of plasma turbulences (Fig. 2.3). As the result of
the formation of the transport barrier, the pressure in this region becomes steep [34][35].

There are two main components which are needed in order to model the edge pedestal.
The first one is the pressure gradient dp/dρ, which is observed to be limited by ELMs. In the
PB model ELMs are assumed to be ideal magnetohydrodynamic (MHD) ballooning modes [37],
with high toroidal mode numbers n. The second component is the edge current density jedge.
The mode driven by the edge current density in the PB model is a localized kink mode with

15



Chapter 2. Theory of Edge Localized Modes

Figure 2.2: From left to right: density, temperature and toroidal current density in the
poloidal plane. Simulation is performed by the non-linear MHD code JOREK. Figure from
ref. [33].

Figure 2.3: Poloidal contour plots of the fluctuation potential in the ExB: (A) flows in-
cluded, (B) flows suppressed. Simulation is performed by a fully three-dimensional global
gyrokinetic toroidal code (GTC). Figure from ref. [36].

low toroidal mode numbers, also called ’peeling’ mode [38][39]. Schematically the stability
diagram is shown in Fig. 2.4. The left plot shows stable and unstable regions (stronger shaping
increases the stable region), the right plot indicates the cycles of the different ELM types.

Peeling stability criterion The stability of both the peeling and ballooning modes are derived
from the energy principle, which says that if the potential energy W in case of small radial
plasma displacement dξ increases, then the plasma is stable to that displacement.

The peeling mode occurs when its resonant rational surface lies near the plasma surface, in
which case the expression for the energy can be simplified. Considering ξ as the radial plasma
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Figure 2.4: Schematic Peeling-Ballooning stability diagram. (a) Stable/unstable regions,
effect of plasma shaping. (b) Different ELM types cycle in (j, α) parameter space.

displacement, it is possible to derive a necessary stability criterion for this mode [38].
The potential energy according to ref. [39] is

W = ∆2

2

∫ ∞
∆

dx

Px2
(
dξ

dx

)2

+Qξ2 + S
d

dx
(xξ2)

, (2.2)

where x = ∆ is the plasma edge, x = 0 is the rational surface, and x =∞ is the plasma core.
P , Q and S are the flux surface quantities.

The intermediate calculations can be found in literature, e. g. see derivation by J. Connor [19].
The resulting stability inequality is the following:

α
{
r
R

(
1− 1

q2

)
+ s∆′ − ft Rs2r

}
> Rqs

(
jdriven

||
B

)
edge

,

α = −2Rq2

B2
dp
dr
,

(2.3)

where α stands for the so-called ’ballooning stability parameter’ and characterizes the edge
pressure gradient. The externally driven current jdriven

|| consists of the Ohmic and the auxiliary
current.

The first two left-hand side terms in eq. 2.3 are positive and, therefore, they stabilize the
plasma in case of a weakly shaped equilibrium in a tokamak with large aspect ratio. The term
(1− 1/q2) in eq. 2.3 comes from the stability criterion in the absence of the edge currents [19]
and stabilizes the plasma. The s∆′ term comes from the Pfirsch-Schlüter current and is
also stabilizing, as the Pfirsch-Schlüter current is antiparallel to the magnetic field inside the
plasma (co-directional with the magnetic field currents are destabilizing). The last term on
the left-hand side is derived from the bootstrap current part of the parallel plasma currentj||
and is destabilizing. The instability on the left hand side arises due to the domination of the
bootstrap term as it scales as (R/r)3/2 with the fraction of the banana particles proportional
to ft ∼ (r/R)1/2 in the banana regime. If the collisionality is higher, then ft → 0 and the
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stability balances between the left-hand side pressure gradient terms and the edge current
density terms on the right hand side. This means, that the peeling mode is expected at low
edge collisionalities, whereas for the case of higher collisionalities it can be stabilized by high
enough a pressure gradient [19].

2.3 EPED model

The PB model shows good results for the estimation of the maximum pedestal height (pped)
achieved before an ELM crash, when the width (∆) of the pedestal is used as an input
parameter [40]. The EPED model expands the abilities of the PB model by developing the
relation between the pedestal width and pedestal height.

The combination of the PB constraint for the pedestal height together with the width
constraint in EPED allows to predict the pedestal parameters and their stability. The necessary
constraints are: (1) the onset of PB modes (low to intermediate mode numbers), (2) the
onset of Kinetic-Ballooning Modes (KBM) (high mode numbers). With the help of modelled
equilibria it is possible to quantitatively evaluate these constraints. The quantitative evaluation
allows to perform direct comparisons of the EPED model to accomplished experiments as well
as to the planned ones, making this model predictive.

The EPED model [41] has been successfully tested on the following machines: AUG, DIII-D,
JET, Alcator C-Mod and JT-60U[42][43][44] [45].

Peeling-Ballooning constraint The PB stability boundary provides the maximum possible
pedestal height before an ELM is triggered. This is the first constraint of the EPED model. In
the PB model the relation between the pedestal height and width is quite complex and should
be numerically evaluated in each particular case; however, it is possible to extract its general
form. The pedestal pressure (pped) is approximately dependent on the pedestal width (∆)
as pped ∼ ∆3/4. The dependence is weaker than linear due to the non-locality of the PB
modes [46].

The Kinetic Ballooning Mode (KBM) constraint The PB model delivers the value for the
pedestal height, whereas for determination of the pedestal width another constraint is needed.
This constraint is based on the onset of a strong electromagnetic turbulence, known as KBM.
This mode appears near to a critical value of the normalized pressure gradient.

A threshold for KBM has been found by gyrokinetic simulations [47]. It is correlated with
the threshold for ideal ballooning mode (Fig. 2.5). The KBM persists in a part of the stable
region for the PB mode, providing a mechanism for limiting the edge gradients.

The second constraint roughly gives the following dependence of the pedestal top pressure
gradient on the pedestal width: pped ∼ ∆1/2.

The results of the EPED model The EPED model has eight parameters an an input (BT ,
Ip, R, a, κ, δ, globalβ and nped

e ) and provides as an output the pedestal height pped and the
pedestal width ∆.
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Figure 2.5: A schematic representation of an ELM cycle: An ELM crash is followed by
recovery in the EPED parameter space. Figure from ref. [3].

Fig. 2.5 shows the PB constraint as the solid line blue line, whereas the KBM constraint is
plotted as the dashed line. As the width dependence of the stability constraint (pped ∼ ∆3/4)
and the width model (pped ∼ ∆2) are different, in general there is a point in the (pped,∆)
parameter space where the two constraints intersect. The intersection is indicated by the
black circle and represents the prediction of the EPED model for the width and the height of
the pedestal before the ELM crash.

2.4 ELM control mechanisms

There are two ways which can be used in order to reduce the ELM losses: the first way is ELM
suppression, where the ELMs completely disappear, and the second one is ELM mitigation,
where the increased ELM frequency makes ELM losses smaller.

The methods of ELM mitigation basically include the use of pellet injection, application of
Resonant Magnetic Perturbation (RMP) fields, impurity gas puffing and the so-called ’vertical
kicks’ [15]. These methods are briefly described in this section. There exist also more exotic
ways to control ELMs, like Electron Cyclotron Resonance Heating (ECRH) on the edge [50] or
molecular beam injection [51].

The methods which allow to fully suppress ELMs, including RMPs, mostly result in special
ELM-free plasma scenarios described above in sec.2.1.

2.4.1 Magnetic Perturbation Coils

Magnetic perturbation coils are coils which create a nonaxisymmetric (3D) magnetic field,
which penetrates into the plasma and can be used for various MHD-related applications. The
main purpose of these coils is to mitigate ELMs, however, they can also be used for control
of the locked mode rotation or, with conducting wall, for the excitation of the resistive wall
mode and feedback stabilisation experiments [52].
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Figure 2.6: 3D view of active in-vessel coils installed on AUG. Figure from ref. [52].

An example of such coils is shown in Fig. 2.6, where three rings, each consisting of eight
coils, are shown.

ELM Suppressionwith ResonantMagnetic Perturbations (RMP) Full ELM suppression with
RMP coils has been achieved only on the DIII-D tokamak [53].

The hypothetical mechanism, explaining the ELM mitigation or ELM suppression, is the
following. The 3D magnetic field perturbations penetrate into the confined plasma region,
where they can produce a resonant island or a stochastic region, the so-called, ’ergodic
zone’. In this ergodic zone the radial transport of particles and temperature is locally higher,
which prevents the edge pressure gradient from becoming steep enough to destabilize the PB
modes[54].

The degree of ergodisation is given by the ’Chirikov parameter’ [55]: σ = (ψmax −
ψmin)/(ψqin − ψqout), where ψmin and ψmax are the minimum and the maximum unperturbed
poloidal fluxes, which are normalized to the difference in the fluxes between the nearest
neighbour rational surfaces qin = min/n, qout = mout/n, with mout = min + 1 being an integer
and n being the toroidal mode number of the perturbation field.

There are experimental observations from DIII-D, supporting the ergodisation hypothesis:
the plasma rotation increases in the edge region with simultaneous increase in the edge electric
field, indicating that there are more losses of electrons than ions. The imbalance in the losses
is likely to occur in the presence of the ergodic boundary [57].

The complete RMP induced ELM suppression has only been achieved on DIII-D, but
the search for the ELM suppression regime on other machines is in progress. In the ELMy
discharges an increased ELM frequency is reported [58], whereas in the ELM-free H-modes
RMPs have been used to trigger ELMs [15].

ELM Control with RMP Various machines achieved ELM mitigation or ELM control with
RMPs. Application of nonaxisymmetric fields was found to change ELMs in COMPASS-D [59].
In JET, the ELM losses were reduced, by the use of external coils, which are normally used for
the error correction [10].
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Figure 2.7: Magnetic field line tracing with RMP (on the left) and without RMP (on the
right). Figure from ref. [56].

The experiments on JET have demonstrated that both ELM frequency and ELM size can
be controlled by changing the current in the perturbation field coils [10].

The mechanism of ELM control is not fully understood yet, however, its the operational
range is widely examined in many devices. On JET, type-I plasmas are actively controlled by
application of static low n = 1 or 2 external magnetic perturbation fields [61]. On MAST, ELM
control is also achieved with n = 2 fields, where the ELM frequency has increased from 500
to 700Hz. With the help of n = 3 fields from internal coils both MAST [62] and DIII-D [63]
achieved ELM mitigation.

On AUG there exists a critical minimum for the edge density, which in fraction of the
Greenwald density (nGW) is about n/nGW = 0.63 [58]. The ELM mitigation is achievable in
the entire q95 range with the RMP coils in the odd parity. For this regime, the collisionalities
were ν∗e,neo > 1.5, which is reminiscent to the high-collisionality regime of DIII-D [64]. The
application of the perturbation field does not lead to a ’density pump-out’ in AUG: the density
in the ELM mitigated phase is similar to the type-I ELMy phase. No losses of performance in
the ELM-mitigated regime are observed: the stored energy remains at the level of pre-type-I
ELM values, the residual core tungsten concentration stays as in the type-I ELMy phases or
even lower. Operation of the coils does not lead to discharge termination, neither due the
locking of tearing modes nor by tungsten accumulation [58].
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2.4.2 Impurity gas puffing
Impurity gas seeding is considered as the primary technique to decrease the inter-ELM heat
loads onto the divertor. As a side effect, ELMs are often observed to be smaller during nitrogen
seeded discharges. Both increases of the ELM frequency and reduction of the ELM peak heat
loads onto the divertor have been observed with impurity radiation in a type-I ELMy H-mode
plasma [15].

Making a comparison between nitrogen-seeded type-I ELMs and conventional type-I ELMs
one finds principal differences in their behaviour. In a nitrogen seeded discharge, ELMs causes
a pressure drop at the pedestal top region only, while the non-seeded ELMs, apart from the
drop at the pedestal top, also cause a collapse in the steep gradient region [13]. For the
non-seeded case, the temperature profile flattens completely, whereas for the nitrogen seeded
case there is only a small drop in the pedestal top value. The edge current density also has
principal differences: in conventional type-I ELMs the edge current density profile completely
flattens, while in the nitrogen-seeded case a strong edge peak remains. This indicates, that
the plasma still has free energy to be released, but this energy release does not occur in the
presence of nitrogen [15].

Increase of gas puff of the main plasma species increases both the pressure gradient and the
current density collapse due to the ELM crash. Nitrogen can mitigate this gradient collapse,
thus, decreasing the ELM size [15].

2.4.3 Pellet triggered ELMs
Pellets provide one more possibility for ELM control. Although they were originally designed for
plasma refuelling, pellets can also trigger type-I ELMs, if injected into an H-mode discharge [67].

The method of ELM triggering by pellets, the so-called ’pellet pace-making’, was demon-
strated for the first time at AUG. The ELM control has been achieved by injecting the pellets
with a frequency, which is 1.5 times higher than the intrinsic ELM frequency [68]. ELMs are
triggered as soon as a pellet reaches a certain position in the pedestal, which seems to be the
middle of the pedestal, where the pressure gradient is high [69]. The ELM triggering seems to
be independent of the pellet parameters [70]. Also, ELMs can be triggered at any time during
the ELM cycle, even a few millisecond after the previous ELM crash [71], which allows to
achieve high instantaneous ELM frequencies.

The method of ELM control with ELM pacing has a drawback: the high pellet injection
rate as well as the large pellet size can cause overfueling, which leads to increased convective
energy losses, thus, negatively affecting the energy confinement [72].

Following the success of AUG, pellet ELM triggering experiments were also conducted on
JET [73] and DIII-D [74]. Pellet pace-making is considered as one of the tools for ITER ELM
control [75], where it might very likely assist other ELM control techniques, i. g., RMP ELM
suppression as it can compensate the pump-out of the density [15].

2.4.4 Plasma kicking
Plasma kicking is an ELM pacing technique which is based on the controlled fast movements
of the plasma column in the vertical direction. ELMs can be triggered by an externally driven
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magnetic perturbation, induced by the set of vertical stabilization coils. The plasma vertical
displacement of ∆z/a ∼ 1− 3% for a few milliseconds is enough for an ELM to be triggered.
One of the advantages of the technique is that it uses the standard tokamak vertical position
control system and does not require any additional facilities [15].

Figure 2.8: Equilibrium reconstruction on JET before plasma vertical kick and after. Figure
from ref. [76]

The method of plasma kicking was firstly developed in TCV [77] and later has also been
successfully applied in AUG [72], NSTX [78], KSTAR [79] and JET [80]. The experiments
conducted on JET has shown, that the ELM frequency can be increased up to five times from
its natural value.

The physical mechanism of the ELM triggering is hidden in the change of the edge current
density. The simulations performed with the code DINA has shown that the kicking-induced
ELMs occur when the edge current density increases due to the movement of the plasma [77].

Feasibility studies indicate that the plasma vertical displacement created by the projected
internal vertical stabilization coil system on ITER will be sufficient for the ELM frequency
control [80].

2.4.5 Other ELM control methods
Here some other not so well-developed ELM control methods are briefly described.

Edge Electron Cyclotron Resonance Heating (ECRH) ELM control with the help of ECRH
was observed in the TCV tokamak and reported in ref. [ 50]. The edge ECRH was applied in
the H-mode with the deposition location in the plasma pressure pedestal, which led to the
increase in the ELM frequency up to two times, with simultaneous decrease in the energy loss
per ELM by the same factor. This effect is independent from the total input power [50].

23



Chapter 2. Theory of Edge Localized Modes

The effect can be based on the modification of the evolution of the edge profiles. The
application of modulated ECRH in the plasma edge can cause the ELM frequency to lock to
the modulation frequency, as the power deposition might influence the ELM dynamics [81][50].

Plasma shaping Other experiments also conducted in TCV demonstrate the possibility to
mitigate ELM heat losses by applying negative triangularity (δ). The geometry of the flux
surfaces on TCV for positive and negative triangularity is shown in Fig. 2.9. As the triangularity
decreases towards negative values, the relative energy loss ∆WELM/W per ELM also goes
down with a simultaneous increase in the ELM frequency.

Figure 2.9: Negative (first and third) and positive (second and fourth) triangularity in TCV
tokamak. Potential of low n trapped electron mode (TEM): large radial extension and
visible reduction (arrow) in the perpendicular wavelength for the toroidal mode numbers
n = 2, n = 10. The heat transport is correspondingly reduced [82]. Figure from ref. [83]

The mitigation of type-I ELM peak power losses with the negative triangularity reaches a
factor of 3 in the range −0.2 < δ < +0.2. However, the pedestal height also decreases as the
ELMs are being mitigated [83].

Molecular beam injection As reported in ref. [51], ELM mitigation was achieved in the
medium-sized HL-2A tokamak by Supersonic Molecular Beam Injection (SMBI) into the
pedestal region. The achieved increase in the ELM frequency reached a factor of 3.5. The
SMBI deposition was targeted just inside the separatrix, which triggered small transport events,
and led to the mitigation of large ELMs [51]. The method is reminiscent to pellet pace-making
and may hold similar underlying physics.
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Chapter 3

ASDEX Upgrade Tokamak

ASDEX Upgrade (Axially Symmetric Divertor EXperiment) is a medium sized divertor tokamak,
running in Garching, Germany since 1991 and is the second largest fusion experiment in the
country after the stellarator Wendelstein 7X.

The geometrical shape of the vacuum chamber of ASDEX Upgrade (AUG) is similar to the
one used in the Joint European Torus (JET) in Culham, England, which allows to make easy
comparison of physics between the two machines. A similar shape of the chamber is going to
be also used in ITER [1], which is beneficiary for extrapolation of all obtained physical results
on AUG and JET to ITER. One more similarity of AUG to ITER finds itself in the material
of the divertor: it is tungsten. The behaviour of a full tungsten divertor is one of the main
research issues studied on AUG.

This chapter gives a general description of AUG, briefly explaining its heating systems
and its main diagnostics used for this thesis. The final part of this chapter is devoted to the
magnetic equilibrium and to Integrated Data Analysis.

3.1 The tokamak

The geometric parameters of AUG are as follows: major radius is 1.65m, minor radius is 0.5m,
with a plasma volume 14m3, see Table 3.1. Most plasma discharges on AUG are conducted
with a toroidal magnetic field of 2.5T and a plasma current of 1MA, however, it can also be
operated with magnetic fields up to 3.1T and plasma currents up to 1.4MA. The maximum
plasma density, that can be achieved, is 1020 m−3, the maximum temperature possible is 10 keV
and the pulse duration can be up to 10 s [2].

The maximum total heating power on AUG is 31MW. The next section describes the
heating systems in more detail.
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General parameters
Major radius (R) 1.65m
Minor radius (a) 0.5m

Plasma volume (V) 14m3

Maximum average triangularity (< δ >) 0.5
Max. toroidal magnetic field (Bt) 3.1 T

Max. plasma current (Ip) 1.4MA
Max. pulse duration 10 s

Max. electron density (ne) 1020m−3

Max. electron temperature (Te) 10 keV
Plasma mixture H, D

Heating systems
Ohmic heating (POH) 1MW
NBI heating (PNBI) 20MW

ECRH heating (PECRH) 4MW
ICRH heating (PICRH) 6MW

Table 3.1: ASDEX-Upgrade parameters and operational limits

3.2 Heating on AUG

There are two ways of external plasma heating, based on either an injection of highly energetic
particles or electromagnetic waves into the plasma. Apart from energy transfer to the plasma,
particle injection has the additional merit that also fuelling of the ion component can be
provided. After the energy is injected, it starts to spread through the whole plasma: by
collisions between either the fast injected particles or the ones, accelerated by the waves, with
the background particles. This is called thermalization of the energy [3].

The tokamak AUG has four different sources of heating: Ohmic, Neutral Beam Injection
(NBI), Electron Cyclotron Resonant Heating (ECRH) and Ion Cyclotron Range of Frequency
(ICRF) heating. Each of the systems has its own specific features. Ohmic heating can be
efficiently used only when the plasma temperatures (either electron or ion) are relatively low.
NBI heating, apart from the heating itself, also increases the density of plasma, it can induce
a torque and it can drive a current. ECRH deposits the energy in electrons, whereas ICRF
mostly deposits it in ions.

The heating systems of AUG are adapted to provide wall power loads similar to those in
a fusion reactor. The additional heating power of up to 30MW can create an energy flux
over the plasma boundary similar to the corresponding flux in ITER. Normalized to the major
plasma radius R, the heating power P in AUG is P/R = 17MW/m, which is close to the
ITER design value of 24MW/m [1]. The geometry of the auxiliary heating systems relative to
AUG is shown in Fig. 3.1.

In this chapter the AUG heating systems are briefly described.
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Figure 3.1: Auxiliary heating systems on ASDEX-Upgrade (top view): NBI (in red), ECRH (in
green), ICRH (in blue). The location of the ECE/ECEI diagnostics are shown. The numbers
outside of the plot indicate the sector number.

3.2.1 Ohmic heating
As the concept of a tokamak includes a toroidal plasma current to create a poloidal magnetic
field, each tokamak automatically has an ohmic heating system. The plasma acts like a
secondary coil of a transformer, where the primary coil is a solenoid around the central
tokamak’s column. According to Faraday’s law of induction ε = −dΦ

dt
, the electromotive force

ε is proportional to the change of magnetic flux Φ over a contour, where the contour in the
case of a tokamak is the plasma. This electromotive force drives a plasma current I, which,
apart of creating a poloidal magnetic field, also heats the plasma due to its finite resistivity.
The power of the ohmic heating is given by POH = I2R, where I is the plasma current and
R is the resistivity of the plasma. The resistivity R in the case of a fully ionized plasma is
proportional to T−3/2, and as it falls down with the increase of temperature, additional heating
systems are essential for a fusion reactor.

The maximum ohmic heating power on AUG equals to 1MW.

3.2.2 Neutral Beam Injection (NBI) heating
One of the auxiliary plasma heating systems is Neutral Beam Injection (NBI). This system
produces high energetic particles, which are injected into the tokamak, thus heating the plasma
and increasing the plasma density.

Due to the strong magnetic fields of the tokamak, it is not possible to directly inject
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energetic charged particles into the plasma. Therefore the use of neutral atoms instead of
ions is needed, as they can easily penetrate through the magnetic field. On AUG beams of
deuterium atoms are mostly used. Once they reach the plasma, the fast neutral beam atoms
ionize and become trapped, gradually transferring their energy via Coulomb collisions to other
plasma particles. The energy of the neutral beams is chosen in such a way, that the distance
the beams penetrate into the plasma is comparable to the plasma size itself. For AUG this
energy is fixed to either 60 or 93 keV. In order to produce an atomic deuterium beam, a
gas-discharge ion source is used, the ions are accelerated and are guided through a gas-phase
deuterium chamber, where the fast ions are neutralized due to charge-exchange processes.
The remaining not neutralized ions are deflected in the next stage, so only neutral particles
reach the tokamak [3].

Injector 1 Injector 2
Sector 15 7

Number of sources 4 4
Neutral beam power per source in D (H) 2.5 (1.8)MW 2.5 (1.4)MW

Source type Arc RF
Extraction voltage in D (H) 60 (55) kV 93 (72) kV

Extracted current in D 77A 63A

Table 3.2: Basic characteristics of NBI on AUG.

The NBI system, installed on AUG, consists of two injectors, each with four neutral beam
sources. The power of each beam in case of operation with deuterium is 2.5MW. Hence,
the total NBI power in deuterium is 20MW. The injectors are not symmetrical: one of the
injectors is aligned more tangentially. This optimizes the beam geometry for off-axis current
drive [2]. The main NBI parameters on AUG are presented in Table 3.2.

3.2.3 Electron Cyclotron Resonance Heating (ECRH)

The heating on the electron cyclotron resonance frequency is based on the resonant absorption
of the electromagnetic wave energy by electrons on the electron cyclotron frequency ωce =
eB/mec (or its harmonics), where B is the induction of the confining magnetic field, and
me is the electron mass. The plasma is usually optically thick for second harmonic of the
waves with extraordinary polarization (E⊥B) [4], the so-called X-waves. As the cyclotron
frequency in a tokamak varies with the magnetic field, this allows to deposit very localized
heating, if the plasma is optically thick. On AUG the second ωce harmonic X-mode (X2) is
used, with the frequencies of the heating wave either 105GHz or 140GHz. Due to the high
toroidal magnetic field achievable in AUG also an ITER-like O1-scenario can be run using
105GHz ECRH. The frequency of 140GHz corresponds to the second harmonic of the electron
cyclotron frequency at the plasma center, if a standard toroidal magnetic field of Bt = −2.5T
is used. The heating wave is produced by eight gyrotrons, four of which are able to provide
either 0.5MW of output power for 2 s or 0.65MW for 1 s [5].
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Currently, an upgrade is carried out, where four gyrotrons of the system are being replaced
with new ones. The location of installed gyrotrons will be different and the most part of the
transmission lines will be newly built. The upgrade roughly doubles the power of the replaced
units and extends their pulse length to 10 s, such that finally around 6.5MW at 140GHz (or
5.5MW at 105GHz) will be available in the plasma from eight units during the whole AUG
discharge [6].

3.2.4 Ion Cyclotron Range of Frequency (ICRF) heating

The energy delivered to the plasma by ICRF antennas can be either absorbed by ions or by
electrons. The RF power, coupled to a fast wave close to the antennas, is usually absorbed by
ions at the locations where the frequency ω of the external field matches the ion cyclotron
frequency: ω = ωci = ZieB/mic, where Zie is the ion charge and mi is ion mass. Mass and
energy of the accelerated ions defines whether collisions transfer energy predominantly to ions
or to electrons.

On AUG the so-called ’minority heating scenario’ is used: the plasma mostly consists of
ion species, which define wave propagation, whereas a small concentration of the minority ion
species defines wave absorption. The ICRF system on AUG is based on H-minority resonance
heating: a small concentration of hydrogen present in a deuterium plasma is being heated.
Another heating mechanism is mode conversion which occurs when the plasma has several ion
species. For the mode converted electrostatic waves the electron absorption is usually strong.
Electrons can also directly absorb energy of the fast wave which has a non-zero parallel field
component, but this absorption is often weak. [2].

On AUG the power for ICRF is produced by four generators, and delivered via transmission
lines to four antennas. Until 2015, for the shots used in this thesis, each antenna consisted of
two straps, where the currents were counter-phased. Now there are two 2-strap antennas and
two 3-strap antennas. In order to insulate the RF generators from the power reflected from
the antennas during transients, 3-dB hybrids or 3-dB splitters are used [7]. The positions of
ICRF antennas as well as ECRH are shown in Fig. 3.1. The maximum output power of the
generators depends on the frequency range: 2MW for the range of 30-80MHz or 1MW at
120MHz [2].

3.3 ASDEX diagnostics used in the thesis

As the thesis is dedicated to ELM studies, the most important diagnostics used were edge
diagnostics. Typically, ELMs have frequencies of ca. 100Hz, therefore, in order to study them,
the sampling frequency of a diagnostic should be at least one order of magnitude higher.
As both temperature and density gradients are very steep in the pedestal region, the spatial
resolution should also be good enough, providing at least one sample point per ∼2 cm.

This section describes the most important diagnostics, used in the thesis.
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3.3.1 Electron Cyclotron Emission Diagnostic (ECE)
The magnetic field and plasma density determine the resonances and cut-offs for the electron
cyclotron emission. The toroidal magnetic field Bt in AUG varies in the range of 1− 3T and
the density is in the range of 1019 − 1020 m−3. Under these conditions the microwave range
(νX2 ∼ 100GHz) is the most suitable. The second harmonic X-mode is used because of the
high optical thickness [8].

On AUG a heterodyne radiometer with 60 channels is installed with operating frequencies
in the range of 85− 185GHz. The radial resolution of the ECE system on AUG is up to 5mm
and the temporal resolution is 1µs [9].

The system is absolutely calibrated by measuring the black-body radiation emitted by two
sources with temperatures of T1 = 77K and T2 = 773K [9]. The ECE diagnostic is located in
sector 9 of AUG, sharing the same port as the Electron Cyclotron Emission Imaging (ECEI)
diagnostic (see Fig. 3.1). The ECEI diagnostic, which is the primary diagnostic of this thesis,
is described in the next chapter.

3.3.2 Lithium beam
The lithium beam is an active diagnostic installed at AUG, which is a standard diagnostic tool,
used for measuring the edge electron density profiles [10]. The diagnostic is based on collisional
excitation of neutral lithium particles, which are injected into the plasma. The emission of
lithium particles depends on the plasma density and can be detected by spectroscopic methods.
The line of sight of the detector crosses the lithium beam at a certain angle, which allows this
diagnostic to perform localized measurements at the edge and pedestal regions. Looking at the
LiI emission line along the injected beam allows to determine the plasma electron density[11].

The lithium beam diagnostic on AUG has a spatial resolution of 5mm in the radial direction
and 12mm in the direction of the magnetic surfaces. The temporal resolution of the installation
is 50µs. However, due to high background noise, the diagnostic cannot measure the density
continuously: the lithium beam has to be chopped in order to measure the background level
and subtract it from the signal. This chopping is performed at 2 kHz [12]. It can derive the
absolute values for density profiles without the necessity of cross-calibration [10].

3.3.3 Equilibrium

Grad-Shafranov equation

The Grad-Shafranov equation (3.1) is a two-dimensional partial differential equation, describing
the equilibrium of the plasma in the approximation of ideal magnetohydrodynamics (MHD). It
is applied to tokamaks considering the toroidal plasma axisymmetry.

∂2Ψ
∂r2 −

1
r

∂Ψ
∂r

+ ∂2Ψ
∂z2 = −2πµ0rjφ, (3.1)

where Ψ = Ψ(r, z) is the poloidal magnetic flux, jφ = 2πr(p′ + µ0/(8π2r2)F 2′(Ψ)) is the
toroidal current density, F (Ψ) = 2πrBφ/µ0 is the poloidal current, p = p(Ψ) is the plasma
pressure and the prime symbol stands for a partial derivative with respect to Ψ [13].
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Figure 3.2: Magnetic flux surfaces reconstructed with the CLISTE code for shot #26080@
2.0 s. The separatrix is marked with the blue line. Some of magnetic probes are shown by
green pentagons.

A particular case of the magnetic topology for AUG given by a solution of the Grad-
Shafranov equation is plotted in figure 3.2 which shows the nested surfaces of equal magnetic
flux. Any physical quantity, which has the same value on the whole flux surface is called
a ’flux function’, in particular, plasma temperature (both ion and electron) and density are
flux functions. Flux functions simplify the plasma description as their 2D distribution can be
reduced to 1D in the flux coordinates.

3.3.4 Magnetic coils and equilibrium reconstruction

Plasma currents, currents in the wall or B-coils cause changes of magnetic fields around
the machine. These changes can be registered by magnetic coils and loops of different
configurations and related to the plasma parameter evolution. The change of magnetic flux is
measured by means of electromotive force, induced in the coils. If a coil is small enough to
consider the magnetic field B going through it being uniform, then, the electromotive force,
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driven in the coil is:

ε = −NS∂Bn

∂t
(3.2)

where N is the amount of loops in the coil and Bn is the projection of the magnetic field to
the surface S of a coil’s loop. The information on the magnetic fields derived by the coils is
used for a further reconstruction of the magnetic surfaces inside a tokamak.

On AUG, the CLISTE code (CompLete Interpretive Suite for Tokamak Equilibria) is
routinely used as a numerical solver of the Grad-Shafranov equation (3.1). The solution
provides the magnetic flux coordinate system, to which all the measured quantities can be
transformed. The input of CLISTE is the set of poloidal field coils currents and limiter
structures. During the solving process CLISTE varies the free parameters - pressure gradient
p′ and poloidal current, in order to obtain the best fit to experimental measurements. The fit
quality can be improved by including additional experimental data in the fit, such as kinetic
measurements, q-profile data, Motional Stark Effect (MSE) and others [14]. Particularly, by
adding the pressure profile to CLISTE input, it becomes possible to determine the current
density profile [15].

3.3.5 Integrated Data Analysis (IDA)
Integrated Data Analysis (IDA) increases the quality of the measured electron temperature
and density by combining the data gathered from different diagnostics. The diagnostics,
which are routinely used in IDA on AUG are the following: ECE for the electron temperature
estimation and lithium beam emission spectroscopy as well as interferometry for the estimation
of density. Apart from those, IDA analysis also can include Thomson scattering spectroscopy
and reflectometry data.

IDA allows to combine in a non-contradictory way the data from one diagnostic to the data
of another one, increasing overall the data reliance. At first, the quality of the acquired data
is increased by application of corresponding forward models, which provide the uncertainties
of the measured data (both statistical and systematic). Forward modelling is a method, which
allows to predict the response of a sensor in a certain environment, solving the equations
of the underlying physics. After the forward modelling, the data from different diagnostics
is matched with the help of Bayesian analysis. In in order to evaluate the probability of a
hypothesis in Bayesian analysis, first, some prior probability is specified, which is then updated
with the new data. This prior probability can be obtained from the forward modelling.

As output of IDA, the electron temperature and density profiles are obtained in the whole
plasma region [16].
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Chapter 4

Theory of Electron Cyclotron Emission
(ECE) and the ECE Imaging (ECEI)

diagnostic

The beauty is in eye of beholder.

--Oscar Wilde

4.1 ECE/ECEI principles

Electron cyclotron emission Electrons in magnetic fields rotate over cyclotron orbits and,
as it is an accelerated motion, emit electromagnetic waves. The ’electron cyclotron emission’
(ECE) is given by

ωce = eB

me

, (4.1)

where B is the magnetic field, e is the electron charge and me is the electron mass. The
magnetic field in tokamaks is not homogeneous:

B(R) = B0R0/R, (4.2)

where B0 is the magnetic field on the plasma axis R = R0; and this leads to the dependence
of ωce on the radial position of emitting electrons: ωce(R) = eB0R0/meR. If a receiver of
the cyclotron radiation is placed in the equatorial plane of a tokamak, then, by adjusting the
settings of the receiver to a particular frequency ω, one can get the radiation from a particular
plasma layer. However, the measurements of the radiation are localized only if the plasma is
optically thick. The optical thickness τ is a measure for the ability of the plasma to absorb
the radiation; this important ECE plasma parameter is considered in more detail in section 4.3
of this chapter.

39



Chapter 4. Theory of ECEI diagnostic

Optically thick plasma emits like a black body which allows to determine the temperature
of the plasma by measuring the intensity of its radiation. The emission of a black body in the
electron-cyclotron frequency range is described by Rayleigh-Jeans formula (h̄ω � T ):

IBB(ω) = ω2T

8π3c2 (4.3)

In order to perform local measurements of the electron temperature, it is necessary to have a
small width of the emitting layer and, at the same time, the optical thickness τ of this layer
should be high enough (τ � 1) [1].

Emission broadening The emission at the cyclotron frequency or its harmonics is broadened
due to various effects. For a homogeneous plasma the two most important broadening
mechanisms are: Doppler broadening and relativistic broadening [1]. The Doppler broadening
appears due to different velocities of the electrons along the field lines, while the relativistic
broadening comes from the change of the electron mass with energy.

Which of the broadening mechanisms is dominant depends on the angle of propagation of
the emission radiation relative to the magnetic field (θ). The Doppler broadening prevails if

N cos θ > Vt
c
, (4.4)

which corresponds to oblique emission propagation (’oblique regime’). Here N denotes the
refractive index, Vt is the electron thermal velocity. If the parallel velocity distribution of
electrons is Maxwellian, then the broadening is Gaussian, with the centre at sωce, where s is
the number of the harmonic. The frequency width of this broadening approximately equals to:

∆ωDs ≈ sωce

√
2πkBTe
mec2 cos θ. (4.5)

Knowing the frequency broadening ∆ωs, it is possible to estimate the width of the absorbing
layer of the plasma:

∆Rs = R
∆ωs

sωce(R) , (4.6)

which in case of Doppler shift is:

∆RD ≈ R

√
2πkBTe
mec2 cos θ. (4.7)

In case inequality 4.4 is not valid, which corresponds to perpendicular propagation (’per-
pendicular regime’), the dominant broadening mechanism is the relativistic broadening. The
relativistic increase of the electron mass leads to a decrease of the cyclotron frequency. The
corresponding broadening in this case is not symmetric.

∆ωrel
s ≈ sωce

√
2πskBTe

mec2 . (4.8)
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The corresponding width of the absorption layer is [2]:

∆Rrel
s ≈ R

√
2πskBTe

mec2 . (4.9)

In case of ECE on AUG both broadening mechanisms, relativistic and Doppler, are of
the same order of magnitude and have to be considered. As a consequence, the electrons
rotating in the magnetic field do not emit the waves at discrete frequencies, as was suggested
by eq. (4.1). The broadening formula corrected for Doppler and relativistic broadening for the
emission frequency ω is, following [2]:

ω = seB

me

√
1−

(
ν⊥
c

)2
−
(
ν||
c

)2
+ k||ν||, (4.10)

where ν denotes the velocity of the emitting electron (parallel and perpendicular), and k|| is
the parallel wave-vector.

Wave propagation in perpendicular direction to the magnetic field Comparing eq. (4.5)
and eq. (4.8) one can obtain an expression for the critical angle θc, which separates the oblique
and perpendicular regimes:

θc ≈ cos−1
(
skBTe
mec2

)1/2

. (4.11)

The perpendicular regime is applied in the region θc < θ < 180− θc. For the second harmonic
s = 2 wave and electron temperature Te = 1 keV, θc ∼ 87◦, meaning that the propagation is
actually normal to the magnetic field in the perpendicular regime.

An electron rotating on a cyclotron orbit, emits waves which have both parallel and
perpendicular components to magnetic field polarization. Considering the perpendicular regime,
for the waves with parallel polarization (O-modes) in the cold-plasma approximation (the
thermal motion of plasma particles is neglected), the dispersion relation is described as:

(NO
⊥ )2 = 1−

ω2
pe

ω2 , (4.12)

where ωpe = (nee2/ε0me)1/2 is the electron plasma frequency. These O-mode waves can
propagate only if the square of the refractive index is positive: (NO

⊥ )2 > 0, which happens,
when the wave has a higher frequency than the plasma frequency: ω > ωpe. Consequently,
if the plasma density is higher than the critical density nc = ε0meω/e

2, given for the wave
frequency ω, there is a cut-off for waves at the plasma frequency ωpe.

For the extraordinary mode (X-mode) with the polarization perpendicular to the magnetic
field, the refraction index in the high frequency range (ω2 � ω2

ce), can be described as follows:

(NX
⊥ )2 = 1−

ω2
pe

ω2
ω2 − ω2

pe

[ω2 − (ω2
pe + ω2

ce)]
. (4.13)
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Figure 4.1: Dispersion curve for O- and X-modes at constant plasma density ne and mag-
netic field Bt.

The qualitative dependence of (NX
⊥ )2 on frequency is shown in Fig. 4.1. As it follows from

Eq. 4.13, there is a resonance for an extraordinary wave at the frequency of the upper hybrid
resonance:

ωUH =
√
ω2
pe + ω2

ce, (4.14)

where the refraction index becomes infinity. The propagation of the X-mode wave is possible
in the two following frequency ranges (Fig. 4.1): ωL < ω < ωUH, and ωR < ω. The cut-off
frequencies ωL and ωR are:

ωR =
√
ω2
pe + ω2

ce

4 + ωce
2 , ωL =

√
ω2
pe + ω2

ce

4 −
ωce
2 (4.15)

For the physics of ECE diagnostics it is interesting, that in the cold plasma approximation
there is no cyclotron frequency resonance neither for O-mode nor for X-mode. This resonance
appears only, when thermal motion of electrons is taken into account.

4.2 Operational limits

There are several effects which limit the capabilities of ECE diagnostics. The most important
one is the finite density effect: the presence of cut-off frequencies which can prevent the
radiation from leaving the plasma area. For instance, the first harmonic X-mode (X1 mode)
emission cannot leave the plasma on the low field side (LFS) due to the presence of the upper
hybrid resonance, since ωUH = (ω2

pe + ω2
ce)1/2 is always higher than the cyclotron frequency

ωce = eB/me for radiation propagating in the LFS direction. Thus, extraordinary mode
emission in the fundamental frequency X1 is always in cut-off and is not suited for diagnostic
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purposes. The ordinary mode emission in the fundamental frequency O1 is unaffected by the
upper-hybrid resonance and, in principle, can be used. However, the O1-mode can propagate
only where ωce > ωpe, which does not allow to get information from relatively dense plasmas.
The second harmonic solves this problem, as its the cut-off frequency is two times higher.
Finally, the best mode for diagnostic purposes is the X2-mode as it has higher absorption than
the O2-mode, meaning that the plasma is more optically thick for it. The optical thickness τ
for the X2-mode in practice is always higher than unity inside of the separatrix on AUG. The
X2-mode is also routinely used on the most other tokamaks equipped with ECE diagnostics [1].
However, some applications of O1-mode also exist [3].

There is also a lower border for the plasma density which arises from the presence and
radiation of fast supra-thermal electrons. The supra-thermal electrons usually arise in plasma
at ne < 1019 m−3, the relativistic broadening for such high-energetic electrons can be much
higher than the same broadening for the thermal electrons with the energy ε:

∆Rrel ∝ ε

mec2 �
kBTe
mec2 . (4.16)

The resonance layer for the supra-thermal electrons will be shifted to the smaller values of the
radius R, and, furthermore, the exact position of this layer is not possible to determine, as
the energy ε of these electrons is unknown. However, if the plasma layer next to the second
harmonic is an absorbing layer, the radiation of fast electrons will not affect the measurements,
as it all will be absorbed. Therefore, this effect is only important on the edge.

One more issue is the effect of refraction which gives rise to the uncertainties in the
direction of view of the diagnostic [4]. There also exist other effects, which are not so strong,
for instance, the emitted radiation can also be reflected by the vacuum chamber before getting
into the detector which may scramble the polarization [1].

4.3 Optical thickness

Optical thickness is a measure of plasma transparency for the propagating waves. High optical
thickness of the plasma means that the plasma is fully absorbing. If I0 is the intensity of
radiation at the source and I is the observed intensity after a given path, then the optical
thickness τ is defined by the following equation:

I

I0
= e−τ . (4.17)

In order to have reliable ECE measurements the optical thickness τ of the plasma in the
measured region should be much greater than one. In practice, if τ & 3, then a large fraction
of the radiation from the source is absorbed and plasma can be considered as optically thick.
This gives the possibility to interpret the intensity of ECE radiation as a local Te according to
Rayleigh-Jeans law (eq. 4.3). Otherwise, if τ < 3 the ECE measurements are also affected by
ne and the measured temperature is no longer the real temperature of the plasma, but the
so-called ’radiative temperature’ (T rad

e ).
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The equivalent definition for the optical thickness τ is the integral of plasma absorption
coefficient α over the path from the source to the observer:

τ(R) =
∫ R

Robs
α(ω)dl. (4.18)

If in thermal equilibrium τ � 1, then the intensity I(ω) of the ECE equals to the black body
emission IBB(ω) [5], as given in eq. (4.3) . For this case

j(ω)
α(ω) = IBB(ω), (4.19)

where j(ω) is the emission coefficient and α(ω) is the absorption coefficient. This equation is
known as Kirchhoff’s law and one of its consequences is that the emission and the absorption
profiles have the same shape.

However, if τ is small, the right-hand side of eq. (4.19) becomes IBB(ω)(1−e−τ ), meaning
that the emission and absorption profiles differ now: the emitted radiation j(R) is not fully
absorbed, but only attenuated by factor of e−τ . Consequently, the radial resolution of the ECE
system is determined by the part of j(R) which reaches the observer, rather than by the width
of the total emission profile j(R). The width of the radiation profile is given by j(R)e−τ(R)

and for X2-emission is not greater than 1 cm for a wide range of plasma parameters [6].
Returning back to the optical thickness τ , there exists an analytic expression, which is

valid for perpendicular observation of the emission on the sth harmonic (s > 2) X-mode for
homogeneous plasma [2]:

τX
s>2 = πs2(s−1)

s(2s−1)(s− 1)!

(
νth

c

)2(s−1) ( ωp
ωce

)2
(NX
⊥ )2s−3 ×

×

1 + (ωp/ωce)2

s
(
s2 − 1− (ωp/ωce)2

)
2

ωceR

c
. (4.20)

An example of the optical thickness, calculated according to formula (4.20) is given in
Fig. 4.2 (right plot, black dotted line).

However, a more precise calculation of τ , where the homogeneous assumption is not
needed, demands the calculation of the absorption coefficient along the whole path from the
source to the detector. The absorption coefficient α for the sth harmonic X-mode is given by
the following formula [2]:

αX
s,0 ≡

s2s−1

2s · s!

(
ωp
ωc

)2 (Vt
c

)2(s−2) ωc
c

[
−F ′′

s+ 3
2
(zs)

]
,

(4.21)

where F
′′

q (zs) = − π

Γ(q) |zs|
q−1e−|zs| (4.22)

and zs ≡
(
c

Vt

)2 ω − sωc
ω

.
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Figure 4.2: Discharge #24757@1.73 s. Left: Absorption coefficient α for ω = 100GHz.
Right: the comparison of the optical thickness τ for the X2-mode, calculated by two dif-
ferent ways. Dashed black: simplified τ , in assumption of homogeneous plasma; solid red:
τ obtained by integration of the absorption coefficient α over the path from the source to
the detector.

For the particular case of the ECE on AUG the second harmonic s = 2 X-mode is used and
the expressions in (4.22) transform to:


αX

2 ≡
(
ωp

ωc

)2
ωc

c

[
−F ′′

7
2
(z2)

]
F

′′
7
2
(z2) = − π

Γ( 7
2 ) |z2|

5
2 e−|z2|

z2 =
(
c
Vt

)2
ω−2ωc

ω
.

(4.23)

The absorption coefficient αX
2 should be calculated for each possible frequency on the wave

propagation path. Once it is known, the optical thickness is easily calculated according to
formula (4.18). The results of such a calculations for both absorption coefficient and the
corresponding optical plasma thickness for AUG discharge#24757 are shown in Fig. 4.2.

Formulas (4.21, 4.23) are only applicable in the tenuous plasma regime. The tenuous
regime is the regime, where the following condition is satisfied:(

ωp
ωc

)2
� s2. (4.24)

The region where the plasma is tenuous is shown in green in Fig. 4.3. Although this region
is very narrow (only the edge) it does not make the calculations of α useless: inside of the
separatrix the plasma is optically thick anyway (see Fig. 4.2), therefore the interesting region
to be studied is only the very edge of the plasma, where the formula (4.23) is applicable.

Returning back to Fig 4.2, it is interesting to note, that more precise calculations performed
with formulas (4.18 ,4.21) give higher values of the optical thickness τ , solid red line, in
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Figure 4.3: Discharge #24757@1.73 s. Close to the edge, where the ECEI measurements
are usually taken, the plasma can be considered tenuous (ωp � 2ωc, green region) and
formula (4.23) is applicable.

comparison to τhomo estimated by formula (4.20), dashed black line. The optical thickness
τhomo on the separatrix has its value around one, meaning that the plasma is optically thin
(τhomo . 3), whereas more precise calculation for τ gives a value around five, indicating
that the plasma is optically thick and the ECE measurements can be trusted as they are
proportional to the actual electron temperature.

4.4 ECEI on ASDEX-Upgrade

ECEI overview The Electron Cyclotron Emission Imaging (ECEI) diagnostic on ASDEX-
Upgrade (AUG) tokamak has recently had a major upgrade and currently represents a quasi-3D
diagnostic. However, all the data used in the thesis was obtained by the old 2D system, which
is going to be described in this section.

The old ECEI on AUG is a 2D diagnostic, which consists of 16 one-dimensional (1D)
ECE radiometers, looking at different vertical position in plasma. Each of the 1D radiometers
has 8 radial channels, resulting totally in 128 channels and covering an observational area of
∼ 10x40 cm. The observational area can be radially positioned from the separatrix at the
Low Field Side (LFS) till the plasma centre, while vertically it is fixed around the mid-plane.
Schematically the diagnostic is shown in Fig. 4.4 [7].

The window, used for the diagnostic has a diameter of 36 cm and is the largest port in the
tokamak. It is shared with the standard ECE diagnostic, which is absolutely calibrated and,
therefore, it can be used for cross-calibrating ECEI. The separation of the systems is performed
by a beamsplitter (Fig. 4.4) in such way, that each of the two diagnostics gets approximately
50% of radiation emitted by the plasma in the electron-cyclotron (radio frequency) range.
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Figure 4.4: ECEI system on AUG.

Frequency down-conversion The signal in the radio-frequency (RF) range is not convenient
to work with, so before being detected and amplified its frequency is down-converted by use of
heterodyne techniques. For this a Backward Wave Oscillator (BWO) is used, which generates
a signal of 50mW of output power. This signal is then combined in the detector diode with the
signal from the plasma, producing an intermediate down-converted frequency (IF). A dichroic
plate, placed immediately before the ECEI detectors array, acts as a high-pass filter, allowing
to perform only upper frequency band down conversion. In order to be able to perform the
down-conversion for the radiation coming out of different plasma regions, the BWO has a
tunable frequency in the range of 90 6 f 6 140GHz. The intermediate down-converted
signals are then amplified and passed to the ECEI electronics for further signal processing.

Optical system The optical system of the ECEI diagnostic is shown in Fig. 4.4. This system
focuses the radiation, coming out of plasma, as well as the radiation, produced by the BWO.
The shaping of plasma radiation is done by three lenses. The first two lenses are common for
both ECEI and ECE systems, while the third one is used only for ECEI and is moveable to
focus the radiation, which comes out of different radial positions. The optics next to the BWO
(Fig. 4.4) is used to make the BWO beam elongated and optimally cover all the 16 detector
diodes. Several notch filters are applied to filter out the 140GHz from ECRH to avoid putting
too much power on the diodes. The aperture of the viewing port imposes a limit on the spatial
resolution of the diagnostic in the vertical direction. The minimum size of the spot in the
vertical direction is 15mm. All the lenses are made of high density polyethylene which has an
index of refraction of 1.52 and is transparent for RF radiation in the relevant frequency range.

ECEI hardware and software As it has been mentioned above, the signals after the down-
conversion are passed to ECEI electronics for further processing. There are 16 modules
(one module per line of sight), where the signals are divided into 8 different channels and
down-converted for the second time. This differentiation allows to separate the signals by
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their radial origin in the plasma. The IF bandwidth BIF is 700MHz, which limits the radial
resolution of the diagnostic to about 12mm. On the next step the signals are low pass filtered
with the video bandwidth, which is usually half of the sampling frequency, and then digitized.

The data acquisition system can store up to 2 · 106 samples per channel, each with the
maximum sampling rate of 2 · 106 samples per second [25]. The sampling frequency to gather
the ECEI data used in this thesis was set to 200 kHz for most of the discharges, which allowed
to gather the data over the whole duration of the AUG pulses (∼ 10 s.).

The system is designed in a way to be fully remotely controlled, without necessity of
accessing the torus hall. The BWO frequency and the motors, which drive both the focusing
lens and the notch filters, are controlled via LabviewTM. The power on the system is controlled
by a web-server.

Signal-to-noise ratio The ECE radiation has a fundamental intrinsic property which is called
’thermal noise’. This noise is independent from the noises caused by the system itself: amplifier
noise, mixer noise etc. As the ECE radiation consists of many incoherent waves, the beating
between them causes fluctuations of the detected signal, which is always a fixed fraction of the
signal [5]. The level of these fluctuations is described by the so-called radiometer formula [8]:

∆Te
Te

=
√

2BV

BIF
, (4.25)

where BIF is the bandwidth of the IF and BV is the bandwidth of the video frequency, which
is usually set to half of the sampling frequency. For the sampling frequency of 200 kHz
the video frequency bandwidth BV equals to 100 kHz and BIF = 700MHz, resulting into a
signal-to-noise (SNR) of 1.7%. Equation (4.25) can be also interpreted in terms of resolution:
better time resolution, determined by higher BV, or better spatial resolution (lower BIF) both
cause a higher level of the intrinsic noise.
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Chapter 5

Study of the ELM fluctuation
characteristics during the mitigation of

type-I ELMs∗

Complexity is not the symbol of intelligence.

--Anonymous author

Abstract
The transitions from type-I to small edge localized modes (ELMs) and back are studied

by the electron cyclotron emission imaging (ECEI) diagnostic on ASDEX Upgrade (AUG).
ECEI measurements show that the average poloidal velocity of temperature fluctuations of
both type-I ELM onsets and small ELMs is the same and is close to 5-6 km/s. Radially,
the temperature fluctuations are distributed in the same narrow region of 2 cm in between
0.975 6 ρpol 6 1.025 with associated poloidal mode numbers m = 96± 18 and toroidal mode
numbers n = 16± 4. The observed fluctuations related to both type-I ELMs and small ELMs
vary over the transition simultaneously, however, showing slightly different behaviour. The
similarities between type-I ELMs and small ELMs observed on AUG suggest that they both
have the same nature and evolve together. In the transition phase a temperature fluctuation
mode (’inter-ELM mode’) appears, which becomes continuous in the mitigated ELM phase
and might cause the ELM mitigation.∗

5.1 Introduction

In the high confinement mode (H-mode) of a tokamak plasma, a magnetohydrodynamic
(MHD) instability called the edge localized mode (ELM) appears. These modes expel plasma

∗This chapter is based on a published paper: A V Bogomolov, I G J Classen, J E Boom, A J HDonné,
EWolfrum, R Fischer, E Viezzer, P Schneider, PManz, WSuttrop, N C Luhmann Jr. and the ASDEX Up-
grade Team. Study of the ELM fluctuation characteristics during the mitigation of type-I ELMs. Nucl. Fusion 55
(2015) 083018 doi:10.1088/0029-5515/55/8/083018].
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particles and energy resulting in high power loads on the divertor and, in case of reactor
operation can cause intolerable erosion of the first wall materials. Therefore, study of ELMs is
needed in order to be able to better control these events in future devices [1].

The good confinement is usually accompanied by so called Type-I ELMs. They cause
fast losses of a significant fraction of the stored energy in a period of time in the order of
several hundred microseconds [1]. A large part of this energy goes to the divertor plates which
can have adverse effects on the divertor material. In general, type-I ELMs do not reduce the
lifetime of the divertor in current devices, but they will lead to unacceptable damage of the
divertor in future devices, such as ITER [2].

Also several other types of small ELMs exist, with different properties (characterized by
amplitude, repetition rate, etc.), like type-II ELMs, type-III ELMs or grassy ELMs and even
regimes without ELMs, such as in the quiescent H-mode (QH-mode) [1][3]. Unlike the type-I
ELMs, the small ELM regimes are associated with smaller energy losses and, as a consequence,
a reduced peak heat flux to the divertor plates [4].

It is still not clear whether type-II ELMs on AUG are similar to the grassy ELMs on JET [4].
One of the ways to deal with type-I ELMs is modification of the plasma flux surfaces

by means of application of 3D magnetic perturbations. There are two successful scenarios
possible: ELMs can either totally disappear (’ELM suppression’), as it has been shown on
DIII-D [5], or ELMs can become smaller with simultaneous increase in their frequency (’ELM
mitigation’) [6].

At ASDEX Upgrade it is commonly observed that above a certain threshold in density, a
transition from the large type-I ELMs to much smaller ELM crashes occurs. The application
of active in-vessel off-midplane saddle coils (’B-coils’) [7] leads to an increase of density which
cause the type-I ELMs to disappear [8] while smaller and more frequent crash events start
to dominate [9]. In contrast to type-I ELMs, in the small ELM regime there is an almost
continuous succession of small crashes. This fact is also reflected in the thermal current in the
outer divertor plates resulting in a "grassy"-like signal.

Experiments on ELM control with magnetic perturbations were also performed on JET.
Four coils, so-called Error Field Correction Coils (EFCC), unlike B-coils of ASDEX, are located
outside JET vacuum vessel and can produce n = 1 or n = 2 perturbations. In the experiments
an ELM mitigation was achieved [10].

The understanding of ELM control mechanism is essential for designing the future devices.
Though there is no complete theory, one of the explanations for the mechanism which leads to
ELM mitigation with the use of magnetic perturbations is the stochastization of the magnetic
field at the plasma edge [11].

In this paper the scenario with application of B-coils will be used (described in more detail
in the next section) to study the temperature fluctuations associated with ELMs during the
transition from type-I to mitigated (’small’) ELMs. As here we are mostly interested in how
type-I ELMs are substituted by small ELMs during the transition, and also as there are large
similarities in both type-II and type-III ELMs, the exact type of achieved small ELM regime
will not be discussed.

The objective of this article is, using the capabilities of the ECEI diagnostic, to show new
details on how ELM crashes, meanwhile providing a comparison between type-I ELMs and
small ELMs.
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The paper is organized as follows: in section 2 the details of the experiment are given,
introducing the shot parameters and the scenario for the transition from type-I ELMs to small
ELMs. Section 3 is dedicated to studying the characteristics of type-I ELMs and small ELMs
during the transition. First of all, the type-I ELM cycle is explained, kinetic profiles related to
different types of ELMs are introduced, then the mode intensity of both modes is considered,
followed by the data processed on a basis of conditional averaging. The following subsections
show a comparison of mode localization, and then, based on a 2D Fast Fourier Transform
(2D FFT), average mode velocities are calculated. A discussion is given in Section 4.

5.2 Experimental set-up

To study the transition from the type-I to the small ELM regime the discharge #26080 has
been analysed. An overview of the discharge is presented in Fig. 5.1. The shot has the following
parameters: Bt = −2.5T, Ip = 0.8MA, PNBI = 7.3MW and PECRH = 0.9MW. In the shot
the off-midplane magnetic perturbation coils (B-coils) are applied between 2.0 s 6 t 6 5.3 s
Four upper toroidal rings (out of eight) and four lower ones were used with 90◦ phase shift
(odd parity), creating the perturbation with the toroidal mode number n = 2 The safety
factor q95 = 5.7. The transition to the small ELM regime starts, when the density at the
pedestal top reaches 6 · 1019 m−3. When the B-coils are turned on, the edge density in-
creases, which triggers the transition. During the transition phase smaller crashes start to
appear in between the type-I ELM crashes, while the type-I ELMs appear less frequently
until they totally disappear. At this moment the edge density reaches 6.7 · 1019 m−3. As
the gas puff is reduced and the density falls back to 6 ·1019 m−3, the type-I ELMs appear again.

Different phases of the shot are marked in Fig. 5.1, which shows the change in the number
of type-I ELMs and small ELMs during the transition, as well as changes in the divertor
thermal current. The divertor thermal current is a signal based on the current which is
produced by thermocouples in the divertor when the divertor plates are exposed to thermal
loads. Here the divertor current is used to calculate the amount of ELMs and is also used
to automatically distinguish between type-I ELMs and small ELMs by defining corresponding
thresholds. Each point in Fig. 5.1d represents the number of ELMs which occurs in a time
window of 100ms. The shot can be divided into four different phases: I) type-I ELMs with
an amount of small ELMs in between; II) the transition phase from type-I to smaller ELMs:
the amount of type-I ELMs gradually decreases, while small ELMs increase in their number;
III) the phase of mitigated type-I ELMs, where only small ELMs are observed; IV) the back
transition phase, where type-I ELMs appear again, while the amount of small ELMs decreases.
In this paper the type-I ELMs were analysed in the 1st ("before the transition"), 2nd ("during
the transition") and 4th ("back transition") phases, while small ELMs were analysed in the
2nd, 3rd and 4th phases, where they mostly appear. Note that some small ELMs are already
observed before the transition starts.

In this paper the electron temperature fluctuations associated with both type-I and small
ELMs have been investigated using the Electron Cyclotron Emission Imaging (ECEI) diagnostic
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Figure 5.1: Different shot phases. The gray region (I) is a typical type-I ELMs regime. The
blue region (II) is the transition to small ELMs regime. The green region (III) indicates
mitigated ELMs (small ELMs) regime. The red region (IV) is the back transition to type-I
ELMs. Type-I ELM crashes are marked with black dots, while small ELMs are represented
by red stars. a) Heating power (NBI in red and ECRH in black) b) Divertor thermal current
(black) and B-coils current (red). c) Line integrated plasma density at the pedestal top
(black) and D2 gas puff (red). d) ELM frequency behaviour. Shown is the number of ELMs
(type-I and small) per 100ms as a function of time.

on AUG [12]. The ECEI system at AUG is a 2D diagnostic which consists of a linear array
of 16 detectors, each of which acts as a standard (1D) ECE radiometer, looking at different
vertical position in plasma. Each 1D radiometer has 8 radial channels, which results in totally
128 channels for the ECEI system and covers an observational area of ∼ 10x40 cm. The
size of the spot determining the spatial resolution of the diagnostic is 2.5 cm in vertical and
1.5 cm in radial direction. For the work presented in this paper, the observational area of
ECEI is positioned at the low field side (LFS), centered vertically on the mid-plane and radially
covering a region on either side of the separatrix. The sampling rate of 200 kHz is chosen.
This allows the observation of variations in the 2D electron temperature evolution during the
ELM cycle in detail [13].

In order to have reliable electron temperature measurements the optical thickness of the
plasma should be high enough for the corresponding wavelengths. This condition is satisfied in
the plasma region deep inside of the separatrix, but is starting to be violated at ∼ 1 cm inside
the separatrix. When close to the separatrix the temperature measurements become affected
by the density and, therefore, one can not refer to the ECEI measurements as pure electron
temperature anymore. However, for the current research this is not an important issue, as
there are other characteristics of the plasma fluctuations studied rather than the absolute
temperature values. For instance, the mode velocity is not affected by misinterpretation of
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the absolute temperature values, as there only relative changes in temperature are needed.
Another issue of the ECEI measurements is emission profile broadening. The most significant
broadening mechanisms for cyclotron radiation are relativistic and Doppler broadening [14],
which for the ECEI system are of the same order of magnitude and are resulting in a radial
resolution of 1.5 cm for the diagnostic in the optically thick regime.

5.3 Investigation of ELM characteristics

5.3.1 ELM cycle
In Fig. 5.2a one type-I ELM and three small ELMs are presented as seen by the divertor
thermal current. The type-I ELMs and small ELMs can be easily experimentally distinguished
by means of the divertor current: the signal corresponding to type-I ELMs has much higher
amplitude and duration than the signal corresponding to small ELMs. Considering a type-I
ELM cycle, it can be divided into two phases: the type-I ELM crash phase and the recovery
phase. The type-I ELM crash itself also can be divided in two phases. The first phase consists
of an ELM onset mode [13] (three frames of ELM onset development are shown in Fig. 5.2b),
where relatively coherent, but short lived temperature fluctuations are seen and which are one
of the objects of study in this paper. In Fig. 5.2c the coherent temperature oscillations are seen
as inclined bright lines. The second phase is the crash itself, where temperature fluctuations
become chaotic and result in a drop of plasma temperature. During the temperature drop,
hot structures with a poloidal extent of several centimeters (so-called ’filaments’) are expelled
out of the plasma [13].

After the temperature has reached its minimum, it starts to increase again in the recovery
phase. During this phase some coherent plasma oscillations can occur (’inter-ELM modes’) [13],
and also small ELMs (Fig. 5.2a in green) occur in this phase.

Unlike type-I ELMs, small ELMs do not have the crash phase with chaotic temperature
fluctuations and filaments. Instead only the coherent temperature fluctuations phase exist,
which is similar to the type-I ELMs onset phase (Fig. 5.2d). This similarity suggests to compare
the properties of the small ELMs with only the onset phase of the type-I ELMs.

The comparison of the properties of small ELMs to type-I ELM onsets is one of the main
points of interest in this paper. Related to this, some properties of ’inter-ELM’ modes will
also be investigated, the description of an ’inter-ELM’ mode will be given in subsection 5.3.8.

5.3.2 Plasma kinetic profiles
In order to compare the conditions which trigger type-I ELMs and small ELMs, plasma
temperature and density profiles are considered prior to the crash events. The density profile
is delivered by integrated data analysis (IDA) [15], whereas electron temperature profile is
built on 1D ECE data. According to the ’two point model’ [7] the electron temperature at
the separatrix in AUG should not exceed 100 eV. To satisfy the model, the ECE profiles
were shifted in such a way that the averaged profile at the separatrix T sep

e = 100 eV. For
Fig. 5.3 the time window, where the events are considered, is taken during the transition phase
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Figure 5.2: Shot #26080. a) Thermal divertor current. The type-I ELM is marked with the
red band, while small ELMs are marked with green ones. b) ECEI data during the type-I
ELM crash: a fluctuation rotating in the electron diamagnetic direction (in the laboratory
frame) is observed. c) One vertical chord of the ECEI is plotted as a function of time. Thin
black lines indicate the three moments of time used in ’b’, and mark the beginning of the
ELM onset. d) One vertical chord of ECEI is plotted as a function of time, corresponding
to a type-I ELM (left) and a small ELM (right). e) Spectrogram built on the basis of plot ’d’
. f) Integrated spectral amplitudes, obtained from plot ’e’ by integration over frequencies
in the range of 12− 70 kHz.

(2.3− 3.5 s.) in order to make the direct comparison of the profiles before a certain type of

56



ELM characteristicsELM characteristics

ELM is triggered. Each profile is taken ∼ 1ms prior to the actual crash, which ensures that
the data is unaffected by the following crash.

Figure 5.3: Plasma profiles in the transition phase to small ELMs regime. Density (IDA) and
electron temperature (ECE) are taken at the moments prior to type-I ELMs (red crosses)
and prior to small ELMs (blue circles). Solid lines indicate averaged profiles.

As is seen from Fig. 5.3, the kinetic profiles, which cause the triggering of type-I ELMs,
are very similar to the profiles, triggering small ELMs. The scatter in the density profiles is
large, which does not allow to conclude any differences in the profiles. Temperature data has
less scatter, however, also no difference in the averaged profiles is observed.

Figure 5.4: Plasma profiles for type-I ELMs before the transition to the small ELMs regime
and for small ELMs after the transition. Density (IDA) and electron temperature (ECE) are
taken at the moments prior to type-I ELMs (red crosses) and prior to small ELMs (blue
circles). Solid lines indicate averaged profiles.
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Fig. 5.4 compares the profiles preceding ELM triggering for type-I ELMs and small ELMs,
also in different phases. The profiles preceding type-I ELMs are taken in the pure type-I ELM
phase, while profiles preceding small ELMs are corresponding to the pure small ELM phase.
Again, the large scatter in the density data does not allow to conclude on the differences in
the density gradients in the pedestal region. The higher density at the pedestal top, which is
situated according to the IDA density profile at ρpol ∼ 0.95− 0.97, is caused by application of
the B-coils, which led the plasma into the small ELMs regime. As for the temperature, the
averaged profiles are also very similar to each other. An increase of the temperature in both
figures 5.3 and 7.12 at ρpol > 1.1 is caused by the shinethrough effect [17] and is not physical.

The fact, that the differences in the triggering profiles for type-I and small ELMs are
extremely small and the profiles themselves are too scattered, suggests that there could be
another parameter which controls the triggering of a particular ELM type. The parameter
can be a coupling between the ELM eigenmodes with the perturbation field caused by B-coils,
which directly changes the plasma stability without significant impact on the kinetic profiles.
This is similar to the results obtained on DIII-D [18].

5.3.3 Data representation

Raw 2D ECEI data (Fig. 5.2b) are not very convenient to show and to analyse. A more
convenient way of representing ECEI data is to separately plot the vertical chords, where the
studied mode activity is most pronounced, as a function of time. In Fig. 5.2d one vertical chord
just inside the separatrix is represented in such way, showing on the left a type-I ELM onset,
and on the right a small ELM. In this representation the rotation of temperature fluctuations
are clearly seen as a sequence of inclined lines. However, it should be noted, that the ECEI
system measures electron temperature in the laboratory frame, not in the plasma frame. The
laboratory frame is a sum of the fluctuation velocity itself and the plasma ExB rotation
velocity: VLab = ω/k + VExB. In this paper the terms ’fluctuation velocity’ or ’mode velocity’
will be used for the velocity in laboratory frame.

It is known that the mode structure of both type-I ELMs and small ELMs can vary
significantly from one ELM cycle to another during a single discharge without noticeable
changes in plasma parameters [19]. Thus, in order to pick out general features, common for
the ELMs in a particular regime, the averaging over multiple ELMs is applied. In the following
subsections an FFT for both time and space domains will be used as a convenient tool to
average the data.

5.3.4 Mode localization

With 2D ECEI the position of the temperature fluctuations associated with type-I ELM onsets
and small ELMs can be determined. For each of the 128 ECEI channels a spectrogram is built,
similar to the ones in Fig. 5.2e (on the left a spectrogram for a type-I ELM is shown, while
on the right - for a small ELM). When an ELM crash occurs, a clear broadband signal in the
frequency domain is seen, which differs for different channels, as they are at different plasma
positions. One way of quantifying the intensity of an ELM crash is to integrate the signal over
a frequency band (an example of such integration from 12 to 70 kHz is shown in Fig. 5.2f) and
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to find the maximum on the obtained integral spectral amplitude. This maximum characterises
mode strength at the moment of the ELM crash, seen by a particular ECEI channel. Averaging
such maxima for each ECEI channel over ELMs gives a 2D spatial distribution of temperature
fluctuations related to ELM crashes.

Figure 5.5: Mode localization of type-I ELM onsets before (a) and during (b) the transition.
The black lines indicate the flux surfaces at ρpol = 0.950, 0.975, 1.000, 1.025 and 1.050
from left to right. c) Average intensity over vertical chords, built on the base of the plots
’a’ and ’b’ with red and black circles correspondingly. Solid red and black lines indicate
averaged profiles. As seen in ’a’ and ’b’, temperature fluctuations related to type-I ELM
onsets in both cases (before and during the transition) are localized between 0.975 6
ρpol 6 1.025.

In Fig. 5.5a the distribution is shown for type-I ELM onsets before the transition to the
small ELM regime (phase I), in Fig. 5.5b during the transition (phase II, these phases of the
shot #26080 are indicated in Fig. 5.1). Fig. 5.5c represents the fluctuation intensity as a
function of normalized radial magnetic flux coordinate ρpol. Here the flux coordinate ρpol is
the square-root of the poloidal flux normalized in such a way, that it is zero on the magnetic
axis and one on the separatrix. The maximum intensity in both cases, before and after the
transition, is seen in a narrow band of ∼ 2 cm in between of 0.975 6 ρpol 6 1.025, which
indicates that the fluctuations are mostly localized in the pedestal region (the localization of
the pedestal top is found in subsection 5.3.2: ρpedtop

pol ∼ 0.95− 0.97). It should be noted, that
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the separatrix can slightly shift its position from one ELM to another, as well as during one
particular ELM. The position of the vertical ECEI chords depends on the toroidal magnetic
field and is not fixed to a certain ρpol, therefore the position of the fluctuations indicated in
Fig. 5.5 cannot be precise.

The comparison of the plots in Fig. 5.5 allows to conclude, that type-I ELMs do not change
their spatial intensity distribution during the transition. Also, this spatial analysis shows that
it is enough to take data just from a vertical chord close to ρpol = 1.0 to analyse type-I
ELM onset modes due the fact that most part of the power of the fluctuation is localized
there. This chord is shown in Fig. 5.2c and marked as chord#5. Since the separatrix has a
curvature, the points in the vertical chord have different ρpol. The variation of ρpol in the points
along the chord can reach up to 0.065 (for the lowest channel), however, most of the chan-
nels of chord#5 have variation in ρpol less than 0.025, which allows them to see strong activity.

Figure 5.6: Mode localization of small ELMs before (a) and during (b) the tran-
sition (normalized plots). The black lines indicate the flux surfaces at ρpol =
0.950, 0.975, 1.000, 1.025 and 1.050 from left to right. c) Average intensity over vertical
chords built on the base of the plots ’a’ and ’b’ with red and black circles correspondingly.
Solid red and black lines indicate averaged profiles. Similar to the case of type-I ELM on-
sets, temperature fluctuations related to small ELMs in both cases (during and after the
transition) are localized between 0.975 6 ρpol 6 1.025.
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In the same manner as for type-I ELMs, the spatial analysis is applied to the temperature
fluctuations associated with small ELMs. Figure 5.6 shows the results for the small ELMs
during and after the transition. The fluctuations in the case of small ELMs, as for type-I ELM
onsets, are mostly localized in the same narrow band between 0.975 6 ρpol 6 1.025 and their
position does not change during the transition.

5.3.5 Mode velocities

Now, as the position of the modes, leading to ELM crashes, is known (0.975 6 ρpol 6 1.025),
a more detailed analysis can be done. In this subsection the velocity of ELM preceding modes
is considered. A 2D FFT is applied to type-I ELM onsets and small ELMs to see how they
change during the transition to the small ELMs regime.

Figure 5.7: 2D FFT of type-I ELM onsets before (left) and during (right) the transition to
the ELM mitigated regime with corresponding mode velocities (below). Positive veloci-
ties correspond to the electron diamagnetic drift direction in the laboratory frame. The
inclination on the upper plots corresponding to a velocity of 5 km/s is marked with the
white lines.
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As seen in Fig. 5.7a, a standard 2D FFT plot includes both positive and negative half-planes
which are mathematically symmetric. Therefore, it is enough to consider only the half-plane
of positive frequencies. Considering it, positive values of wave-numbers correspond to mode
rotation in the electron diamagnetic drift direction. The inclination of the distribution in the
2D FFT plot gives information on the velocity in the laboratory frame (VLab = ω/k + VExB).
As reference, the V = 5 km/s line is plotted.

The width of the 2D FFT windows for the analysis is chosen as 750µs in the time domain
(which equals to 150 time points of ECEI data at a sampling rate of 200 kHz) and ∼ 40 cm in
the space domain (which corresponds to 16 points, representing each line of sight of the ECEI).
The vertical chord is taken, corresponding, according to the settings of the shot #26080, to
the radial position around 0.975 6 ρpol 6 1.025. The 2D FFT is applied separately to the
type-I ELM crash onsets and to the small ELMs (Fig. 5.2a, regions are marked with green and
red correspondingly) and averaged over all ELMs in the time ranges as defined in Fig. 5.1.

In Fig. 5.7 three dark blue vertical bands are seen, which correspond to filtered out frequen-
cies: 0 kHz (corresponding to slow changes of the temperature), and ±71 kHz, corresponding
to diagnostic noise. The 2D FFT plot can be interpreted in terms of mode velocities: the
steeper a distribution is, the lower is the corresponding velocity. The shift of the wings of
the distribution from zero (better seen in Fig. 5.8) indicates that none of both velocity terms
is zero. Before the transition to the ELM mitigated regime the distribution in the figure
is broader: it likely consists of two dominating mode velocities: ∼ 1 km/s and ∼ 5 km/s.
Whereas during the transition the mode with the velocity of 5 km/s becomes dominant, the
distribution narrows and extends a bit to higher frequencies and wave-numbers.

Based on an angular projection of the 2D FFT plot, the mode velocities can also be plotted
explicitly, as is done in the bottom plots of Fig. 5.7. The amplitude on the velocity plot during
the transition increases, which just indicates the fact, that the distribution became more
elongated in the direction of higher frequencies and wave-numbers.

In the same manner, the evolution of the small ELMs is presented in Fig. 5.8. There are
some differences in the 2D FFT appearance between type-I ELM onsets and small ELMs.
Small ELMs have one clear dominant mode velocity, corresponding to ∼ 6 km/s, which does
not significantly change over the transition. The distributions for small ELMs extend to larger
wave-numbers and frequencies than the distributions for type-I ELMs. This elongation to
larger k-values and frequencies suggests, that smaller size fluctuations appear.

A possible underlying mechanism, explaining why the distributions for small ELM modes
extend to larger wave-numbers is the following. As the density increases, the collisionality also
increases which reduces the bootstrap current [20]. As the consequence, the mode becomes
more ballooning-like, thus, the most unstable mode number increases [21] which corresponds
to the higher k-values, seen in the case of small ELMs.

5.3.6 Conditionally averaged spectrograms

In this subsection the frequency evolution of the modes across an ELM will be studied. As
before, the vertical chord is taken, which corresponds to the strongest mode activities, and a
spectrogram (such as in Fig. 5.2e) is built for each of the channels in the chord. Then, the
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Figure 5.8: 2D FFT of small ELMs before (left) and after (right) the transition with corre-
sponding velocities (below). Positive velocities correspond to the electron diamagnetic
drift direction in the laboratory frame. The inclination on the upper plots corresponding
to the velocity of 5 km/s is marked with the white lines.

spectrograms for each channel are averaged, resulting into one plot. To increase the quality of
the data, conditional averaging over multiple ELMs is used, which allows to see the behaviour
of an ’average’ ELM crash. First, all the ELMs are divided into the groups according to the
shot phases (see Fig. 5.1) and types (type-I ELMs / small ELMs). In each group there are
more than 40 ELMs to average. Data samples of 4ms length are chosen: 2ms before and
2ms after the crash, so the crash is in the middle of the data. In the next step, conditional
averaging is performed for each group separately, resulting in Fig. 5.9.

Fig. 5.9 shows the following spectrograms: in the left column there are spectrograms for
type-I ELMs, the right column has spectrograms for small ELMs. Each row corresponds to
a discharge phase as defined in Fig. 5.1: the first one corresponds to the type-I ELMs phase
(almost no small ELMs here are observed), the second to the transition phase, the third row
corresponds to the mitigated ELMs phase (there are no type-I ELMs there), finally, the fourth
one to the back transition. The vertical axis of each plot shows the frequency of the observed
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modes. It starts from around 12 kHz, cutting out relatively slow changes of the temperature.
The horizontal axis denotes the time relative to the ELM crash.

Type-I ELMs during the transition have similar signature to type-I ELMs at the back
transition, showing a long low frequency (20-30 kHz) tail (Fig. 5.9b,d). Small ELMs also have
similar signature in the mentioned regimes, but, as opposed to type-I ELMs, have only short
tails (Fig. 5.9f,h). Also some relatively low amplitude ∼ 40 kHz oscillations are seen on all
spectrograms before the crash, which disappear afterwards.

Figure 5.9: Conditionally averaged spectrograms of ELMs, built on the base of vertical
chord #5. The plots in the left column show spectrograms for type-I ELMs, while right
column plots - for small ELMs. Times of averaging are shown in white in upper-left corners
of the plots.

The peak at the moment of the crash (corresponding to 0ms in Fig. 5.9) extends to the
same frequencies in all the spectrograms, indicating that type-I ELM onsets and small ELMs
at the moment of the crash have the same frequency structure.

5.3.7 Conditionally averaged size of the structures
Using 2D ECEI it is possible to resolve fluctuations of a typical spatial size of several centimetres,
occurring during ELM crashes. In this subsection the time evolution of the size of the structures,
observed before (< 2ms) and after ELMs, is studied.

As was found in subsection 5.3.5, most of the modes rotate with a poloidal velocity around
5 km/s. This fact can simplify the analysis of the mode structures, if we look only at the
modes, which rotate with this particular velocity. In order to do so, two different spectrograms
for the same data set are built: the first one is as described in subsection 5.3.6, and the second
one is built in the spatial domain, giving a wave-number as an output. In the case of the
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second spectrogram the Fourier transform is applied to the 16 points of the vertical chord of
ECEI, where the fluctuations are the strongest. The same method of conditional averaging, as
described in the previous subsection, is used to average the data over multiple ELMs. Then,
dividing the data of the first spectrogram (ω) by the second one (k), the mode intensity for a
fixed velocity (V = ω/k) can be obtained.

Figure 5.10: Conditionally averaged mode number k, and frequency ω of ELM structures
at V = 5 km/s. The plots in the left column show structure sizes for type-I ELMs, while
right column plots - for small ELMs. Times of averaging are shown in white in upper-left
corners of the plots.

Fig 5.10 shows different plots, presenting the data in a similar way as Fig. 5.9, by separating
different ELM types (left column - type-I ELMs, right column - small ELMs), as well as
different ELM regimes. On the ordinate axis the wave-numbers with corresponding frequencies
at V = 5 km/s are indicated. The abscissa shows the time, relative to the ELM crash.

As is seen from Fig. 5.10, for all cases (both types of ELMs, all the time regions), some
structures exist prior to the crash, and their wave-number is around 0.5 cm−1, which corre-
sponds to ∼ 12.6 cm in real space. This average size does not change prior to the crash,
though, its distribution can become narrower closer to crash. At the moment of the crash the
size of the structures increases to more than 20 cm in a short period of time of ∼ 30µs. Here
one important difference between type-I ELMs and small ELMs arises: after a type-I ELM
crash the size of the fluctuations continues to be large, while for small ELMs it fully recovers
back to the initial size after about 1ms. As the plots in Fig. 5.10 are velocity dependent, the
fact that it are the structures, which change their size, but not the velocity, will be verified
in subsection 5.3.9, where the conditionally averaged velocity is investigated. The highest
mode amplitudes are seen for small ELMs in the mitigated regime. The reason for this is that
after the transition to the small ELM regime, there are always some background temperature
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fluctuations present, so-called ’inter-ELM mode’ [9]. The inter-ELM mode will be discussed in
more detail in subsection 5.3.8.

Mode numbers, corresponding to the wavenumbers, shown in Fig. 5.10, can be estimated.
As was shown in subsection 5.3.4, the modes are localized in the region of 0.975 6 ρpol;
according to the equilibrium calculations, the rational q surface closest to ρpol = 0.975 is
q0.98 = 6 (q0.95 ∼ 5.7 for the whole discharge). Generally speaking, the poloidal angle θ does
not coincide with the poloidal angle of the magnetic field lines θ∗, and, in order to correct this,
a straight magnetic field line approximation [22] is applied, giving the ratio dθ/dθ∗ = 4.20 for
the desired surface q0.98 = 6 at LFS at the midplane. Another assumption, which allows to
obtain the mode numbers, is that the perturbations are elongated along the magnetic field
lines. For the type-I ELMs in the whole discharge and the small ELMs in the transition phases
(forward and back) the estimated poloidal mode numbers m = 96± 18 and corresponding
toroidal mode numbers n = 16± 4. The error margins are estimated from the mode numbers,
corresponding to the closest to q = 6 rational flux surfaces: q0.960 = 11/2 and q0.985 = 13/2,
also taking into account the spread in the wavenumber k in the range of 0.45 6 k 6 0.55.

Figure 5.11: Conditionally averaged wave number k, and frequency ω of small ELM struc-
tures at V = 5 km/s for the back transition. The left plot shows structure sizes for the
beginning of the back transition (4.5 s.), while the right plot shows the end of it (5.7 s.).

Fig. 5.11 is the back transition phase for the small ELMs. In the back transition the
background fluctuation is disappearing, which becomes visible if the averaging is done in two
separate time-windows. At the beginning of the back transition (fig. 5.11a) the background
temperature fluctuation, the inter-ELM mode, is strong and has a broad distribution in the
frequency domain, while later on (fig. 5.11b) it has almost completely gone. The inter-ELM
mode is also mostly absent in the pure type-I ELM phase, which makes the presence of the
mode to be one of the main differences between type-I ELMs and mitigated ELMs regimes.

5.3.8 Inter-ELM mode
As shown in subsection 5.3.7, one of the differences between the ELM mitigated phase and the
type-I ELM regime is the constant presence of the background fluctuations during the ELM
mitigated phase, which only episodically appears at the type-I ELM phase. These fluctuations
are described in [9], where they are called an ’inter-ELM mode’.

In Fig. 5.12, the period between two small ELMs in the mitigated regime is plotted. The
first small ELM occurs at 4.259 s., the second one at 4.2682 s. and almost continuous activity
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Figure 5.12: An inter-ELM activity between two small ELMs in the mitigated phase. The
upper plot shows the ECEI data of one vertical chord as a function of time, the bottom
plot shows the spectrogram for the same time range.

is seen between them. Half a millisecond after, the first ELM the frequency recovers, which is
typical for small ELMs (as shown in subsection 5.3.7), and reaches 50 kHz. This is different
from type-I ELMs, where the frequency is not recovered for at least several milliseconds.

In Fig. 5.10g, corresponding to mitigated ELMs regime, the distribution of wavenumbers is
broader, than in other regimes, especially in comparison with the pure type-I ELMs regime
(fig. 5.10a). Broader distribution of wavenumbers originates from the presence of inter-ELM
mode in mitigated ELMs regime. Fig. 5.11a shows the beginning of the back transition, where
there is still a presence of the inter-ELM mode, and thus, the distribution of the wavenumbers
is also broad there, whereas after the back transition to the type-I ELMs regime (fig. 5.11b) the
inter-ELM mode disappears. The broader distribution in wavenumbers in case of inter-ELM
mode causes broader distribution of mode numbers, rather than those for ELM onsets. The
inter-ELM mode has typical values of mode numbers of: m = 99 ± 47 for poloidal and
n = 17± 9 for toroidal, taking into account the same assumptions as in subsection 5.3.7. The
average values of the mode numbers here are similar for those of ELM onsets.

Similar to our results, the inter-ELM mode in ref. [23] in the type-II ELMs regime was
observed to have the maximum in frequency around 40 kHz. According to the same paper,
when the inter-ELM mode occurs in the type-I ELMs regime, it increases the time needed
for the next type-I ELM to occur and, thus, can be a mechanism of regulating the pedestal
stability [9]. In the small ELM regime the inter-ELM mode is constantly present in the plasma,
merging with small ELMs, when they occur. According to subsection 5.3.2 for the current shot
it is not possible to deduct whether the presence of the inter-ELM mode affects the kinetic
profiles.

5.3.9 Conditionally averaged mode velocities
In this subsection the time evolution of the mode velocity, occurring during ELM crashes, is
studied.

For each ELM data, covering a time range from 2ms before the crash to 2ms after is
taken. This data is then divided into samples of 80µs and in each of them a 2D FFT is
performed. In the same way, as in subsection 5.3.5, the velocity is obtained from the 2D FFT.
Positive values of the velocity correspond to the mode rotation in the electron diamagnetic
drift direction in the laboratory frame.
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Figures 5.13 and 5.14 show the conditionally averaged mode velocity for type-I and small
ELM crashes correspondingly during the transition phase to the small ELMs regime. Fig. 5.13
additionally shows the 2D FFT at certain moments of the averaged crash. Before the crash the
modes with a velocity around 5-6 km/s are seen (Fig. 5.13a). At the ELM onset, modes have a
broader velocity distribution (2-10 km/s) and become more intense (Fig. 5.13b). Immediately
after the crash, as seen in Fig. 5.13d, some modes with the velocity in ion diamagnetic drift
direction appear (which corresponds to negative values of the velocity on the plot) and continue
to exist even further (Fig. 5.13e).

Figure 5.13: Conditionally averaged mode velocity behaviour of type-I ELM crash and
2D FFTs. After the crash the velocity mostly stays at -1 km/s. The inclinations on plots
(a)(b)(d)(e) corresponding to a velocity of 5 km/s are marked with the white lines.

Figure 5.14: Conditionally averaged mode velocity behaviour of small ELM crash. After
the crash the velocity continues to stay at around 6 km/s.
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For both small and type-I ELMs the mode velocity falls down at the moment of the crash
from 5 − 6 km/s to zero or negative values. This drop in velocity occurs in a time of tens
of microseconds. But there is a principal difference between type-I ELM crashes and small
ELM crashes: after a type-I ELM crash the velocity drops and continues to stay below zero
(Fig. 5.13), whereas after a small ELM crash, the mode velocity returns to the initial value
(Fig. 5.14).

Returning back to the analysis in subsection 5.3.7, looking at the plots of small ELMs in
Fig. 5.10 and taking into account Fig. 5.14, one can verify, that what really changes after small
ELM crashes is the size of the structures, while the velocity stays at the same level.

Another interesting feature, which comes out after type-I ELMs and mostly appears at the
transition to the small ELMs phase, is a velocity oscillation: after the velocity falls down to
negative values of 1− 2 km/s at the crash, in 200µs it becomes positive, and can reach an
initial rotation velocity of 5− 10 km/s, but then becomes negative again. Not every type-I
ELM has such a feature, but one of three, that is why this tendency is not clearly seen on
the averaged plot in Fig. 5.13, but becomes evident if ELMs are plotted separately, like in
Fig. 5.15a. There can be several periods of such oscillations, which are observed only for type-I
ELMs.

After an ELM crash the separatrix slightly moves inside, while the position of the ECEI
channels stays the same, which affects the ECEI measurements and can cause a diagnostic
artifact. If the separatrix moves deep inside, such that ECEI channels see the outer plasma
region, where the radial electric field is positive, then the observed mode velocity can become
negative.

Fig. 5.15b, c, d show the equilibrium for the moments of time before the ELM, at the
moment of the crash and after the ELM. After the crash (Fig. 5.15d) the separatrix shifts
0.5 − 1 cm inside the plasma, which is comparable with the radial size of an ECEI channel
(∼ 1.5 cm). As there are no negative velocities observed in the next outer channel, the
oscillatory behaviour of the modes is not a diagnostic artifact, but is a real phenomena.

5.4 Discussion

There are many similarities between type-I ELMs and small ELMs. Some of the features,
which are similar, do not change along the transition to a small ELMs regime: both modes
are localized close to the separatrix, in the same narrow region of ∼ 2 cm, the peak of mode
intensity for both types of crashes is the same. Also they have the same dominant mode
velocity around 6 km/s in the laboratory frame, which is probably dominated by ExB rotation
velocity at this radial position. At the very moment of a crash, in both cases the rotation
velocity falls to 1 km/s and its direction changes to the direction of ion diamagnetic drift.
Prior to both types of crashes, some modes with a frequency of 40-50 kHz are seen.

There are also some features which are different for small ELMs and type-I ELMs. After a
type-I ELM crash the mode number of the fluctuation structures becomes lower and stays on
that level for more than 2ms, whereas for small ELMs a less pronounced decrease in mode
number is observed, quickly recovering to the initial level. Related to this, the velocity of the
temperature fluctuations for type-I ELMs and small ELMs also behaves differently: after a
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Figure 5.15: Mode velocity of one type-I ELM and corresponding equilibrium. (a) Velocity
oscillation is observed after the crash (t = 1.6599 s.). (b)(c)(d) Equilibrium at the moments
of time 1.6594, 1.6600 and 1.6610 s. correspondingly. The position of separatrix is marked
with the bold red line, the shaded area indicates the wall. The cross-hairs are guiding eye
to the location at the maximum of the separatrix to make its displacement more visible.

small ELM crash most of the modes continue to rotate with the same velocity as before the
crash, while for type-I ELMs the velocity does not recover fast after the drop to the negative
values. Moreover, for type-I ELMs at the transition phase some velocity oscillations are seen
immediately after the crash, which is never observed for small ELMs. This could be caused by
oscillations of the radial electric field, which affects the ExB drift and, thus, the velocity. The
modes, observed at the transition phase prior to both types of ELMs at 40-50 kHz, disappear
immediately after the crash in case of type-I ELMs, while for the small ELMs they remain.
These modes are identified as inter-ELM modes [3][9][23].

The back transition from the small ELM regime to the type-I ELM regime looks like a
reversed forward transition, so no hysteresis is observed.

The velocity of small ELMs considered here, which is 6 km/s, is the same as the type-II
ELMs analysed by J. Boom in [23]. However, the type-II ELMs in [23] are localized at
ρpol = 0.94, while here they occur at 0.975 6 ρpol 6 1.025 and do not show the ’off-axis’
behaviour as observed in [23]. the different radial position of the modes can be explained by
the other shape of the q-profile, which results in a different location of resonant surfaces.
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Mode numbers, and mode velocity always decrease during the crash, and both continue to
be small for type-I ELMs after crash. The mode activity, which leads to an ELM crash, has
mode numbers lying in the range of m = 96± 18, n = 16± 4 for both type-I and small ELMs.
The range of the observed mode numbers suggests, that the peeling and ballooning modes
for both types of the ELMs are coupled [21]. Taking into account the observations, one can
say, that both the type-I ELMs and small ELMs observed on AUG have the same nature and
evolve over the transition together.

An important feature of the transition to the mitigated ELMs regime is a continuous
inter-ELM mode in between ELMs, which in other regimes appears only episodically. This
inter-ELM mode can last up to the coming ELM crash, merge with it, and still be there
immediately after the crash. This is reminiscent of the transition from type-I ELMs to type-II
ELMs, described in [9]. The frequency of the inter-ELM mode can vary inside of one ELM
cycle in the range of 40 kHz to 60 kHz and its mode numbers are spread in the range of
m = 99± 47 for poloidal and n = 17± 9 for toroidal mode numbers.

The analysis did not show significant differences in the kinetic plasma profiles for the
moments when both type-I and small ELMs are triggered. In this case the stability of the modes
can be changed directly by the coupling between the ELM eigenmodes with the perturbation
field, caused by B-coils. This is similar to the results obtained on DIII-D [18].

Acknowledgments

This work has been carried out within the framework of the EUROfusion Consortium and has
received funding from the Euratom research and training programme 2014-2018 under grant
agreement No 633053. The views and opinions expressed herein do not necessarily reflect
those of the European Commission.

71



Chapter 5. RMP mitigated ELMs

Bibliography

[1] H. Zohm Plasma Phys. Control. Fusion 38 (1996) 105

[2] ITER Physics Basis Editors et al. (1999) Nucl. Fusion 39 2137

[3] E. Wolfrum Plasma Phys. Control. Fusion 53 (2011) 085026

[4] N. Oyama et al. Plasma Phys. Control. Fusion 48 (2006) A171

[5] T. Evans et al. Phys. Rev. Lett. 92 (2004) 235003

[6] W. Suttrop et al. Phys. Rev. Lett. 106 (2011) 225004

[7] W. Suttrop et al. Plasma Phys. Control. Fusion 53 (2011) 124014

[8] E. Wolfrum et al. Pedestal properties of mitigated ELMy H-modes at high density at
ASDEX Upgrade. Proc. 41th EPS Conf. on Plasma Physics (Berlin, Germany, 23-27
June 2014) P2.006

[9] I. Classen et al. Nucl. Fusion 53 (2013) 073005

[10] Y. Liang et al. Plasma Phys. Control. Fusion 49 (2007) B581

[11] M. Fenstermacher et al. Phys. Plasmas 15 (2008) 056122

[12] I. Classen et al. Rev. Sci. Instrum. 81 (2010) 10D929

[13] J. Boom et al. Nucl. Fusion 51 (2011) 103039

[14] G. Bekefi. Radiation processes in plasmas (1966) John Wiley & Sons, New York, USA

[15] R. Fischer et al. Fusion Sci. Techn. 58/2 (2010) 675

[16] P. Stangeby. The Plasma Boundary of Magnetic Fusion Devices (2000) Taylor & Francis,
New York, USA

[17] S. Rathgeber et al. Plasma Phys. Control. Fusion 55 (2013) 025004

[18] T. Evans et al. Nucl. Fusion 45 (2005) 595

72



BibliographyBibliography

[19] A. Bogomolov et al. Variation of ELM signatures observed by ECE Imaging on ASDEX
Upgrade, Proc. 40th EPS Conf. on Plasma Physics (Helsinki, Finland, 1-5 July 2013)
P4.114

[20] C. Kessel. Nucl. Fusion 34 (1994) 1221

[21] A. Leonard. Phys. Plasmas 21 (2014) 090501

[22] M. Schittenhelm and H. Zohm Nuclear Fusion 37 (1997) 1255

[23] J. Boom et al. Nucl. Fusion 52 (2012) 114004

73





Chapter 6

The effect of nitrogen seeding on ELM
filaments∗

Abstract
The aim of this work is to study the effect of nitrogen gas puffing on Edge Localized Modes
(ELMs). Nitrogen seeding reduces the ELM duration and often leads to the enhancement of
the plasma confinement. One of the theoretical explanations of ELM reduction under effect
of nitrogen are changes in the filamentary structure of ELMs. With the help of the Electron
Cyclotron Emission Imaging (ECEI) diagnostic on the ASDEX-Upgrade (AUG) tokamak,
experimental evidence for this hypothesis was obtained. It is shown that nitrogen seeded ELMs
expel less filaments, the number of filaments in an ELM correlates well with both the duration
of the ELM crash and the ELM-related pressure drop. The energy loss per filament event in
the analysed shots is estimated as 2.5− 5 kJ.∗

6.1 Introduction

In discharges with high heating power the divertor loads limit the operation of AUG [1]. Impurity
seeding can solve the problem by increasing the radiative power in the divertor. Different
impurity gasses are used for increasing the radiative power: the effect of nitrogen, neon and
argon was investigated on Alcator C-Mod [2], a comparison between neon, argon and krypton
has been performed on DIII-D [3][4]. The most favourable gas for seeding is nitrogen, as it
mostly radiates in the scrape-off layer (SOL) and divertor region [5][1], reducing the divertor
power loads and allowing operation at higher core heating power [2].

Apart from preventing the divertor tiles from overheating, nitrogen seeding is often observed
to improve confinement in devices with metallic walls [8]. On the Joint European Torus (JET) it
is reported, that nitrogen improves confinement in the high-shape H-mode [9]. Studies pointed
out that the improvement of confinement is most likely an edge effect [8], which is supported

∗This chapter is based on a paper submitted to Nuclear Fusion: A V Bogomolov, I G J Classen, A J HDonné,
MDunne, P A Schneider, EWolfrum, B Vanovac, R Fischer, L Frassinetti, N C Luhmann Jr. and the ASDEX Up-
grade Team, the EUROfusion MST1 Team. The effect of nitrogen seeding on ELM filaments.
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by the differences in the impact of nitrogen in case of the ITER-like wall (ILW) and carbon
wall [10] as well as by strong changes in ELM behaviour. Typically, ELMs become smaller and
more frequent with nitrogen seeding. This effect has been extensively studied experimentally
on AUG and JET [2][11][12][13][14][15]. Observations suggest, that nitrogen can indirectly
change the ELM behaviour by reducing the SOL temperature [16]. Among other explanations,
filamentary changes were proposed. Calculations with the non-linear magnetohydrodynamic
(MHD) code JOREK performed for the Mega Ampere Spherical Tokamak (MAST) [ 3] show
that the dynamics of the filaments, which often accompany ELM crashes, is dependent on the
temperature of the scrape-off layer.

The work presented in this article shows experimental evidence for changes in ELM filaments,
which are directly related to the ELM size. The filaments have been widely investigated by a
variety of diagnostics on different machines: MAST [23][18][19][30], JET [20][21], C-MOD [22]
and others [26]. In this paper the term ’filament’ refers to relatively hot structures in comparison
to the background, which appear after the ELM crash and that are elongated in the poloidal
direction. Here the effect of nitrogen seeding on ELM filaments is studied by means of the
Electron Cyclotron Emission Imaging diagnostic on AUG. The ECEI system at AUG is a
2D diagnostic which consists of a linear array of 16 detectors, looking at different vertical
positions in the plasma. Each detector acts as a standard (1D) ECE radiometer with 8 radial
channels. In total the ECEI diagnostic has 128 channels which cover an observational area of
∼10x40 cm2 [25]. The diagnostic geometry in the plasma is shown in Fig. 6.4(left). The ECEI
system is cross-calibrated versus the absolutely calibrated 1D ECE system.

The paper is organized as follows. In section 6.2 the details of the experiment are given;
the well-known evolution of ELMs under the effect of nitrogen seeding is described. Section 6.3
is dedicated to studying the relation between the ELM duration and its filaments; ELM cycle
phases are introduced. Section 6.4 shows an ELM precursor, which typically accompanies
nitrogen seeded ELMs. Characteristics of the precursor are given. In section 6.5 the plasma
kinetic profiles are compared for nitrogen seeded and non-seeded ELMs. A summary is given
in section 6.5.

6.2 Evolution of ELMs during nitrogen seeding

Puffing a sufficient amount of nitrogen into the plasma (∼ 12% of the deuterium gas puff rate)
leads to changes in the ELM behaviour [2][14]. An evolution of some ELM properties under N2
puffing is shown in Fig. 6.1, representing AUG discharge#30417. In this discharge the nitrogen
is puffed in two steps: the puff starts with a rate of 1.4 · 1021 ē s−1 at 2.3 s, which is then
increased up to 3.0 · 1021 ē s−1 after 3.2 s. In order to maintain the same amount of nitrogen
and taking into account its accumulation in the plasma, the puffing rate slightly decreases
between the steps. Other discharge parameters are as follows: Bt = −2.5T, Ip = 1.0MA,
PNBI = 12MW after 2.1 s, PECRH = 1.7MW, PICRH = 2.0MW. The analysis in this paper is
based on four nitrogen-seeded discharges with a common feature of high NBI heating power
of 12MW. The choice for high heating power was made because the modes are better seen by
ECEI.
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Figure 6.1: ELM frequency evolution related to the nitrogen seeding for AUG discharge
#30417. a) Density and temperature timetraces (smoothed) taken at ρpol = 0.95. b) Diver-
tor thermal current, NBI power, total stored energyWmhd and nitrogen puff rate. With the
second step of the nitrogen puff ELMs become smaller. c) ELM frequency fELM. The ELM
frequency slowly increases after the second step of the nitrogen puff. d) ELM duration
τELM. The ELMs with a duration of more than 1.5ms are considered to be ’long’ and are
marked with red stars, while the ones with a duration of less than 1.5ms are ’short’ and
are marked with the green dots. Both types can coexist at the same time. The curves in
bold are a guide to the eye indicating the average.

Fig. 6.1b shows the nitrogen puff together with the divertor thermal current. The divertor
thermal current is a current produced by temperature differences between inner and outer
divertor plates via sheath potential differences [28]. It is proportional to the thermal loads
experienced by the divertor and can be used to obtain the ELM frequency fELM and ELM
duration τELM. Here the ELM duration is determined by setting a threshold on the divertor
current: the time when the divertor current is higher than the threshold is considered as
the ELM duration. From Fig. 6.1d it is seen that the ELMs can be separated in two groups
according to their duration: a ’long’ ELMs group, which have a duration in the range of
2− 3ms (red stars) and a ’short’ ELMs group (green circles), which have a duration of about
1ms. In the absence of nitrogen or with slight nitrogen seeding both groups simultaneously
coexist with the long ELMs prevailing.

Before the nitrogen puff begins, the plasma is in a type-I ELMy H-mode, with the ELM
frequency, calculated as the inverse of the inter-ELM period, around 100− 150 kHz (Fig. 6.1c).
At 2.3 s the first step of the N2 puff begins. Due to the low puffing rate, it does not lead
to significant changes in the ELM behaviour, however, the total stored energy Wmhd slightly
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Figure 6.2: Left: ELM frequency distribution along discharge #30417, calculated for all
the ELMs in the time interval between 2.2 and 3.5 s. Right: ELM duration as a function of
ELM frequency. Short ELMs are mostly associated with the strong nitrogen seeding.

increases. After the second step which starts at 3.0 s, the ELMs change significantly: long ELMs
completely disappear, substituted by short ELMs with a higher frequency of 200− 250 kHz.
With the higher nitrogen puff Wmhd also continues to grow. Fig. 6.2 shows the duration
distribution of the ELMs in the discharge, showing a clear separation between the two ELM
groups. The transition from the long ELMs regime to the short ELMs regime is very sharp.
Either it is a very steep function of the amount of nitrogen, or there is a threshold behaviour
in its nature.

6.3 ELM duration and filaments

The comparison between the short ELMs in the presence of nitrogen and the conventional
type-I ELMs was performed on AUG by Schneider et al. and presented in ref. [13]. Three
different phases of an ELM cycle have been identified (see Fig. 6.3). (I) The ELM crash itself
with two subphases: (Ia) the rise of the divertor thermal current signal, (Ib) the flat phase of
the divertor current; (II) the decay of the divertor current, (III) the inter-ELM phase, during
which the pedestal parameters begin to recover [13].

Short nitrogen seeded ELMs differ from type-I ELMs by the absence of the (Ib) phase,
where the divertor current is flat. Instead, in the case of short ELMs, the divertor current
starts to fall immediately after the rise, thereby skipping the flat phase (see Fig. 6.3). Skipping
the (Ib) phase makes nitrogen seeded ELMs to be on average 1ms shorter than type-I ELMs.

With the ECEI diagnostic it is possible to observe what is happening during the (Ib) phase,
which allows to find out other principal differences between type-I ELMs and nitrogen seeded
ELMs.

Fig. 6.3 shows a conventional type-I ELM (a, b, c, d) and a short nitrogen seeded ELM (d, e, f, g),
as seen by the divertor current (a, e) and the ECEI. The ECEI data is presented in two different
ways: as signals from two single channels (b, f) and as 2D data arrays of vertical chords
(c, d; g, h). A pair of channels or chords represent the data measured inside (c, g) and outside
(d, h) of the separatrix. Due to the curvature of the magnetic field (Fig. 6.4) some channels
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Figure 6.3: Long (in red) and short (N2 seeded, in green) ELMs as seen by the divertor
current (a, e) and ECE Imaging (b, c, d, f, g, h). Phase (I): the ELM onset and development.
Long ELMs have an additional (Ib) phase, during which filaments are produced, not present
in short ELMs. Phase (II): the decay of the ELM crash. Phase (III): the recovery of the
pedestal. a) Divertor current for an ELM without nitrogen. b) Two ECEI channels (7,8) and
(7,6), with the first located inside and the second outside the separatrix. Temperature rise
for the inner channel and drops for the outer one related to filaments are marked by red
ellipses. c) ECEI inner vertical chord. d) ECEI outer vertical chord. e) Divertor current for
a nitrogen seeded ELM. f) Two ECEI channels: the inner one (7,8) and the outer one (7,6).
g) ECEI inner vertical chord for the case of a nitrogen seeded ELM. An ELM precursor is
marked with the green ellipses. h) ECEI outer vertical chord of the nitrogen seeded ELM.
The ECEI is cross-calibrated versus the absolutely calibrated 1D ECE.

of a vertical chord are exposed to higher temperatures than others, as they are closer to the
plasma center. As here the relative temperature fluctuations are more important than the
absolute ones, each of the ECEI channels is separately normalized to the same amplitude
level. The time traces of the single ECEI channels (b, f) are normalized to their average values
across the whole discharge. There are two principal differences observed by ECEI between
the conventional type-I ELMs and short nitrogen seeded ELMs. One of them is that the
nitrogen seeded ELMs have a strong precursor (Fig. 6.3g,h, the green ellipse), which is not
commonly seen in case of type-I ELMs. This difference will be considered in more detail in
section 6.4. Here another difference will be discussed: the existence of filaments, which are
typically produced after type-I ELM crashes (Fig. 6.3b,c,d), and which do not occur after
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nitrogen seeded ELMs.
As was mentioned before, in this paper the term ’filament’ refers to relatively hot structures

in comparison to the background, which appear after the ELM crash. These structures,
opposite to the coherent and regular ELM onset modes (described, for instance, in [24]), are
singular events and are only observed outside the separatrix (see Fig. 6.3cd, Fig. 6.4). The
filaments, accompanying type-I ELMs on AUG, are usually produced in bursts and have the
following characteristics: rotation mostly in the electron diamagnetic drift direction with
typical velocities of 2 km/s, the filaments are usually produced within 3ms after a crash, and
can have a temperature of up to 200 eV [27]. Note that all ECEI measurements are taken in
the laboratory frame, which is a sum of the fluctuation velocity itself and the plasma E ×B
rotation velocity: VLAB = ω/k + VE×B. With the help of ECEI it is possible to count the
number of filaments which are produced after each ELM and which pass through the ECEI
observation window. The filaments in Fig. 6.3c are seen as dark inclined lines, indicating that
the temperature inside the separatrix locally drops (Fig. 6.3b), whereas on the outer channels
(Fig. 6.3d) the filaments appear as bright lines, locally increasing the temperature as they are
being produced. One of the filaments caught in Fig. 6.3 is shown in 2D in Fig. 6.4, where
three snapshots of the filament are represented.

Figure 6.4: Left: ECEI observational area on AUG. An array of 16x8 channels covers ∼
10x40 cm2 of plasma. Right: three snapshots of a filament produced after a type-I ELM
as seen by ECEI. The filament propagates poloidally in the electron diamagnetic drift
direction slightly outside of the separatrix.

Before making some statistics on the filaments, one should address an issue related to the
fraction of all filaments seen by ECEI.

A typical filament seen by the ECEI on AUG has the lifetime comparable with its observation
time: ∼ 250µs and the poloidal velocity about 2 km/s. The magnetic field line inclination
Bt/Bp ∼ 4 at the position of the ECEI viewing window. Considering filaments to be elongated
along the magnetic field lines, each filament crosses at some toroidal location the mid-plane.
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Filaments crossing the mid-plane no further than 80 cm left of right of the ECEI viewing
window will be seen by the diagnostic (the view extends 20 cm above and below the mid-plane
which, due to the pitch of the field lines, corresponds to 80 cm left and right in the toroidal
direction). On top of that, filaments that are born on the toroidal mid-plane location not
further than 240 cm to the right will, due to their lifetime, rotate in view of ECEI window
before they die (they are born 40 cm below the vertical view of ECEI and rotate ∼ 40 cm
upwards during their lifetime). Hence, the system is able to see the filaments which are born
on a 320 cm toroidal section of the mid-plane (from 80 cm left to 240 cm right).

Taking into account, that the circumference at the low field side (LFS) of AUG is 12.5m,
the fraction of the filaments seen by ECEI is approximately 25% (3.2m/12.5m). In the present
research the plots below are based on the number of filaments observed by ECEI, whereas in
reality their number is four times higher.

Another issue related to filaments is that due to limitations of ECEI only filaments with high
enough density (optically thick) and a size larger than 2.5 cm2 can be seen. In Fig. 6.4 on the
right the filament is observed outside the separatrix and it rotates in the electron diamagnetic
drift direction, whereas filament-like structures on AUG have been previously reported to
be rotating in the ion diamagnetic drift direction if they are outside of the separatrix [36].
However, it should be noted, that the term ’filament’ is quite vague and various events can be
brought under this definition. The position of the ECEI channels is strongly affected by the
optical thickness of plasma, which may result in a difference between the true location of the
filament and the corresponding emission peak, seen by ECEI (in Fig. 6.4, right).

It is observed that the ELM duration τELM correlates with the number of detected filaments
produced after the crash. Fig. 6.5a shows this dependency for discharge#30423. Here ELMs
with a duration τELM < 1.5ms are considered to be short (see Fig. 6.2 for reference) and are
marked by the green dots. Short ELMs never have more than one filament and in most cases
they have no filaments at all. The ELMs with only one filament have the largest scatter in the
duration time. The ELMs which produce two filaments or more are always long.

There is also a correlation between the number of filaments and both the temperature and
density drop, caused by an ELM. Fig. 6.5b,c shows these dependencies, with the temperature
and density drops taken at ρpol = 0.95. The values of the temperature and the density are
provided by integrated data analysis (IDA) [6]. The ELMs which, according to IDA or the
Wmhd signal, have shown a negative energy drop or temperature drop were excluded from
the data set. As a consequence of the correlation between the number of filaments and the
pressure drop, the number of filaments correlates as well with the drop in the total stored
energy Wmhd, shown in Fig. 6.5d. From the figure it is seen, that in discharge#30423 the
average energy drop caused by type-I ELMs without filaments is about 27 kJ, while for the
ELMs with four filaments the drop becomes ∼ 37 kJ. This allows to estimate an average
energy loss per filament event as 2.5 kJ. Hereafter, by a ’filament event’ it is implied that there
are also some non-filamentary losses possible, rather than the whole energy loss being caused
by the filament itself. The obtained value of the energy loss per filament event is about 7% of
the whole ELM energy loss, which is higher than for MAST or JET where it was estimated as
2.5% [29][21][30]. However, the fraction of the energy loss due to filaments here is about 25%
of the total energy loss due to the ELM, which is in agreement with the energy arriving at
the first wall on AUG [32] and is similar to the values on MAST and JET (30%) [31]. The
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Figure 6.5: The effect of filaments on: a) ELM duration b) Electron temperature drop
c) Density drop d) Plasma stored energy (WMHD) drop. Long ELMs are marked with the
red stars, short ELMs are marked with the green dots. Short ELMs do not expel more than
one filament and, on average, cause a smaller temperature and density drop than long
ELMs. The lines are a guide to the eye regarding the mean values.

discrepancy in the energy loss for a single filament event can come from either non-filamentary
losses implicitly included in the current calculations, or from underestimation of total amount
of filaments, as some of them can pass outside of the ECEI viewing window, as discussed
above. Another possibility of the discrepancy is in the studied phenomena itself: on MAST and
JET the filaments were studied which lead to the ELM crash, whereas here we are interested
in the filaments which are ejected after an ELM crash.

Although, the scatter is rather high, the ELMs with two or more filaments have a tendency
to reduce the plasma kinetic profiles more than the ELMs with only one filament or with no
filaments at all. The latter ones can even have almost no effect on the profiles. The effect of
different ELMs on the plasma kinetic profiles will be considered in section 6.5.

According to JOREK simulations performed by Pamela et al. [3], the SOL temperature
can indirectly change the filament behaviour by affecting both plasma viscosity and resistivity.
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Particularly it was found that lower SOL temperatures lead a to lower number of filaments
ejected. As it was experimentally shown by Fuchs et al. in ref. [1], nitrogen seeding enhances
the radiation around the X-point, which reduces the temperature in the SOL relative to non-
seeded discharges. The current research indicates, that the ELM duration is correlated with the
number of filaments. Summarizing, a possible model can be the following: nitrogen reduces the
SOL temperature, which indirectly, by increasing the plasma viscosity and resistivity, reduces
the number of produced filaments by ELMs. The number of produced filaments is strongly
correlated to the ELM length, which becomes shorter with the nitrogen seeding.

6.4 ELM precursors

As was mentioned in section 6.3, a typical feature of nitrogen-seeded ELMs observed on AUG
is the presence of an ELM precursor mode. As currently presented work is based on four high
power discharges, there is no evidence that the precursor mode will have the same characteristics
in all other discharges. However, in this section some features of the ELM precursor modes,
which are typical at least for high power discharges, will be analysed. In Fig. 6.3g the mode,
which appears a few milliseconds before the crash, is the ELM precursor mode. The ELM
precursor mode should not be confused to the coherent temperature fluctuations during the
ELM onset, leading to the crash (described, for instance, in ref. [31]); those last not more than
a few hundred microseconds, have high toroidal mode number n and appear directly prior
to the crash. Here by ’precursor’ a relatively long living (2 − 3ms) mode is meant, which
also appears as coherent temperature fluctuation and in the end merges into an ELM onset.
This mode typically appears 2ms after the previous nitrogen-seeded ELM. Note, that some
temperature fluctuations can occur prior to conventional type-I ELM crashes as well (e.g. in
Fig. 6.3d some bright structure prior to crash is observed), however, those do not have a
regular structure or reproducibility from ELM to ELM. The precursors for the case of nitrogen
seeded ELMs are highly reproducible and have a regular structure.

The N2 ELM precursor mode differs significantly from the inter-ELM mode, described in
ref. [1][33][2]. First of all, its mode frequency is in the order of several kHz (see Fig. 6.6b)
compared to 20− 50 kHz [2] for the inter-ELM mode. The second difference is that it always
leads to a crash, while the inter-ELM mode can appear and also disappear in between two
crashes. The nitrogen-seeded ELM precursor mode always disappears after the crash, while
the inter-ELM mode can still be present in the background even after the ELM crash.

More detailed information on the N2 ELM precursor mode can be obtained from Fig. 6.6,
which shows the conditionally averaged mode velocity related to the averaged N2-seeded ELM
crash in the top plot and the corresponding conditionally averaged spectrogram of the ECEI
channels in the bottom.

Fig. 6.6a is constructed as follows. Data, covering a time range from 4ms pre-crash to 4ms
after it, is taken for each ELM. These data are then divided into samples of 80µs and in each
of them a 2D FFT is performed. After integrating the intensity of each 2D FFT over different
frequencies ω and wave-numbers k, the velocity V = ω/k for each sample can be obtained
which is then plotted explicitly. Positive values of the velocity correspond to mode rotation in
the electron diamagnetic drift direction in the laboratory frame. More details concerning this
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method can be found in section 5.3.5.

Figure 6.6: a) Conditionally averaged mode velocity for 24 nitrogen seeded ELMs in dis-
charge #30423. The synchronized ELM crash is in the middle. Positive velocities corre-
spond to the electron diamagnetic drift direction. b) Conditionally averaged spectrogram
of inner vertical ECEI chord #6.

Here short, nitrogen seeded, ELMs follow each other approximately each 4.5ms. The
precursor mode appears ∼ 3ms before the crash with an initial velocity around6 km/s in the
electron diamagnetic drift direction. Then, around 1.5ms before the crash the mode velocity
pattern broadens with appearance of lower velocities and the crash follows. After the crash the
mode velocity changes its rotation to the ion diamagnetic drift direction and holds the velocity
of about 1 km/s during 1ms. Then it disappears and shortly afterwards the mode reappears
with the original velocity 2ms after the crash. This mode is the ELM precursor mode for the
next ELM crash. As the observed mode velocities are measured in the laboratory frame, they
most probably represent the ExB velocity of the plasma as a whole, while the changes in the
measured velocity reflect the changes in the radial electric field Er. The appearance of the
precursor mode is synchronised to the previous ELM crash: it appears 2ms after, which is
suggested by a very high amplitude of the corresponding spot in the conditionally averaged
plot. This is probably the most interesting feature of the N2 ELM precursor mode. Note that
the precursor before the crash in the conditionally averaged plot is much less pronounced,
which indicates that the time between the crash and the next precursor is much stronger
determined than the time between the precursor and the crash. Another observation is that
after nitrogen puffing the ELM precursor accompanies each short ELM, but before the nitrogen
is being puffed the precursor appears before the short ELMs only occasionally.

Fig. 6.6b shows the ELM synchronized spectrogram corresponding to the discussed precursor
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mode velocity. The spectrogram is averaged over all channels of the vertical chord, where the
mode is seen clearest. From the figure it is seen, that the typical frequencies of the precursor
mode are in the order of several kHz. Due to short duration of the precursor mode it is not
possible to determine its frequency with a better resolution. The better synchronization of a
precursor to the previous ELM crash rather than to the following one is also supported by the
spectrogram.

6.5 Plasma kinetic profiles

It has been observed that nitrogen seeded ELMs cause a smaller drop in both temperature
and density than type-I ELMs [13]. Fig. 7.11 illustrates this for AUG discharge#30423, where
the plasma kinetic profiles, provided by IDA [6], are separately averaged over long and short
ELMs. The red lines in Fig. 7.11 correspond to the profiles before and after long ELMs (solid
and dashed lines correspondingly), whereas the green lines correspond to the profiles before
and after short ELMs. The relative difference between the profiles before crashes and after -
the temperature and the density drops - are shown by dashed lines in the bottom plots.

Figure 6.7: Averaged plasma kinetic profiles for long (red) and short (green) ELMs. Solid
lines show the profiles before the crashes, whereas the dashed lines indicate the profiles
after. The relative profile difference between ’before’ and ’after’ is plotted by the dash-
dotted lines in the bottom plots.

In both cases of long and short ELMs the maximum density drop is situated around
ρpol ∼ 0.97 (Fig. 7.11d), corresponding to the pedestal region, while the maximum temperature
drop is situated a bit deeper in the plasma: ρpol ∼ 0.95 (Fig. 7.11b), corresponding to the
position of the pedestal top. The temperature for nitrogen seeded (short) ELMs is higher,
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than those for long ELMs, which is consistent with previous observations [8][11][12]. The
density profile for the N2 seeded case is not much enhanced over the non-seeded case. For
both temperature and density the temperature drop caused by the short ELMs is smaller than
the drop caused by long ELMs.

Figure 6.8: Relative temperature and density drops averaged by the different number of
filaments, produced by the ELMs and detected by ECEI. The higher number of filaments
leads to higher temperature-density drop. The data in the shaded area on the temperature
plot is outside of the separatrix and is not reliable.

Using the benefits of the ECEI diagnostic it is possible to sort and average the kinetic
profiles according to the number of filaments crossing the ECEI window, during a particular
ELM crash. Fig. 6.8 shows averaged density and temperature drops caused by the ELMs with
different number of filaments. There is a trend seen, which shows, that the crashes with
a higher number of filaments lead to a higher drop of the temperature profile. From the
density drop plot (Fig. 6.8b) it is only possible to conclude that the drop caused by the ELMs
with no filaments is a bit lower. The non-smoothness of the relative temperature drops in
Fig. 6.8a is caused by low temperature next to the separatrix (due to division by a small value:
(T before

e − T after
e )/T before

e ).
By integrating the pressure drop over the plasma volume one can obtain the amount of

energy loss caused by ELMs: ∆Eloss = 3/2
∫
V 2∆pedV . Here the ion pressure drop was taken

the same as the electron pressure drop ∆pi ≈ ∆pe resulting in the factor of 2 under the
integral sign. The integration is performed over the volume, where the profiles’ change is most
significant, which corresponds to the region 0.8 6 ρpol 6 1.0. Calculated with this method an
average energy loss per observed filament event in the analysed shots is estimated as 5 kJ,
whereas the energy loss per ELM is about 30 − 40 kJ with the total stored plasma energy
of ∼ 700 kJ. The relative energy loss is close to 1% of the total stored plasma energy per
observed filament event or 15% of the total energy loss caused by an ELM.
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In section 6.3 the average energy loss per filament event was calculated directly from Wmhd
signal and was estimated as 2.5 kJ. The discrepancy between the two estimations can come
from the different ways of obtaining the total stored energyWmhd, high scatter in the Wmhd
signal, not enough accurate electron temperature profiles and the small dataset on the number
of filaments. Still the obtained values can be used as a rough estimate of the energy loss per
filament event.

6.6 Summary

In the experiments conducted on AUG both long and short ELMs take place simultaneously,
with the domination of long type-I ELMs, before nitrogen seeding is applied. Both types of
ELMs have been characterised by ECEI. The average duration of long ELMs is 2 − 3ms,
whereas for short ELMs it is 1ms. Both groups also have different average frequencies:
100− 150Hz versus 200− 250Hz correspondingly. The signal of the divertor current indicates
the existence of an additional phase, which is not observed for the case of short, nitrogen
seeded ELMs. This phase was investigated in detail by means of the ECEI diagnostic. It was
found, that in this phase some relatively hot structures with respect to the background plasma,
so-called filaments, are ejected.

The channel of the additional losses in the absence of nitrogen had not been identified
for a long time, however, filaments were one of the likely candidates [13]. With the help of
ECEI on AUG it became possible to prove, that filaments are playing a role in these losses.
Filaments only exist in the additional phase (Ib) (Fig. 6.3) and their number is connected to
both the ELM duration and the ELM related pressure drop. The corresponding energy loss per
observed filament event for the analysed discharges is about 2.5− 5 kJ or 0.5− 1% of the
total stored plasma energy. The average total energy loss due to type-I ELMs is 30− 40 kJ.
The filaments are seen by the ECEI system slightly outside of the separatrix and rotate in
the electron diamagnetic drift direction with a typical velocity of 2 km/s. Their lifetime is
estimated to be in the range of 200− 400µs. Filaments are not seen to be ejected in bursts,
however, in the considered discharges one ELM can eject up to 4− 5 filaments. The short
ELMs can occasionally eject one filament, but most commonly do not eject any.

As soon as there is enough nitrogen in the plasma, the number of filaments produced by
each ELM reduces and subsequently ELMs become shorter. When the nitrogen puff is high
enough, the long type-I ELMs completely disappear. The transition from long ELMs to the
short ones under the effect of nitrogen is quite sharp and reminiscent to a ladder step.

The short nitrogen seeded ELMs are accompanied by a precursor which is typically not
observed for long type-I ELMs. The precursor represents a coherent temperature fluctuation
which appears 3ms prior to the following ELM crash with which it merges. The short
ELMs, which co-exist in the plasma with the long ELMs before the nitrogen is being puffed,
demonstrate the precursor mode only occasionally. The precursors are most pronounced inside
the separatrix, have the velocity of ∼ 6 km/s in the electron diamagnetic drift direction and
have a frequency of several kilohertz. An interesting observation is that the time between an
ELM crash and the next precursor is much stronger determined than the time between the
precursor and the following crash.

87



Chapter 6. Nitrogen and ELM filaments

The calculations performed for MAST show that lowering of the SOL temperature, amongst
other effects, leads to reduction of the number of produced filaments [3]. From another side,
it was experimentally observed that nitrogen reduces the temperature in the divertor and
SOL regions[5][1][2]. Although on MAST the separatrix temperature is up to 10 times lower
than on AUG, with the assumption that MAST calculations represent a general effect and
can be extrapolated to other machines, it is possible to make a hypothesis, that nitrogen can
indirectly reduce the number of filaments leading to shorter ELMs by lowering the SOL tem-
perature. A similar modelling with use of JOREK code is planned to be performed on AUG soon.
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Chapter 7

The role of inter-ELM mode activity in the
ELM cycle

Abstract
The inter-ELM mode is a mode which appears in the ELM cycle between two consequent
ELM crashes. The appearance of the inter-ELM mode delays the following ELM crash by
affecting the ELM stability and, therefore, is important for ELM physics. On ASDEX-Upgrade
the mode is clearly seen by the ECEI diagnostic and, simultaneously, by the magnetic pick-up
coils (MPCs). However, the frequencies of the mode appearing on the ECEI and the mode
on MPCs differ by one order of magnitude, which means that these are two separate modes
appearing simultaneously under the same conditions. This chapter addresses the questions if
these modes are really simultaneous, if one mode can exist without the other one and how
these modes affect the plasma profiles. Also, the mode characteristics are given.

7.1 Inter-ELM mode

An ELM cycle can be divided into two phases: the ELM crash phase and the recovery phase.
As soon as the temperature and density are recovered, reaching high enough gradients in the
pedestal region, the next ELM crash occurs. In the recovery phase the so-called inter-ELM
mode can occur. The length of the recovery phase mostly determines the duration of the
whole ELM cycle. If the pedestal recovers fast, then ELMs occur frequently; such ELMs are
called ’fast’ ELMs. Opposite to the fast ELMs, slow ELMs require more time for the pedestal
to recover.

The inter-ELM mode was seen for the first time by ECEI on AUG and described in [1][2].
There it was reported that inter-ELM modes appear as the first sign of an upcoming ELM
crash and usually accompany slow ELMs: the ELMs with a frequency less than 80Hz. Fig. 7.1
shows in the top the signal of the divertor current which indicates the occurrence of the ELMs:
the big spikes correspond to the type-I ELMs, whereas the small ones between them are due
to the inter-ELM mode. The bottom plot of Fig. 7.1 shows the ELM frequency with the
separation line at 80Hz. There is a clear correlation between the appearance of the inter-ELM
mode and the time between the corresponding ELM crashes: if the mode appears, then it
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Figure 7.1: ELMs as seen by divertor current (top) and their frequency (bottom) in AUG
discharge #26439. The red line indicates the frequency of 80Hz, which distinguishes fast
and slow ELMs. The inter-ELM modes usually accompany slow (< 80Hz) ELMs.

takes longer for the following ELM to come. This suggests that the inter-ELM mode delays
the pedestal recovery and, therefore, regulates the pedestal stability [2]. From the point of
view of the pedestal stability the inter-ELM mode is reminiscent to the Kinetic-Ballooning
Mode (KBM) [3], which can also accompany ELMs. The onset of the KBM among the onset
of the peeling-ballooning modes are the two constraints in the EPED pedestal model, allowing
to predict the pedestal width and height during the H-mode [4]. Triggering of the KBM puts a
constraint on the pedestal width, making it a function of pedestal height [4]. As the pedestal
width grows together with it height, the gradient remains approximately the same, being
critical to the KBM [3]. The KBM is a pressure gradient driven instability which has a short
wavelength and can be considered as the kinetic analog of a local MHD ballooning mode [5].

Three 2D snapshots of an inter-ELM mode are shown in Fig. 7.2 together with data from
one vertical chord of ECEI, plotted as a function of time. As it is seen from Fig. 7.2b, the
inter-ELM mode causes a coherent temperature fluctuation on the plasma boundary and is
strongest above the mid-plane. The mode always rotates in the electron diamagnetic drift
direction (upwards in Fig. 7.2a) with typical velocities of 2 to 4 km/s. The frequency range
of the inter-ELM mode is about 20 to 50 kHz, the poloidal wavelength is approximately
10 cm [1][2].

Above, the inter-ELM mode as seen by the ECEI diagnostic was described. An interesting
feature arises when comparing the signals from ECEI and magnetic pick-up coils (MPCs). In
almost all cases when the mode is seen by ECEI, simultaneously a mode appears on the MPCs,
however, in a different frequency range. The mode seen by MPCs has frequencies lying in the
range of 200− 300 kHz, which is one order of magnitude higher than the typical frequencies
of the inter-ELM mode seen by ECEI. In order to conveniently distinguish these two modes,
the one seen by ECEI is called here ECEI-mode, whereas the mode seen by the MPCs is called
MPC-mode.

Some general investigations concerning the inter-ELM modes have already been investigated
in chapters 5 and 6 of this thesis. This chapter describes the features related to these two
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Figure 7.2: Discharge #30701. ECEI data taken during an inter-ELM mode: (a) A fluctua-
tion rotating in the electron diamagnetic direction (in the laboratory frame) is observed.
(b) Data from one vertical chord of the ECEI is plotted as a function of time.

modes in detail.

The chapter is organized as follows. In section 7.2 the general temporal structure of both
modes is given using the example of one ELM cycle. Section 7.3 is dedicated to studying the
temporal relation between the two modes considering more than 40 ELMs in one discharge; the
case of the existence of the ECEI-mode without the corresponding MPC-mode is introduced.
The following section 7.4 shows the spatial localization of the ECEI-mode as well as its cross-
correlation in space and time. The mode position indicates, which region of the plasma kinetic
profiles can be affected by the mode. Based on the results of the previous section, section 7.5
shows time traces for the plasma density and temperature as well as their kinetic profiles for
the cases with and without the presence of the inter-ELM modes. The time traces reflect the
effect of the modes on the time evolution of the plasma temperature and density, whereas
the kinetic profiles also show the spatial evolution of plasma. Section 7.6 is investigating how
the mode velocity changes in time. Combined with the data on the mode frequency, it gives
wave-numbers of the mode, providing more information on the mode structure. The last
section summarizes the observations and gives a discussion.
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7.2 The inter-ELM mode evolution

In this chapter the evolution of the modes will be studied on an example of one inter-ELM
period where the modes are seen by both the MPCs and the ECEI.

Fig. 7.3 represents the spectra of the two modes, simultaneously appearing in time on the
ECEI and MPCs. The time resolution of the ECEI in this shot is 1µs and 0.5µs for the MPC,
which in principle allows both diagnostics to see the modes simultaneously, however, only one
mode is observed in each of the diagnostics.

Figure 7.3: Spectrograms of inter-ELM modes seen by MPC (top) and ECEI (bottom) ending
with an ELM crash. The ECEI-mode consists of two phases and a gap between them. The
MPC-mode has several frequency branches at its onset, which develop into two close and
narrow frequency lines.

Two phases of typical inter-ELM modes are marked in Fig. 7.3. Phase A corresponds to the
beginning of the inter-ELM mode seen on ECEI (ECEI-mode). The duration of this phase is
typically ∼ 1ms, the starting frequency of the ECEI-mode is about 60 kHz and in most cases is
observed to be slightly decreasing. In phase A there is no mode observed on the MPCs signal
(MPC-mode). After phaseA a short, about 0.3ms long, gap follows where the ECEI-mode
disappears and no signal is observed neither in ECEI nor in MPCs. Later, the reappearance of
the ECEI-mode with a lower frequency marks the beginning of phase B.

PhaseB is characterised by the simultaneous presence of the both inter-ELM modes.
The ECEI-mode has a frequency of 30 kHz, whereas the MPC-mode has a frequency of
200− 300 kHz. Both of these frequencies do not exhibit significant changes along the whole
phase B, however, the frequency of the MPC-mode is more stable than the frequency of the
ECEI-mode. The first half millisecond the MPC-mode can have a slightly different frequency
relative to the main part of phaseB or it even can have several frequency branches, which
develop afterwards into one or two close narrow frequency lines (Fig. 7.3). PhaseB can last
up to 25 milliseconds and it always leads to an ELM crash. After the ELM crash both modes
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disappear and reappear again only during the next ELM cycle at the end of the pedestal
recovery.

Some deviations from the described case (Fig. 7.3) are possible. In some cases the ECEI-
mode also does not appear in phaseA, then this phase does not exist. The MPC-mode is
commonly observed to appear not only with the beginning of phaseB, but also during the
gap of the ECEI-mode. Sometimes phase A merges directly into phaseB without any gap in
between. In this case the frequency of the ECEI-mode goes down from 60 kHz to 30 kHz
gradually.

7.3 Statistical analysis of the mode timing

Analysis of multiple ELM events, where the inter-ELM modes appears, allows to look into
both modes in more detail. With the help of statistical analysis it is possible to find out if
the modes appear really simultaneously or if there is a delay between them, how often both
phase A and B are present in the ECEI-mode and what is the average duration of each mode
stage.

Figure 7.4: Inter-ELM modes statistics for AUG discharge #30701. (a) The duration of
phase A. (b) The duration of the phase B. (c) The length of the gap. (d) The difference in
the beginning of the phase B as seen by ECEI and MPC.

Fig. 7.4 shows statistics on the example of 44 ELMs of AUG discharge#30701. The
first three plots are based on ECEI data (ECEI-mode) and represent the duration of phase A,
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the duration of phaseB and the length of the gap correspondingly. The last plot shows the
difference in the start of the ECEI-mode and the MPC-mode.

The ECEI-mode duration is mostly determined by phaseB, because phaseA is usually
much shorter. In AUG discharge#30701 the average ECEI-mode duration is observed to be
around 6ms, whereas phaseA plus the gap is on average ∼ 1ms. After analysing several
tens of ELMs it becomes noticeable, that the ECEI-mode in phaseB usually appears slightly
after the corresponding MPC-mode (Fig. 7.4b): the average difference is 0.5ms; however,
sometimes it is also observed to appear slightly before. An advantage of ECEI is that it sees
the appearance of the ECEI-mode (phase A) before the corresponding MPC-mode appears on
the MPCs signals.

Figure 7.5: Histograms of the duration of different phases for the inter-ELM modes for
each ELM.

Fig. 7.5 shows the durations for the ECEI-mode of phases A and B with the gap between
them as well as the duration of the MPC-mode for each analysed ELM in discharge#30701.
From this plot it is seen, that in 35% of cases phaseA does not exist - in this case the
ECEI-mode consists only of phase B. Also in 35% of the cases, where both phases exist, the
gap between them does not appear - one phase is smoothly merging into the other one. The
gap between the phases, if it exists, is separating the ECEI-mode with different frequencies
and velocities and is always short: less than 1ms (see Fig. 7.4).

In several analysed discharges with hundreds of ELMs there was only one case found
(#26439, t=1.981 s), where the ECEI-mode is present, while the MPC-mode is absent. As in
this case the ECEI-mode also delays the following ELM crash, it can be concluded that the
ECEI-mode is sufficient for regulation of the ELM stability. The opposite case, where there
would be only an MPC-mode observed, but no ECEI-mode, has not been found. As there is
only one case where one mode exists without the other one, the correlation between the two
modes is very high.
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7.4 Inter-ELM localization

In order to study the effect of the inter-ELM modes on the plasma kinetic profiles it is necessary
to know the localization of the modes in space. Although the magnetic pick up coils do not
allow to localize the MPC-mode in space, it is still possible to obtain the position of the
corresponding ECEI-mode, using the 2D capabilities of the ECEI system. To do so, first
a spectrogram for each of the 128 ECEI channels is built (an example of a spectrogram is
shown in Fig. 7.3b). When the ECEI-mode appears, a clear signal in the frequency domain
is seen (Fig. 7.3b), which is a function of channel position. A way to quantify the intensity
of the ECEI-mode is to integrate the signal over the frequency range 12− 70 kHz where the
mode appears and average in time the obtained integral spectral amplitude. The 2D spatial
distribution, calculated for AUG discharge #26439, is shown in Fig. 7.6. Here the mode is
averaged over 2ms.

Figure 7.6: Localization of an inter-ELMmode for #26439@1.662 s. The red lines indicate
the flux surfaces at ρpol = 0.950, 0.975, 1.000, 1.025 and 1.050 from left to right. The
temperature fluctuations related to the inter-ELM mode are localized off-midplane inside
the separatrix.

Fig. 7.6 confirms the observation, which was for the first time reported in ref. [1], that the
inter-ELM mode, observed by the ECEI diagnostic, is mostly localized off-midplane. Apart
from this, the inter-ELM mode is also localized inside of the separatrix and penetrates into the
plasma as far as the ECEI system can observe: up to at least ρpol = 0.9.

Cross-correlation analysis of different ECEI channels during the inter-ELM mode also shows
the off-midplane behaviour. Fig. 7.7 represents the normalized cross-correlation function of
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Figure 7.7: Shot #26439@1.6125 s. Normalized cross-correlation of different ECEI chan-
nels with LOS #5, corresponding to vertical chord #5. Strong coherence in time and space
is observed. Off-midplane behaviour is clearly pronounced.

different ECEI channels with ECEI channel (5, 5) of vertical chord#5. The correlation of
the signals between the first (upper) and the last (bottom) channels is stronger, than the
correlation with the channels, which are in the middle. From Fig. 7.7 it is also seen, that the
inter-ELM mode is quite coherent in time, with the exception on the midplane.

A possible explanation of the off-midplane behaviour for the inter-ELM mode is the
following. It is likely, that the inter-ELM mode consist of several waves with slightly different
frequencies or mode numbers. These waves can interfere, which results in a beat wave and
in case of destructive interference it can cause a smaller amplitude of the signal around the
midplane [1].

7.5 The effect of the inter-ELM modes on kinetic profiles

In order to provide information on the role of the inter-ELM modes on the plasma stability,
this section will address the effect of the inter-ELM modes on the recovery of the plasma
electron temperature and density.

Studying the ELM stability around the pedestal top is especially interesting as the inter-ELM
mode seen by the ECEI system is localized there. Correspondingly, the time traces in Fig. 7.8
are taken for ρpol = 0.96, which approximately represents the pedestal top. These time traces
are synchronized for 31ELMs of discharge #26439. The synchronization is performed using
the signal of the divertor current, which has a peak each time an ELM occurs. The zero time
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in Fig. 7.8 corresponds to the synchronized crash.

Figure 7.8: ELM synchronized ne, Te time traces, taken at ρpol = 0.96.

The time traces which do not have inter-ELM modes are coloured with gray, whereas the
timetraces where the inter-ELMs appear are blue and green. The green color indicates the
time, where the inter-ELM modes are already present, while the blue color denotes the time,
where they have not appeared yet. As the MPC-mode appears very shortly (< 2ms) after the
appearance of the ECEI-mode, they are not distinguished on the time traces. Short ELMs are
plotted together with long, which cause some gray points to be outside of the main cloud.

From Fig. 7.8 it is seen, that the appearance of the modes (green data) limits further
increase of both electron temperature and density. However, the more common situation with
the inter-ELM modes is when the density is already recovered at the time when the modes
appear, whereas the temperature is either limited by the modes or has a reduced rate of its
recovery. The latter situation is shown in Fig. 7.9, where only the ELMs with the inter-ELM
modes are considered: the rate of recovery is marked with blue (before the mode) and green
(during the mode) lines. The two modes are so close together that one cannot distinguish
whether the ECEI-mode or MPC-mode initiates the saturation of the temperature at the
pedestal top.

In section 7.3 a case was introduced, where the inter-ELM mode is seen on the ECEI signal
(ECEI-mode), but no corresponding mode is observed on the MPCs (MPC-mode). The time
traces for this particular case are presented in Fig. 7.10. This case shows a typical behaviour
just as described above: the density has already recovered by the time when the mode appears,
whereas the further growth of the temperature is limited by the mode.

One can think, that as the modes limit the recovery of the plasma temperature and density,
they can also lead to flattening of the plasma kinetic profiles. Figure 7.11 shows averaged
profiles of plasma temperature and density for the same ELM before the inter-ELM modes
appear (blue), after (green) and just before the crash (red). The averaging is performed over
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Figure 7.9: ne, Te time traces. Only the timetraces with the inter-ELM mode are shown.

Figure 7.10: ne, Te time traces. The mode only seen on the ECEI, with no mode on the
MPCs.

16 profiles in the time region 1.577− 1.595 s, before the mode appears and over 6 profiles in
the range 1.596− 1.613 s after. The density profiles are provided by integrated data analysis
(IDA) [6], while the temperature is represented by the data from the absolutely calibrated
Electron Cyclotron Emission (ECE) diagnostic. According to the ’two point model’ [7] the
electron temperature at the separatrix at AUG should not exceed 100 eV. To satisfy the
model the ECE profiles were shifted in such a way that the averaged profiles at the separatrix
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T sep
e 6 100 eV.

Figure 7.11: #26439@ (1.57-1.61) s. Averaged plasma kinetic profiles before the inter-
ELM appears (blue) and after (green). The last measured profile before the crash occurs is
in red.

As was shown in section 7.4, the ECEI-mode is localized inside the separatrix and goes
into the plasma up to at least ρpol = 0.9. Although, there was no analysis on the localization
of the MPC-mode performed, still there is no difference observed in the shape of the profiles,
which indicates that the modes, disregarding of their actual position, only limit the further
profile development rather than affect the shape of the plasma profiles in the region of their
localization. The profiles before the inter-ELM appearance are a bit lower, as the plasma is
still in the ELM recovery phase.

The profiles for the particular case, when the ECEI-mode is observed on the ECEI, but
the MPC-mode is absent on the MPCs, is shown in Fig. 7.12. Here the averaging before
the appearance of the mode is performed over 11 profiles, whereas 19 profiles are taken for
the averaging after the mode has appeared. The profiles in this case also exhibit the typical
features of the simultaneous presence of both inter-ELM modes as described above: the shape
of the profiles remains unchanged by the mode, but the average values of temperature and
density are higher due to further recovery phase.

7.6 The ECEI-mode velocity

With the abilities of the 2D ECEI diagnostic it is possible to study the temporal evolution the
ECEI-mode. In particular, one can obtain the evolution of its velocity.
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Figure 7.12: #26439@ (1.95-1.98) s. Averaged plasma kinetic profiles for the case where
the mode is seen on the ECEI only. The profile before the inter-ELM appears is in blue,
after it appearance is in green and the last measured profile before the crash is in red.

Figure 7.13: ECEI-mode velocity in phase A.

Typical inter-ELM mode velocities for the mode seen by the ECEI system, as reported in
ref. [2], are in the order of 2− 4 km/s and typically have poloidal mode numbers m = 99± 47
and toroidal mode numbers n = 17± 9 [8].

Figure 7.13 shows the velocity corresponding to the ECEI-mode in phases A, B and the
gap in between them. The figure is constructed as follows. The ECEI data from one vertical
chord (e. g. in Fig. 7.2b) is divided into samples of 80µs and in each of them a 2D FFT is
performed. After performing an angular projection of the 2D FFT plot it can be interpreted
in terms of mode velocities, which are then plotted explicitly. Positive values of the velocity
correspond to the mode rotation in the electron diamagnetic drift direction in the laboratory
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frame. More details about this method can be found in section 5.3.5.
All the measurements considered in this section are taken in the laboratory frame, which

is a sum of the fluctuation velocity itself and the plasma E × B rotation velocity: VLAB =
ω/k + VE×B. The phaseA typically has velocities of 5 to 7 km/s, which, combined with
the typical frequencies of 60 kHz (Fig. 7.3), gives a value for the wave-number k of about
0.75 cm−1, corresponding to wavelength of ∼ 8 cm in real space. During the gap a smooth
reduction in the mode velocity is observed from 5− 7 km/s in phase A down to 1− 3 km/s in
phase B. As the velocity falls, the frequency also follows it, going down from 60 kHz to 20 kHz.
The wave-number has similar values to the ones in phase A, being around 0.8 cm−1.

Figure 7.14: Velocity of the inter-ELM mode in phase B and the following ELM crash.

Fig. 7.14 shows the further development of phaseB of the ECEI-mode until it merges
into the following ELM crash. The mode parameters such as frequency, velocity and the
wave-number stay the same along the whole phase B. Several tens of microseconds prior to the
crash the mode usually becomes less pronounced and then the ELM onset follows, which in
Fig. 7.14 is characterized by the growth of velocity and broadening of the frequency spectrum
(Fig. 7.3). After the ELM crash no more coherent modes are observed.

An interesting observation is that the differences in the frequency of the ECEI-mode
for phases A and B are mostly caused by the change in the mode velocity, rather than by
wave-number, which stays almost the same.

7.7 Discussion

Two different modes exist in the inter-ELM phase of an ELM cycle. These modes are almost
simultaneously observed by the ECEI system (the ECEI-mode) and MPC (the MPC-mode)
diagnostics, however, each of the diagnostics sees only one of the modes. The modes result
in limiting the pedestal from the further development and delay the following ELM crash,
therefore, playing a role in ELM stability. This makes both modes to be reminiscent to the
Kinetic-Ballooning Mode (KBM) of the EPED pedestal model [3], which limits the gradient in
the temperature pedestal.
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Due to the close appearance of the ECEI- and MPC-modes to each other, it is not
possible to distinguish which of them initiates the clipping of the further temperature profile
development. However, the mode observed on the ECEI can exist without the existence of the
mode, observed on the MPCs and still delays the following ELM crash. That suggests, that
most likely the temperature fluctuations themselves affect the electron temperature pedestal
stability. The contrary case with the mode seen on the MPCs, but without appearing on the
ECEI, has not been observed.

The ECEI-mode in most of the cases appears slightly before (∼ 1ms) the MPC-mode.
It, most probably, has a complex structure, as it shows a clear off-midplane behaviour. The
off-midplane behaviour can be explained by the result of destructive interaction of the waves
of slightly different frequencies or wave-numbers, which probably constitute the mode.

The kinetic profiles do not suffer flattening or any other changes of the shape due to
appearance of the modes. Instead, the modes limit further growth of the temperature profile.
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Chapter 8

Conclusions and Outlook

The Edge Localized Mode (ELM) is an instability which causes ejection of plasma bursts, and
generally accompanies tokamak plasma operation in the high confinement regime (H-mode).
This is one of the most important instabilities in tokamaks due to the following reasons. Firstly,
an ELM burst creates a heat flux, which in a relevant fusion reactor will be high enough
to damage the divertor and Plasma Facing Components (PFCs). Secondly, ELMs provide
impurity control for the plasma core by flushing the impurities out through the Edge Transport
Barrier (ETB), avoiding dilution of the hydrogenic fuel in the plasma core and in the worst case
a radiative collapse of the plasma discharge. These two main points would make successful
operation of a future fusion reactor not possible, unless ELMs are being controlled.

Despite of the existence of different successful methods to control or mitigate ELMs, the
underlying physics is still not fully understood, which is needed to develop reliable operation
schemes for the future reactor.

This thesis puts an effort towards further understanding of the ELMs and the underlying
physics. A particular focus of the thesis is on the ELM mitigation techniques as the natural
(type-I) ELMs represent a risk for the future fusion devices.

The thesis represents experimental work conducted on the ASDEX-Upgrade (AUG) tokamak,
where special scenarios were used in order to study ELMs in different regimes. One of these
scenarios involved the application of magnetic field perturbation coils, which have shown high
efficiency in ELM mitigation and are planned to be used in ITER - the fusion device of the
future. Another scenario comprises nitrogen seeding, which apart of reducing the peak power
losses on the divertor by itself can also significantly change the ELM behaviour.

The originality of the present work is related to the unique 2D Electron Cyclotron Emission
Imaging (ECEI) diagnostic, which provided most data for the analysis. The unique ECEI data,
combined with innovative data analysis methods, allowed to identify previously unknown ELM
features and reveal hidden dependencies. This chapter summarizes them and answers the
research questions posed in the introductory chapter of this thesis (section 1.4).
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8.1 RMP mitigated ELMs

One of the methods for type-I ELM mitigation is modification of the edge plasma flux surfaces
by application of nonaxisymmetric resonant magnetic perturbations (RMP). When successful,
ELMs become smaller while the frequency of their occurrence simultaneously increases.

In chapter 5 different characteristics of the ELMs before and during their mitigation with
RMPs were extracted from the experimental data; the ELM evolution has been observed and
analysed.

The transition from the type-I ELM regime to the mitigated (small) ELM regime occurs
gradually: while type-I ELMs occur less frequent, the small ELMs become more often observed,
until they take over. At the same time the amplitude of each ELM type does not change
during the transition.

During the investigations many similarities were found between type-I ELMs and small
ELMs: (1) Both modes are localized in the same narrow region of ∼ 2 cm close to the separatrix:
0.975 6 ρpol 6 1.025. (2) Spectral characteristics, particularly dominant frequencies and their
amplitudes, are similar. (3) Both modes have dominant poloidal velocity around 6 km/s, in
the electron diamagnetic drift direction. (4) Prior to both types of crashes, modes with a
frequency of 40− 50 kHz are seen. (5) Estimated poloidal mode numbers (m) for both modes
are in approximately the same range of m = 96± 18 and the corresponding toroidal mode
numbers (n) are in the range of n = 16± 4.

However, some differences have also been found: after a small ELM crash most of the
modes continue to rotate with the same velocity as before the crash, while for type-I ELMs
the velocity does not recover that fast. Moreover, for type-I ELMs some velocity oscillations
are seen immediately after the crash, which is never observed after small ELMs. This could be
caused by oscillations of the radial electric field, which affects the ExB drift and, thus, the
measured velocity in the laboratory frame.

Ending the application of RMPs during the discharge leads to a back transition from small
to type-I ELMs. During the back transition type-I ELMs gradually appear, while the frequency
of the small ELMs is gradually decreasing. The back transition has the same dynamics as the
forward transition, without any hysteresis.

An important feature of the transition to the mitigated ELMs regime is a continuous
inter-ELM mode in between successive ELMs, which in other regimes appears only episodically.
This inter-ELM mode can last up to the next ELM crash, merge with it, and it can still be
there immediately after the crash.

Summarizing, the accomplished analysis has indicated, that the nature of the mitigated
ELMs is the same as that of the initial type-I ELMs. This is strongly supported by the
similarities in such aspects as mode numbers and frequency structure.

A possible mechanism for type-I ELM mitigation could be the inter-ELM mode, which at a
certain moment becomes continuous. It increases the energy transport through the pedestal,
which prevents type-I ELMs from reaching the stability limit. This hypothesis is indirectly
confirmed by the higher average divertor current in between small ELMs compared to the
average divertor current in between type-I ELMs.

On the basis of these investigations a paper in Nuclear Fusion has been published: A. Bo-
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gomolov et al. Nucl. Fusion 55 (2015) 083018 doi:10.1088/0029-5515/55/8/083018.

8.2 Nitrogen seeded ELMs

Another way to reduce the power loads on the divertor, in particular the ELM induced
power loads, is nitrogen seeding. Puffing small amounts of nitrogen allows to increase the
radiative power, which decreases the temperature of the particles moving to the divertor.
Additionally nitrogen affects ELMs, making them smaller. The mechanism of this effect is not
fully understood, however, nitrogen seeding is considered to be a very promising method for
reducing the power loads. Therefore its effect on ELMs has to be examined in detail.

The conventional type-I ELMs can be easily distinguished from the nitrogen seeded ELMs
by looking at the divertor current signal, which indicates the divertor power loads. The ELMs
signal during nitrogen seeding is shorter and does not have a ’flat phase’: it goes up and after
reaching a maximum it drops. The conventional type-I ELMs behave differently: they create a
rise on the divertor current signal, then have a flat phase, and only after that the signal goes
down.

It was found that exclusively during the flat phase the filaments are ejected from the
plasma. Not to be confused with the ELM onset mode where coherent rotating structures are
observed, here the term ’filament’ refers to an event where relatively hot elongated structures
are ejected after the ELM crash. The ’flat phase’, when the filaments are ejected is only
present during type-I ELMs, but not in the nitrogen seeded ELMs. Further investigations have
indicated the presence of a correlation between the number of ejected filaments and the ELM
duration as well as the ELM related pressure and energy drop.

Using the capabilities of the ECEI diagnostic, additionally a comparison between the two
ELM types has been performed. The result of this comparison is presented in Table 8.1.

Conv. Type-I ELMs N2-seeded ELMs
ELM frequency fELM (Hz) 100− 150 200− 250

ELM duration (ms) 2− 3 1
Energy loss per ELM (kJ) 30− 40 20− 30

Number of phases (acc. to Idiv) 3 2
Number of filaments 0− 5 0, 1 (rare)
Presence of precursor Absent Present

Table 8.1: Comparison between conventional type-I and nitrogen-seeded ELMs.

Interestingly, with the help of ECEI it was possible to estimate the energy loss per observed
filament. This, as well as some basic properties of the filaments, is given in Table 8.2.

During the investigations it was also found that nitrogen-seeded ELMs are accompanied
by a precursor mode, which could play a role in ELM stability. A detailed investigation of
the mode has been performed as side branch of the main study. Briefly it has the following
characteristics: it appears ∼ 3ms before the following ELM crash, its radial position is

109

http://m.iopscience.iop.org/article/10.1088/0029-5515/55/8/083018/meta


Chapter 8. Conclusions and Outlook

Filament characteristics
Number per ELM observed 0− 5

Lifetime (µs) 200− 400
Velocity (e− dia. dir.) (km/s) ∼ 2

Radial position ρpol > 1.0
Energy drop per filament (kJ) 2.5− 5

∆T ped.top
e per filament (eV) 10− 20

∆nped.top
e per filament (1019m−3) 0.1

Table 8.2: Basic characteristics of conventional type-I ELMs filaments.

ρpol < 0.98, it rotates in the electron diamagnetic drift direction with a velocity of ∼ 6 km/s
and with a frequency of about 5 kHz.

Based on the experimental observation of ELM filaments associated to conventional type-I
ELMs and their absence during the nitrogen seeded ELMs, the following hypothesis has risen.
Nitrogen leads to a reduction of the temperature in the Scrape-off-Layer (SOL). This on its
turn leads to a reduction in number of filaments ejected. On AUG it has been experimentally
observed that nitrogen leads to a reduction of the temperature in the divertor and SOL
regions [1][2]. Calculations performed with the JOREK code for MAST have indicated that a
reduction of the SOL temperature leads to a smaller number of filaments [ 3]. So in case the
simulations for MAST represent a general effect, it is plausible that the same mechanism is
responsible for the absence of filaments in nitrogen-seeded discharges.

Summarizing, the nitrogen seeded ELMs are associated with a smaller temperature drop
than the conventional type-I ELMs. The channel of the additional losses in the absence
of nitrogen was not identified for a long time (although filaments were one of the likely
candidates). With the help of ECEI on AUG it became possible to prove that filaments are
the cause of these additional losses.

A paper on this topic is submitted to Nuclear Fusion.

8.3 Inter-ELM mode

The previous chapters focused on investigations ELMs, while the inter-ELM phase was only
briefly addressed. Chapter 7 has filled this gap by digging into what happens between the
ELMs. Particularly the inter-ELM mode has been investigated. This mode is interesting as
it has been observed that it delays the following crash by limiting the electron temperature
in pedestal from further development. This is a sign that the mode plays a role in the ELM
stability, and, maybe, even conceals a new window for ELM control.

On ASDEX-Upgrade the mode is clearly seen by the ECEI diagnostic and, simultaneously,
by the magnetic pick-up coils (MPCs). However, the frequencies of the mode appearing on
the ECEI system and on the MPCs differ by one order of magnitude, which implies that these
are two different modes. Nevertheless they are nearly always seen simultaneously by the ECEI
diagnostic and the MPCs, which implies that these modes are strongly connected to each
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other.
The ECEI-mode appears in most cases ∼ 1ms before the MPC-mode. Due to this close

temporal appearance of the ECEI- and MPC-modes, it is not possible to distinguish which
of them initiates the clipping of the temperature profile development. However, the mode
observed by the ECEI system can exist without the existence of the mode observed on the MPCs
while it still delays the following ELM crash. This suggests that most likely the temperature
fluctuations themselves affect the electron temperature pedestal stability. The contrary case
with a mode seen on the MPCs but in absence of one on ECEI has not been observed.

Investigations into the shape of the kinetic profiles did not show any flattening or other
changes due to appearance of the modes. Instead, the modes limit further growth of the
temperature profile. It seems that the modes are reminiscent to the Kinetic-Ballooning Mode
(KBM) of the EPED pedestal model, which limits the gradient in the temperature pedestal.

8.4 ECEI optical thickness

A small additional contribution of this thesis is devoted to the plasma optical thickness (τ)
for the ECE/ECEI measurements. The knowledge of the optical thickness is important, as
it allows to make conclusions on the reliability of the ECE/ECEI measurements close to the
edge.

Previously, the so-called ’zero-dimensional approximation’ was used in order to estimate the
plasma optical thickness. In the current thesis more precise calculations were used, which can
be found in section 4.3. The general result for the ECE/ECEI diagnostics is that in most cases,
the plasma on the separatrix is not ’grey’ (τ ∼ 1) as was thought before, but ’black’ (τ ∼ 5).

8.5 Outlook

The ECEI diagnostic is a powerful tool for studying different MHD events. The recent upgrade
of the diagnostic, the main part of which is the installation of a second 2D array of detectors,
has further increased its capabilities.

With the new system it is possible now to separately observe both the toroidal and poloidal
rotations. This can then be applied to refine the results obtained in this thesis by decomposing
the mixture of toroidal and poloidal velocities of the observed modes, using similar discharges
as a reference.

Of high interest is also the toroidal extent of different temperature fluctuations, especially,
filaments. This can ideally observed with the upgraded system.

By overlapping two arrays in the radial direction it is also possible to try to artificially
increase the resolution of the system: the projection of the channel positions from one array
to the other one in the toroidal plane can theoretically double the spatial resolution.

With two 2D arrays and corresponding positioning it is possible now to cover roughly a
two times larger area in the radial direction. Therefore, it would be interesting to directly
observe the radial velocity shear with the ECEI diagnostic. This will need to have a discharge
with an instability, which deeply penetrates from the edge to the core of the plasma. It could
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be also a combination of two different instabilities, i. e. an ELM on the edge and a kink mode
in the core.

Two 2D arrays also open an additional, esthetic application of the ECEI system: a quite
spectacular and relatively simple study can be done by visualization of magnetic islands or
sawteeth in the plasma core with two observational windows, covering a relatively large area.
One can even think of trying to study the topological processes taking place in the plasma
during seeding of a Neoclassical Tearing Mode by a sawtooth instability.
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